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ABSTRACT

Infiltration into frozen soils is an important process in the hydrological cycle. Though
infiltration occurs at the soil surface, it is affected by many factors, e.g. soil water content,
temperature, and hydraulic conductivity. Understanding the snowmelt water infiltration
processes into frozen soil helps to address issues about runoff generation and spring flooding in
seasonally frozen area like Red River of the North basin (RRB). In this study, the methods of soil
water release curve (SWRC) development, the effect of soil water content on frozen soil
infiltration, and the variation of hydraulic conductivity for different RRB soils in frozen and
unfrozen conditions were examined and evaluated. The objectives of this study were: (1) to
construct SWRC using combined HYPROP and WP4 method, (2) to evaluate the soil water and
temperature effects on the infiltration into frozen soil, and (3) to compare predicted hydraulic
conductivity of three frozen soils of RRB with measured values using minidisk infiltrometer. It
was found that HYPROP+WP4 combined method produced acceptable SWRC of RRB soils
compared to other available traditional methods. However, shrinking and swelling of clay
content of the soils might cause difference with in-situ measurement. Infiltration into frozen soil
depended on initial soil water contents. The drier the frozen soil, the higher the infiltration rate.
Soil water content changed gradually with rising temperature in a dry soil but in a frozen wet
soil, it was very rapid due to the phase changing of water. The Horton infiltration model was
fitted with measured frozen soil infiltration data with good agreement. Hydraulic conductivity of
frozen soils decreased with an increase in soil water contents, but it was also subjected to sand
and clay contents of the soil. Simple nonlinear regression model fitted with measured data and
resulted reasonable agreement compared to Motivilov model. Freeze-thaw cycles altered the soil

pore distribution, decreased the infiltration rate and hydraulic conductivity of frozen soils.
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1. GENERAL INTRODUCTION
1.1. Background

Snowmelt water infiltration into frozen soil is an important but complicated process that
can affect surface water runoff and groundwater recharge. It is estimated that snowmelt water
contributes to yearly surface runoff volume by about 80-85% in seasonally frozen areas (Gray
and Granger, 1987). Snowmelt water contributes directly to the hydrology of the snow-covered
area. It has a direct relation with the runoft generation from snow melting during spring time, so
it has a prime role to create devastating spring flooding and drainage problem. On the other hand,
snowmelt water may be the source of water for irrigation and household purposes during spring
time in seasonally frozen areas. Spring season crop growing also depends on snowmelt water
infiltration into frozen soil. Snowmelt water infiltration into soil enhances better growing
environment, good water trafficability, timely planting, good compactness of soil, easy
movement of planting machineries and increased production for crops.

Understanding of snowmelt water infiltration into frozen soil and knowledge about the
total processes help to get better ideas about water conservation, runoff generation, spring
flooding, soil physical and thermal properties in seasonally frozen soil. Also, snowmelt water
infiltration process is important to soil water conservation. Many factors, such as soil moisture,
soil temperature, snow cover water release rate, porosity, soil cracks, snowmelt infiltrating water
energy content, presence or absence of macro-pores, and complex processes of heat and mass
transfer through the frozen soils affect the total infiltration process into frozen soils. In northern
hemisphere, nearly 60 percent of the land surfaces are seasonally frozen, and North Dakota is a

part of that area. There is no simple and clear answer on how water infiltrates into frozen soil.



The lack of understanding of the infiltration process into frozen soil is the major limiting factor
affecting spring flood forecasting.

In recent years, during the spring flood events in the Red River of the North Basin
(RRB), flood forecasting was unable to predict accurately flood water level. The Red River of
North originates from the confluence of the Bois de Sioux and Otter Trail rivers at Wahpeton,
North Dakota and Breckenridge, Minnesota. The flow line of Red River is considered as the
border between two U.S. states, North Dakota and Minnesota. It flows to north through the
valley of the Red River and continues to Manitoba, Canada. Then the river goes farther north and
falls into Lake Winnipeg. Lake Winnipeg is actually part of the Hudson Bay watershed including
the Nelson River. On the river path, Red River passes through some major localities of North
Dakota and Minnesota states like Fargo, Moorhead, and Grand Forks. The flood forecasting
computer models did not consider or have data to forecast the infiltration into frozen dry soil
(MPRnews, 2013). But, any error in flood prediction can cause significant financial losses and
threaten 200,000 lives in the Fargo-Moorhead metro area as well as people and animals in the
entire basin.

The complete realization about the infiltration process into frozen soils could have a
broad impact to the hydrological field for the entire and especially in permafrost regions. It
would help to better understand the runoff processes and flooding events in winter and spring.
Properly adjusted numerical infiltration model could be used to predict actual runoff peaks to
prevent damage from floods or to prevent overestimation of runoff.

1.2. Snowmelt water infiltration
Infiltration is defined as “the process whereby water enters the surface strata of the soil

and moves downward toward the water table” (Wisler and Brater, 1949, pp. 175). The amount of



water absorbed into the soil in a given time is called infiltration rate. The capability of soil to
absorb water at maximum infiltration rate under a given condition is called infiltration capacity.
The total infiltration process indicates the water movement mechanism into soil profile under
different forces like gravity and capillary suction and therefore is very important for the
hydrology studies (Bedient and Huber, 1988). Infiltration is an important fundamental factor in
the field of hydrology. It defines a drainage basin ability to absorb water and release of that water
to stream flow. The infiltration of water from rain or snow melting into soil mostly depends on
the infiltration capacity character of the soil. The water first removes the soil water deficiency
and then the excess water moves downward and adds with ground water.

However, according to Gray et al. (2001), infiltration process occurs in a different way if
the ground is frozen and covered with snow than that under the unfrozen and uncovered
conditions. This process is very complex and involves heat and mass transfer and phase changes.
Studies of snowmelt water infiltration into frozen soils are relatively scarce. There is no simple
and clear answer on how water infiltrates into frozen soil. Despite the large amount of empirical
studies and modeling attempts, the full process of infiltration in frozen soil is not completely
understood. Numerous observations have showed that during snowmelt period, most of melted
water retains within the top 0 to 30 cm depth of uncracked soils. Granger et al. (1983) referred
the entire soil depth as ‘zone of infiltration’. Snowmelt water infiltration into uncracked frozen
soil mostly depends on the distribution of ice within the “zone of infiltration”. For this reason,
uncracked frozen soils which have significantly different textures and land use, but have similar
moisture regime during melting period, can have a similar infiltration rate. Snowmelt water

infiltration into frozen soils has strong relationship with “effective or air-filled porosity” of “the



zone of infiltration”. If porosity or macro-pore numbers increases, infiltration capacity of that
frozen soil also significantly increases (Granger et al., 1983).
1.2.1. Importance of snowmelt water infiltration

The process of snowmelt infiltration into frozen soil is important in predicting surface
runoff and flooding (Zheng et al., 2001). Rainfall or snowmelt is the main cause of severe
flooding events in many seasonally frozen areas in spring time. During the 2013 spring flood
event in the Red River of the North Basin (RRB), the floodwater was several meters below the
level initially forecasted by the National Weather Service (NWS). In 2013, flood protection
sandbag dikes were built in Fargo, but the floodwater level did not even get close to most of the
sandbag dikes. NWS hydrologists figured out that computer models predicted higher floodwater
level than the actual event according to the snow equivalent water amount. The cause for the
difference between the predicted and actual flood stage could be due to the computer prediction
model’s inability to account for frozen dry soil that absorbed as much as half of the snowmelt
through infiltration. There is a critical weakness in the flood prediction model because its
computer model did not consider or have data to forecast the infiltration into frozen soil
(MPRnews, 2013). It is very clear that snowmelt water in spring time infiltrates into the frozen
soil in the RRB, and the infiltration rate and amount will determine the time and magnitude of
the spring flood (peak runoff) in RRB.
1.2.2. Factors affecting snowmelt water infiltration

Snowmelt water infiltration involves complex processes of heat and mass transfer
through the frozen soils. Many factors, such as soil moisture, soil temperature, snow cover water
release rate, porosity, soil cracks, snowmelt water infiltrating energy content, and presence or

absence of macro-pores, affect the total infiltration process (Granger et al., 1983). Hydraulic
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conductivity of frozen soil is one of the governing factors that affecting infiltrability of water
along the soil profile with ice (Stahli, 1999). Snowmelt water infiltration into frozen soils is a
complicated process that can affect surface water runoff and the groundwater recharge. In frozen
soils, the infiltration rate is determined mainly by soil temperature, soil-water content (in water
and ice), the porosity and the snow cover above the soil. Infiltration occurs mainly through
macro-pores and is driven by the moisture conditions if macro-pores are missing. According to
Bengtesson et al. (1992), water infiltration in frozen soils after snow melting mainly occurs in
macro-pores and along cracks, especially for clayey soils. A severely cracked heavy-textured
clay soil can absorb large amounts of water (Granger et al., 1983). For a unit area, infiltration
amount can be higher than the snow equivalent water amount due to interflow to and through
cracks from outside the area. Due to presence of cracks, snowmelt water mostly enters into the
cracks and cannot produce significant runoff flow at the field edge. If the fields are heavily
cracked during fall, it is expected that most of snowmelt water will be infiltrated through the
cracks. Zheng et al. (2001) found that variation of infiltration rates mostly depended on soil
water profile phase change, temperature difference and heat exchange and transfer between
atmosphere and soil.

In properly drained soil, better aeration can take place to help microbial activity, soil
porosity can be improved and provide better soil structures. Compare to undrained soil,
gravitational water is removed from soil profile continuously in drained soil. It increases the pore
space within the soil and creates greater water storage capacity. Better pore space is the
indication of good soil structure, and good soil structure can hold more water by adding
additional storage capacity. The additional storage capacity allows more water to infiltrate into

the soil (Irwin & Whiteley, 1983). Snowmelt water infiltration into frozen soils has a strong



relationship with “effective” or “air-filled” porosity of “the zone of infiltration”. If porosity or
macro-pore numbers increases, infiltration capacity of that frozen soil also significantly increases
(Granger et al., 1984). A good drainage condition increases infiltration rate into soil due to extra
pore space and increases the soil water storage. Surface runoff is created when the precipitation
amount exceeds the total sum of evapotranspiration and soil water holding capacity during a
storm event. In poorly or undrained soil, surface runoff peaks are high due to less water holding
capacity of the soil. Drainage removes gravitational water, creates more pore space for additional
water storage through infiltration within the soil profile and result reduced runoff peak (Carlson,
2011). If the soil is properly drained in winter, it also reduces soil structure damage during
winter season. In spring, drained soils dry out rapidly and get warmer faster than undrained soil
during spring (Gardner et al., 1994; Carlson, 2011). Bulk density is one of the important soil
properties that influence infiltration. When soil becomes more compact, bulk density increases
and it restricts soil water movement and infiltration capacity of the soil. The drained soil has
lower bulk density than the undrained soil or poorly drained soil (Fausey and Baker, 2003), so
water can infiltrate more in subsurface drained soils than that of undrained soils. Drainage can
create effect on hydrology, by allowing more infiltration into soil due to increased porosity, and
by increasing moisture storage capacity (Sands, 2010).
1.3. Snowmelt water infiltration processes

In cold region hydrology, frozen soil is a key component which has direct effects on
infiltration and indirect effects on heat transfer from and to snowpack lying on the soil surface.
Frozen soil infiltration is a complicated hydrological process that contributes to crop water

intake, surface runoff generation and ground water recharge in northern latitudes. However,



information about infiltration processes in frozen soils are significantly limited comparing to
non-frozen soil infiltration processes.

A land surface is considered as seasonally frozen when minimum annual temperature is
below 0°C (Saito et al., 2007; Lundberg et al., 2015). In northern cold region, more than half of
the land surface is seasonally frozen and snow melting is a major hydrological event in this area.
There are three categories of infiltration in frozen soil (Granger et al. 1984). The first one is
“unlimited” infiltration where soil is deeply cracked, containing macro-pores so that it has high
infiltration ability. This is very common in clay soils of agricultural fields with continuous
cropping pattern or in coarse dry sand. Most of the snowmelt infiltrate under this condition and
consequently, very small or no surface runoff produces after infiltration. “Limited” infiltration
happens in uncracked soil and depends on snow cover, ice content distribution within soil profile
and presence of impermeable layer within zone of infiltration. When an ice layer forms on the
frozen soil surface or within shallow depth of soil, it limits melt water downward movement and
causes “Restricted” infiltration. Infiltration amount is very negligible under this condition, water
may pond on soil surface or evaporates. The situation can be caused if soil freezes just after a
rainfall or snowmelt event. Frozen soil infiltration is different than that of unfrozen soil because
of infiltrating water re-freezing and melting of ice content within a soil profile (Flerchinger et al.,
2005). When the soil surface is frozen, snowmelt infiltration depends not only the permeability
of the soil but also the ice content distribution along the soil profile (Ireson et al, 2013). Around
the world, frozen soil causes devastating floods and soil erosion after rainfall or quick snowmelt
events, because frozen soil restricts the infiltration into frozen soil by reducing soil infiltration
capacity and then infiltration excess water creates huge runoff even after a slight rainfall or

snowmelt event. Heat and water transport interaction, above the frozen soil surface and within



the soil, and the ice contents affect permeability of frozen soil. In frozen soil, downward
movement of infiltrated water from frozen soil surface during thawing period is higher in
unsaturated soil having low ice content and with the presence of cracks. On the other hand,
infiltration amount and rate are comparatively low if the soil is at saturation with high ice
formation in soil profile and with no crack presence in soil (Mackay, 1983). Infiltrability of
frozen dry fine sand soil reduced to one order of magnitude compared to unfrozen soil though
infiltration in frozen condition started with high value (Engelmark, 1988). Iwata et al. (2011)
observed that in cold winter, if a large amount of (rain) water stored on soil surface, froze due to
air temperature fall and resulted in a frozen ice layer on soil surface, that ice layer would impede
snowmelt infiltration.
1.3.1. Water movement through frozen soil

Frosting due to soil freezing regulates the infiltration capacity and permeability of frozen
soil. When soil temperature decreases below 0°C, soil starts to freeze from surface. So, the soil
water contents along the soil profile gradually reduce and change to ice contents. Permeability
and infiltration capacity greatly decrease with increase in ice contents formation within the soil
profile. Granger et al. (1984) reported that the amount and distribution of ice contents within the
0-30 cm of uncracked frozen Prairie soil profile (“Zone of infiltration™) is the dominant factor
that affects water infiltration during melting time. Soils having significantly different texture and
land use but having similar soil water content may have same infiltration amount during the time
of snow melting (Granger et al., 1984). The flow path tortuosity increases due to formation of ice
in soil, because soil water in large pores freezes first and restricts water movement in those
pores. As a result, infiltration capacity of that frozen soil reduces (Lundberg et al., 2015). But

water can still infiltrate into frozen soil even after freezing if the soil is not wetted to saturation



during the time of freezing (Flerchinger et al., 2005; He et al., 2015). The pore size distribution
of “zone of infiltration” also affects the melt water infiltration in frozen soil (Granger et al.,
1984). He et al. (2015) reported that snowmelt water infiltration during spring greatly governs by
air-filled porosity of top 10 cm soil, and soil moisture content of top 30 cm soil that were stored
in fall. An ice layer (i.e. frosting) is formed on soil surface or within shallow depth of soil just
after freezing of water from rain or snowmelt, can limit water infiltration into frozen soil. Direct
runoff created from snowmelt or ice content within the soil profile can contribute to stream flow
and ground water recharge during spring. If the soil is deeply frozen, it results in less infiltration
and large surface runoff compared to shallow depth frost in winter. However, this is not true for
all cases, sometimes deep frost cannot produce much snowmelt runoff. Therefore, soil frost does
not necessarily have a prime role in large flood during spring. According to frost type
(Flerchinger et al., 2005), concrete frost occurs in bare and fine textured agricultural soil. Many
ice lenses form within the soil profile and make the soil very hard for water infiltration as like
concrete. The ice layer formations turn the frozen soil almost impermeable and water can barely
infiltrate into it (Zuzel and Pikul, 1987). During the melting period, if the ice lenses contribute
water to the soil profile, infiltration rate can be the same as unfrozen soil. Land management
practices, such as, tillage, effects on soil moisture and soil temperature. Unfrozen soil near
surface was found wetter and warmer in no-tillage condition compared to conventional tillage
practice (Parkin et al., 2013). Land use also has some control on snow cover accumulation and
the amount of soil moisture during freezing. As infiltration in frozen soil is directly associated to
porosity of infiltration zone, if macro-pore numbers can be increased, more infiltration can occur

from snow accumulation.



1.3.2. Freeze-Thaw (FT) cycle

Zheng et al. (2001) conducted several infiltrometer tests to examine infiltration
characteristics during three different soil freezing stages (i.e. “transient freeze-thaw stage, steady
freezing stage and thawing stage”) in a winter season. They fitted the results from infiltration
tests into the Kostiakov (1932) empirical infiltration equation. The results reported that at
“transient frost stage”, the frozen layer in the soil affected the accumulative infiltration amount
and the initial infiltration rate, but it did not create any effect on final rate of infiltration. At
“steady freezing stage”, when the frost depth increased, final infiltration rate decreased, and
accumulative infiltration decreased. At “thawing stage”, accumulative infiltration amount and the
final rate of infiltration increased with thawing depth.

Freezing and thawing, one of the important phenomenon of the frozen soil, are the results
of heat and water transport exchanges which also are controlled by environmental and climatic
factors at frozen soil surface-atmosphere boundary. Freezing and thawing cycles change physical
properties of frozen soil by creating stress fractures, affect aggregate stability of soil and then
results in changes of hydraulic properties of soil. Soil aggregate stability increases with freezing,
but it degrades during thawing process (Dagesse, 2013). During freezing, ice forms within the
soil pores, restricts soil permeability due to water movement to freezing front and results in frost
heave. With the ice presence in soil, temperature is strongly related to soil matric potential. Soil
water can sustain in equilibrium with ice below freezing temperature due to negative potentials.
With the temperature decrease at freezing front, more water freezes as ice that changes the soil
water potential to more negative. When liquid water content in soil decreases, it creates a
gradient between unfrozen liquid water contents and soil water potentials so that liquid water

moves from wet zone to freezing front and soil starts to dry due to freezing. In frozen soil, the
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soil matric potentials and liquid water contents are related to osmotic potential and temperature.
Soil freezing characteristics curve is analogous to soil water release curve for unfrozen soil and
is generally considered valid for frozen situation (Flerchinger et al., 2005; Ireson et al., 2013). It
is not that simple in soil freezing and thawing cycle that after crossing critical temperature,
unfrozen soil becomes impermeable frozen soil. Presence of salt in soil pore and capillary forces
that attract water to soil particle affect the decrease of freezing point in frozen soil. As soil
consists of different pore sizes, soil freezing point greatly depends on pore size distribution of
soil and at the same time, water and ice can exist in various sized pores. Ireson et al. (2013)
reported that due to this reason, water in large pores freezes faster than that in small pores and
water in small pores thaw earlier than that in large pores. If the soil is unsaturated before
freezing, all three phases of water i.e. ice, liquid and vapor, can be present within the pore space.
In a frozen soil, soil pore spaces reduce due to soil water freezing and causes significant decrease
in water infiltration and increase in surface runoff. During freezing, soil water redistribution due
to pore size distribution depends on soil texture and thus, soil texture is an important soil
physical property related to frozen soil infiltrability. Al-Houri et al. (2009) found that frozen soil
infiltrability was less than 5% after 2-hour drainage, 21% after 4-hour drainage and 30% after
24-hour drainage of unfrozen soil infiltrability in loam soil. They also observed that frozen sandy
loam soil infiltrability was 4% of unfrozen soil infiltrability after 24 hours drainage period.
Repeatedly occurred freeze-thaw cycles decreased penetration resistance of a clay loam soil at 0-
30 cm depth in northern Montana (Jabro et al., 2014).
1.3.3. Temperature variation and heat transfer in frozen soil

In frozen soil, due to a high number of large pores, the water at the beginning is

infiltrating at a higher rate and more time is needed to saturate the soil (to fill up the large pores).
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With more and more water infiltrating into the ground, soil receives more heat and starts to
behave like an unfrozen soil (Granger et al., 1983; Bengtesson et al., 1992). For small pores,
water movement is only possible when the soil temperature is higher or equal to 0°C. Compared
to water, ice’s thermal conductivity is four times larger, but its heat capacity is only one-half of
that of water. Therefore, heat is transported quickly in frozen soil than that in unfrozen soil due
to its higher thermal conductivity.

During frozen soil infiltration, water moves downward in the subsurface depending on
heat transport. At deep layers from the soil surface, heat is transported by conduction or by
convection. The heat transfer in frozen soil depends on latent heat, water vapor heat flow, soil
hydraulic conductivity, soil thermal conductivity, soil heat capacity, fusion latent heat and
vaporization latent heat. Frozen soil has different phases, existing in soil profile and those are
ice, liquid and vapor. Those phase changes are dynamic, and their relationships are very
complicated, depending on soil profile moisture distribution, phase of soil water and soil
temperature (Ireson et al., 1999). Water infiltrating into frozen soil transports latent heat and
sensible heat, initiates melting of ice to liquid water and therefore, increases soil ground
temperature to 0°C. When soil thaws, the freshly melted ice water at the thawing front moves
downwards due to the soil matric potential difference between unfrozen layer at thawing front
and frozen layer below thawing front (Mackay, 1983). Soil texture is also a dominant factor that
influence thermal processes in frozen soil and control heat diffusion in the frozen soil. The
amount of latent heat from soil retention capacity also depends on soil texture (Bayard et al.,
2005).

There are different models to simulate infiltration process into frozen soil. Zhang et al.

(2007) developed a one-dimensional model for frozen soil connecting hydrological processes
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and thermal processes together. The model can simulate soil and water interaction processes
within frozen soil. The freezing process can move water from deep soil layer to upper soil layer,
and then, the relocated water freezes near the frost front. During the winter when the freezing
process continues, the total water in deeper soil layers will be moved to the upper soil layer.
1.3.4. Hydraulic conductivity in frozen soil

Hydraulic conductivity of frozen soil is considered very low but may not be that low at
temperature just below 0°C (Mackay, 1983). When water freezes continuously from macro-pores
to micro-pores, ice content forms within soil pores and hydraulic conductivity also reduces for
the frozen soil. During freezing, with the ice formation in pore, matric potential increases and
hydraulic conductivity reduces. As a reverse process, during thawing, soil matric potential
decreases as ice melts in small pores with temperature increment, the hydraulic conductivity
increases (Ireson et al., 1999). Near or at 0°C, hydraulic conductivities are similar in both frozen
and unfrozen soil, but with temperature decrease, hydraulic conductivity reduces due to ice
content formation that restrict water flow through pore space. If the soil is unsaturated during
freezing, the soil can conduct water through it.

In a frozen soil, frozen active layer can be at saturation or over saturation, but other layers
are below saturation and even drier. During freezing, the upper part of frozen active layer is
unsaturated and is always subjected to many freeze-thaw cycles (Mackay, 1983). When pore
water starts to freeze and form ice, soil water potential drops down and becomes negative. The
gradient created between water potential and liquid ice contents moves the soil moisture to the
freezing front within the soil profile. The movement of soil moisture to freezing zone and ice
accumulation is governed by unsaturated hydraulic conductivity of the soil. Water cannot move,

or it can move less to freezing front if the soil unsaturated hydraulic conductivity is low. Very
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dry and coarse-grained soils have low unsaturated hydraulic conductivity compared to fine
textured soil (Flerchinger et al., 2005). During frozen soil infiltration, unsaturated hydraulic
conductivity can be calculated from available porosity of soil, assuming that hydraulic
conductivity and soil water retention characteristics of frozen soil are similar to those of unfrozen
soil (Flerchinger et al., 2005). The hydraulic conductivity of frozen soil mostly depends on the
conditions of soil before it is frozen, or a snow cover occurs on soil surface (Fouli et al., 2013). If
the soil remains dry or has less soil water content in fall before winter starts, and if the soil does
not get any released water from snow cover melting that infiltrates into the soil and refreezes,
then the soil will be permeable and can conduct water until it gets saturated from snowmelt in
spring. But if the soil is wet or nearly saturated before it freezes, it should have low permeability.
If snowmelt happens due to sudden temperature rise in winter, the melt water can refreeze into
the soil profile after entering it. This results in reduction of infiltration capacity of soil before
spring melt. In seasonally frozen areas, snowmelt infiltration in spring is subjected to frozen soil
condition due to variation of hydraulic conductivity (Lundberg et al., 2015).

A single event of freeze-thaw cycle creates extensive network of cracks and ice lenses in
clay soil which increases hydraulic conductivity, and it continues to increase with more freeze-
thaw cycles. However, after three cycles, hydraulic conductivity becomes stable. On the other
hand, soil pressure reduces soil cracks during thawing and reduces hydraulic conductivity
(Othman et al., 1993). Freeze-thaw cycles decrease the void ratio of frozen soil by creating soil
porosity like micro-pore or micro-cracks which also helps to increase hydraulic conductivity in
frozen clay soil (Kim and Daniel, 1992). But the scenario is different in granular soils. With ice
content increasing close to 100% saturation during freezing, the open pore spaces of frozen

granular soil decrease and thus, hydraulic conductivity decreases (Andersland et al., 1996).
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1.4. [Infiltration equations and models

Many infiltration equations are available for infiltration measurements. Most of those are
empirical in nature and developed based on field observation. Few of those are widely used and
well known.
1.4.1. Horton infiltration equation

Horton (1940) infiltration equation, named according to its developer Robert E. Horton,
is an empirical equation for measuring infiltration rate or volume. Horton considered that
infiltration starts with a constant rate (fy) and decreases exponentially with time (7). After soil
saturation reduces a certain value, the infiltration rate become constant ().

f=fet(fo—fe™ (1.1)

where fis the infiltration capacity (cm/min), fy is initial infiltration capacity (cm/min), f. is final
infiltration capacity (cm/min), ¢ is the time, and k is empirical constant (min™').
1.4.2. Kostiakov equation

Kostiakov developed the empirical equation in 1932 considering that the infiltration rate
over time is a power function. Zheng et al. (2001) used this equation for their infiltration into
frozen soil experiment as follows:

H=At"+f (1.2)
where H is the infiltration rate (mm/min), ¢ is the time (min), f'is the steady infiltration rate
(mm/min), 4 is related to the infiltration rate near the beginning of infiltration (4+f'is the
infiltration rate after 1 min of ponding) and 4 is an empirical coefficient.

1.4.3. Philip equation
Using analytical solutions of unsaturated flow equation, Philip (1957) developed a
method for measurement of infiltration capacity and cumulative infiltration volume.
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f=(05)At"Y2+B (1.3)
F=At"Y2 + Bt (1.4)
where fis the infiltration capacity (cm/min), £ is the cumulative infiltration volume (cm) and 4
and B are constants related to soil type and water movement.
1.4.4. Green-Ampt equation
Green-Ampt (1911) equation was derived from the Darcy’s law equation. The parameters
of this equation are relatively difficult to measure. The infiltration rate and amount can be

calculated using the Green-Ampt equation:

f _ KS (1 +S><IMD)

(1.5)
where f'is the infiltration rate, K; is the hydraulic conductivity in the wetted zone, S is the
capillary suction at the wetted zone, F'is the cumulative infiltration and /MD is the initial

moisture deficit. The cumulative infiltration can be found by integrating infiltration rate (f) over

time (¢). i.e. f = dF /dt. Then Eq. 1.5 becomes as:

Kst = F = (S x IMD) x log, (1 + ——) (1.6)
1.4.5. HYDROL-INF model
Chu and Marino (2006) developed an infiltration-runoff model based on Green-Ampt
infiltration calculation method. The model is very useful for applied hydrological studies. The
developed model is a Windows® based model including easily useable windows interface. They
named the model as “HYDROL-INF” model. The model can simulate infiltration into and within
soil profile which is considered layered with randomly distributed soil moisture content. It can

also simulate surface runoff resulted from the rainfall event after satisfying soil infiltration

capacity. The model can consider both dry periods with no rainfall and wet periods for stable or
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unstable rainfall. The windows operating system interface helps to make the total modeling
processing easy for the model user. These include data input, data processing, model running,
and output processing. To make the model user friendly, some “hydrologic tools/calculators”
were included in the modeling process. The model developer will add other hydrologic models
for infiltration and runoff simulation comparison and useful hydrologic calculation tools in
updated version of the model.
1.4.6. DRAINMOD model

The hydrological model, DRAINMOD in its original form, is widely used and well
established for prediction and simulation of water table and discharge fluctuation in surface and
subsurface drainage systems. The original DRAINMOD cannot be used for simulation of
drainage in cold region, because it does not take into account the freezing and thawing cycles in
frozen soil profile. In frozen soil, the water flow is greatly influenced by the freezing and
thawing cycle which affects the water table fluctuation and discharge fluctuation. The freezing-
thawing cycle controls snow melting. The infiltration rate is lower in frozen soil than that of
unfrozen soil. So, during the rainfall event in winter and early spring, runoff is comparatively
higher in frozen soil due to less infiltration. The soil moisture retention curves are similar
between unfrozen soil and periodically or seasonally frozen soil. Even soil drying process in
frozen soil follows the same trend of soil freezing process. The snow cover or frost depth affects
the soil surface temperature. The temperature and heat transfer, and exchange between
atmosphere and soil, influences the movement of water within the soil profile. So, snowmelt
water infiltration is greatly and directly dependent on soil temperature in frozen soil. Luo et al.
(2006) modified the original DRAINMOD model to predict and simulate water table and

discharge fluctuation in surface and subsurface drainage systems considering freezing and
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thawing cycle of frozen soil, soil temperature and heat exchange, snowmelt water infiltration and
accumulation. They also evaluated the effects of freezing and thawing cycles, snow melting and
accumulation processes for less drained soil.
1.4.7. HYDRUS model

HYDRUS model is developed by Simunek et al. (2012), which is a very effective and
useful model option for heat and water flow simulation. The model algorithms are based on
Richards equation. It uses mass-lumped linear finite element method to solve the equation
numerically for saturated and unsaturated flow. HYDRUS model can be used for predicting and
simulating different hydrological process like rainfall, snowfall, evaporation, transpiration,
infiltration, root zone water accumulation, soil moisture holding capacity, capillary movement of
water in soil, drainage, irrigation, groundwater movement and storage, and all directional
movement of flow within soil profile. The models can simulate infiltration capacity and surface
runoff considering the applied water flux threshold of the soil. Also, if the soil initial and specific
conditions are available for the soil profile and vegetative covers, those can adjust evaporation
and transpiration processes between potential and actual values.
1.5. Water infiltration measurement

Different instruments (e.g. infiltrometer) based on different principles are used to
measure infiltration across the world. The major types of infiltrometer are: Ring infiltrometer,
tension infiltrometer, and rainfall simulator.
1.5.1. Ring infiltrometer

Ring infiltrometer is widely used for measurement of water infiltration into soil. It can be
made from metal or plastic cylinders. The cylinders are thin-wall, open to each end and have

outside-beveled cutting edge at bottom side. There are different types of ring infiltrometers used
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in the field measurements. Those are “Single ring or pressure infiltrometer”, “Double ring or
concentric ring infiltrometer”, “Twin or dual ring infiltrometer” and “Multiple ring infiltrometer”
(Reynolds et al., 2002). The diameters and heights can be varied from 10 to 50 cm and 5 to 20
cm, respectively. However, whether smaller or larger size of cylinders used for infiltration
measurements are based on experimental purposes. Bagarello et al. (2009) measured saturated
hydraulic conductivity, K, by using a constant pressure head ring infiltrometer where the metal
ring was inserted at shallow depth of soil and pressure head was maintained the same or constant
inside the ring. Single ring pressure infiltrometer can be used with different ponding depths, but
the ponding depths influences the parameter estimation of hydraulic conductivity (Elrick et al.,
1990). Single ring infiltrometer measures the infiltration with lateral and vertical components.
Chowdary et al (2006) reported that even with a double ring infiltrometer, lateral movement of
water could not be eliminated but could be managed.

Infiltration experiments in frozen soils can be performed using a double ring infiltrometer
with the combination of sensors for soil temperature and water content measurement. To
determine the infiltration rate, one can observe the decline of water in the infiltrometer. To
determine the hydraulic conductivity, a similar installation can be used, with the difference that
the water level is held constant. Water can be added until an equilibrium is reached. Then a
specified equation can be used to determine the hydraulic conductivity. Kane and Stein (1983)
found similar shapes between infiltration curves of frozen soils and unfrozen soils during their
infiltration tests in seasonally frozen soil with different moisture contents. They used double ring
infiltrometers for their tests. Also, at freezing time, double ring infiltrometer experiments showed
that rate of water infiltration and soil water content within the soil profile are inversely related to

each other (Lee and Molnau, 1982; Kane and Stein, 1983).
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1.5.2. Tension infiltrometer

Tension infiltrometers or disc infiltrometer are used for measuring unsaturated soil
properties like soil capillary properties and properties for conductivities. Capillary and gravity
force are two most important factors that influence the infiltration into soil. In clay soil, capillary
force dominates most and in sandy soil, infiltration occurs mainly due to gravitational force
(Deurer et al., 2008). In ring infiltrometer test, water is ponded on soil surface under atmospheric
pressure. When soil pores are filled with water, infiltration rate becomes stabilized and
infiltration rate is then measured. For this reason, infiltration rate is fast at the beginning and
becomes slower with time. But the problem is that, a good portion of water infiltrates through
macro-pores (i.e. cracks and wormholes) and reduced the amount of water infiltrates into the soil
matrix. Tension infiltrometer controls the infiltration rate by a negative suction pressure or
tension and the infiltration is usually slower than natural infiltration. So, water does not infiltrate
through soil cracks and wormhole and the maximum portion of water goes through soil matrix.
Tension infiltrometer has variable range of tension and by changing the suction pressure or
tension, one can easily control the infiltration rate into soil. Before using for field measurement,
tension infiltrometers should be checked for leaks. If there is any leak, suction will not be
sustained. Assembly of the tension infiltrometer and filling with water should be done before
field use. A graduated container for water, a disc attached at the bottom of the container and an
air bubble tower are the major components of tension infiltrometer (Latorre et al., 2013). The
tension or disc infiltrometer is getting popular among the researchers, because, it is easy to
handle in field application. A good number of soil-water properties, such as sportivity and
hydraulic conductivity, can be determined or estimated from cumulative infiltration curve by

tension or disc infiltrometer (Moret-Fernandez et al., 2009; 2012).

20



Minidisk infiltrometer is a smaller version of tension infiltrometer (Decagon Devices,
Inc., Pullman, WA). It consists of a single tube combines with a bubble tower and water
reservoir. It is a portable type tension infiltrometer and can be used for quick measurements of
infiltration and hydraulic properties of soil. The device is divided into upper and lower chamber.
Both chambers have to be filled with water for infiltration measurement. The upper chamber or
bubble tower controls suction. The water from lower chamber infiltrates into soil under a
selected suction. The infiltration rate measurement can be obtained from labeled lower chamber.
This type of infiltrometer is useful for laboratory experiments for infiltration rate and hydraulic
properties measurements. The length of the minidisk infiltrometer is 32.7 cm and diameter of the
tube is 3.1 cm. It consists of 4.5 cm diameter disk which is 3 mm thick. It has a suction range
from 0.5 to 7 cm depending on soil types.

Zhang (1997) proposed a two-term numerical solution which also derived from Philips
equation for “sorptivity” and “hydraulic conductivity” estimation. The Philip infiltration
equation is only valid for vertical water movement and also only for a very short infiltration
time. Practically, for cumulative infiltration measurement, the very short duration is not
appropriate to estimate sorptivity. In Zhang’s numerical solution, there are two non-dimensional
constants which can be determined from soil retention parameters, minidisk infiltrometer
parameter and initial moisture content of soil. He found excellent agreement between the
estimated and theoretical values of sorptivity and hydraulic conductivity. The theoretical values
were obtained from van Genuchten, Gardner, Russo and Zhang and van Genuchten methods. In
most comparisons, the relative error was within 5%, but the proposed method can be used only
for homogeneous soil. On the other side, Dohnal et al. (2010) found that Zhang’s proposed

numerical solution which in now used in minidisk infiltrometer of Decagon Device cannot
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perform well for the soils having “n” value less than 1.35. They showed that Zhang’s solution
actually overestimated hydraulic conductivity values for n < 1.35 soils that are mostly clay,
sandy loam or silty loam soils. They proposed a newly formulated expression for calculating
hydraulic conductivity of soils in the range of 1 <n < 1.35 based on nonlinear optimization of 16
soils having n < 1.35, different disk sizes and disk pressure heads. Li et al. (2005) did steady
infiltration rates comparisons among different soil crusts using trickle irrigation method and
minidisk infiltrometer. For minidisk infiltrometer, they used Zhang’s formula to calculate steady
infiltration rate which is actually hydraulic conductivity component of that formula. They
reported that minidisk infiltrometer was a good method to estimate field infiltration rates (i.e.
hydraulic conductivity) from laboratory results. With Minidisk infiltrometer, the infiltration rates
are calculated with the help of a spreadsheet available from Decagon Devices which is based on
(Zhang, 1997) by fitting the parameters C; and C; of the Phillip equation:

I=Ct +Ct (1.7)
where I is the cumulative infiltration (cm), t is time (min), the slope of the curve C; is a function
of the hydraulic conductivity k (cm min™'), and Cz is a function of sorptivity (cm min™"?). The

hydraulic COIldU,CﬁVity iS calculated as:
k=L 1.8
! (1.8)

where A (cm min™') is obtained from:

_ 11.65(n% — 1) el292(n-1.9)an]
. (arg)*™*

if n>19 (1.9)

_ 11.65(n%! — 1) el75(-19an]
B (ary)091

if n<1.9 (1.10)
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in which h (cm) is a given suction, r¢ (cm) is the radius of the disk, and « and n are van
Genuchten parameters based on the soil type. Minidisk infiltrometer can be used for a suction
range from -0.5 to -6 cm. If van Genuchten parameters are not available for a specific soil, a
table of those parameters for twelve soil textural classes can be obtained from Carsel and Parrish
(1988). For the hydraulic conductivity measurement of soils having n<1.35, an improved version

of Zhang (1997) equation by Dohnal et al. (2010) can be used, which is:

)0.6

C,(ar
. 2(ary

T 11.65(n082 — 1) e[3465Mm-1.19)ak] if n<135 (1.11)

1.5.3. Rainfall simulator

Rainfall simulator, a kind of infiltration measuring tool, has the advantage of reproducing
a natural rainfall event artificially with similar intensity, rain droplet sizes and energy (Abudi et
al., 2012). This tool can be easily relocated in different places, less expensive comparing other
tools and is the faster data collection facility. Rainfall simulators are in two types (Aksoy et al.,
2012): pressured and non-pressured. Non-pressured simulator creates rain drops and smaller
energy flux than natural events; Pressured rainfall simulator results in higher intensities than that
of natural rainfall events with nozzle spraying (Abudi et al., 2012). In soil erosion and rainfall-
runoff investigations, both pressured and non-pressured rainfall simulators can be used (Guerrant
et al., 1990; Wierda & Veen, 1992). The relationship among the resulting infiltration, soil cover,
micro-topography, and soil crust were studied by using rainfall simulators (Battany & Grismer,
2000; Freebairn & Gupta, 1990).

The Cornell sprinkler infiltrometer is a rainfall simulator type infiltrometer which is
combined with a single ring infiltrometer (Ogden et al., 1997). It is relatively cheap and is a

simple portable tool that can be used to produce same size rain droplets with similar intensity of
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natural rainfall for rapid measurement of soil infiltration. It can wet the soil by similar process as
natural rainfall and can consider the soil roughness influence on infiltration. It consists of a
portable rainfall simulator which is placed on an infiltration ring. This single metal ring has a
diameter of 241 mm and it is inserted into the soil up to 7 cm depth for field infiltration
measurement (Cornell Sprinkler Infiltrometer User’s Manual). Before starting a new infiltration
measurement, the sprinkler vessel was placed on the ring and water level in the vessel was
measured. After starting the test, in every time interval, water outflow from the ring was
measured and so is the runoff volume.

The simulated rainfall rate (R) was measured by following equation (Cornell Sprinkler
Infiltrometer User’s Manual):

R=[Hi-Hz]/Ts (1.12)
where Hi is the beginning water level, H» is the ending water level in the infiltrometer vessel;
and Ty is the time required for lowering down water level from H; to Ho.

The runoff rate (RO¢, cm/min) was determined by the following equation:

RO = Vi /(457.30%*t) (1.13)
where 457.30 cm? is the area of the ring, Vis the runoff volume and t is the time interval for
which runoff water was collected. Then, the infiltration rates (I;) was determined by the
difference between the rainfall rate and runoff rate:

Ii=R - RO (1.14)
1.6. Objectives of the dissertation study
The research project focused on snowmelt infiltration characteristics into frozen soil. The
research evaluated the frozen soil response to infiltration, the effects of soil properties like soil

moisture on frozen soil infiltration and the change of hydraulic conductivity in frozen soil
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compared to unfrozen soil. The project also evaluated the available methods for developing soil
water release curves for different soils in the Red River Valley.
1.6.1. Specific objectives of the research

Soil water release curves for three North Dakota soils from Red River Valley were
constructed by the HYPROP and WP4 dew-point potentiameter combined method and compared
with other traditional methods. Infiltration in frozen soils was measured by using Cornell
Sprinkler infiltrometer and evaluated at three initial soil moisture contents for a silty clay loam
soil of Red River Valley. Hydraulic conductivity in frozen and unfrozen conditions were
estimated from the cumulative infiltration curves by Minidisk infiltrometer for three soils in the
Red River Valley of the North.
1.7. Organization of the dissertation

The dissertation consists of five chapters in total. The chapters are: general introduction,
three consecutive chapters regarding the findings in this study, and a general conclusion. In
addition, the general abstract gives the findings and critical observation summary of all
manuscripts and experiments conducted in this dissertation research. The first chapter, the
general introduction states the background of the research, statement of problems, related
literature reviews, and the goal and specific objectives of the research taken under this
dissertation. The first chapter describes a combined method of developing soil water release
curves by Hyprop evaporation and WP4 dew-point potentiometer methods for three RRB soils,
and compares those soil water release curves by traditional methods. The second chapter shows
the results of infiltration experiments into a frozen silty clay loam soil with three initial soil water
contents, and evaluates the effect of soil water content and temperature on frozen soil infiltration.

The third chapter presents the hydraulic conductivity measurement of three frozen soils of RRB
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with three initial soil moisture contents before freezing, comparison between hydraulic
conductivity values of frozen and unfrozen soils, effect of freeze-thaw cycle on hydraulic
conductivity. A Minidisk infiltrometer is used to measure hydraulic conductivity. The general
conclusion chapter presents the general outcomes from the studies, performed in this dissertation.
All references, cited in the text, are listed at the end of each chapter except the general
conclusion, the general conclusion does not have any reference list. Finally, all field infiltration
tests conducted by using the Cornell Sprinkler infiltrometer in various locations, for frozen and
unfrozen conditions, are included in the appendix.
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2. DEVELOPMENT AND COMPARISON OF SOIL WATER RELEASE CURVES
FOR THREE SOILS IN THE RED RIVER VALLEY OF THE NORTH, USA!
2.1. Abstract
A soil water release curve (SWRC) describes the critical and soil-specific relationship
between soil water content and matric potential. In this study, soil moisture and corresponding
matric potentials were measured using (1) a new method by HYPROP and WP4 dewpoint
potentiometer, and, (2) the traditional method by hanging water column, Tempe cell, and
pressure plate. The SWRCs were developed for Fargo silty clay, Glyndon silty loam, and Hecla
sandy loam soils by using the van Genuchten model. The goodness of fit between the fitted
SWRC and the measured data agreed well with R? between 0.91 and 0.98. The comparison for
the fitted SWRCs showed that the SWRCs for Hecla sandy soil provided the best agreement
while Glyndon soil had the best match in terms of slope and shape. The SWRCs for Fargo silty
clay soil did not provide a good match between the two methods. The difference in water content
between the two fitted SWRCs was less than 2% for Glyndon and Hecla sandy loam soils.
However, Fargo silty clay had a 4.5-5% difference for 66% of the measurements, possibly due to
the different bulk densities caused by shrinkage and swelling nature of the clay soil. Since the

best fitted van Genuchten parameters were within the reference range that was acceptable for the

! The material in this chapter was co-authored by Debjit Roy and Xinhua Jia, Dean D. Steele
and Dongquing Lin, and was accepted in the Soil Science Society of America Journal as manuscript
number S-2017-09-0324-OR.R1. Debjit Roy had primary responsibility for collecting data,
analyzing the data collected, interpreting the results, and developing the conclusions that are
advanced here. Debjit Roy also drafted and revised all versions of this chapter. Co-authors served
as technical and editorial consultants in the development of the manuscript represented by this
chapter.
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same type of soils, the HYPROP and WP4 can be used to develop SWRCs that are comparable
to the traditional laboratory methods for the three soils in the Red River Valley of the North,
USA.
2.2. Introduction

Soil moisture and soil matric potential are two important properties in crop-soil-water
management studies. The relation between soil matric potential and soil water content is unique
in nature for each soil (Miller and Gardiner, 2001), and can be explained by the soil water release
curve (SWRC), also known as soil water retention curve, soil characteristics curve or soil
moisture characteristics curve (Hillel, 1998). The SWRC is considered the most important
relationship and critical input data for understanding unsaturated soil behavior and modeling
(Patil and Rajput, 2009; Sreedeep and Singh, 2011; Malaya and Sreedeep, 2012). All properties
of unsaturated soil, e.g. unsaturated hydraulic conductivity, are strongly correlated with SWRC
(Burckhard et al., 2000; Fredlund and Rahardjo, 1993; Erzin and Erol, 2007; Vanapalli et al.,
1996). The SWRC knowledge plays a very significant role for irrigation application and
management, rainfall and runoff generation processes, rainfall infiltration and wetting front
movement, and groundwater dynamics (Zhan and Ng, 2004; Fuentes et al., 2009; Hillel, 1998). It
is also needed in water dynamics for subsurface agricultural drainage systems and in civil and
environmental engineering studies, such as construction, wastewater treatment, and solute
transport projects (Sreedeep and Singh, 2011; Malaya and Sreedeep, 2012).

Many methods have been used to determine the SWRC directly or indirectly, such as
insertion tensiometers, high performance tensiometers, pressure-plate apparatus or pressure
membrane extractors, pressure cell, electrical resistance sensors, thermal conductivity sensors,

centrifuges, transistor or thermocouple psychrometers, filter paper, hanging water columns and
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dewpoint potentiometer (Dane and Topp, 2002; Sreedeep and Singh, 2011). However, matric
potential obtained from different methods may differ at the same scale or may be irregular for
different soil moisture ranges (Cancela et al., 2006; Bittelli and Flury, 2009; Solone et al., 2012).
The advantages and limitations of various methods have been reported by numerous researchers.
For example, the pressure plate method has failed to achieve equilibrium in fine textured soil due
to soil shrinkage during drying, as the pressure plates may fail to stay in contact with the soil
samples (Bittellli and Flury, 2009; Solone et al., 2012). In addition, higher soil moisture contents
due to shrinkage are found using the pressure plate method, compared to the dew point method.
In contrast, the two methods agreed well for sandy soils due to lack of shrinkage. In loam or
sandy loam soils, matric potentials were systematically measured by the hanging water column,
psychrometer, and pressure plate method for one complete SWRC curve by Fujimaki and Inoue
(2003). Furthermore, Schindler et al. (2012) did not find any systematic deviations for a range of
soil samples when comparing the matric potentials measured by evaporation vs. those measured
by equilibrium methods. Schelle et al. (2013) also found that the hanging water column method
and HYPROP® evaporation method had good agreement over the wet to moderate moisture

range, with the dew point method used to measure the moisture content in the dry range.

The traditional laboratory and field methods for soil matric potentials and water content
determination are time consuming and sometimes very expensive. For some laboratory methods,
special training on handling specific apparatus and tedious data collection procedures are
required. Therefore, a convenient, hands-free and automated way of developing SWRC using
fewer laboratory methods is one of the main objectives for many researchers. Combinations of
different well-established laboratory and field methods as well as the latest improved methods

(e.g. HYPROP® evaporation method) for SWRC construction have been tested in several types
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of soils in several regions (Macek et al., 2013; Schelle et al., 2013; Schindler et al., 2012), but no
study has been conducted for the soils in the Red River Valley of the North Basin (RRB).

The soils of the RRB are unique in nature as they contain shrinking/swelling clays and
are poorly drained (Caine, 1903; Nikiforoff et al., 1939). In recent years, subsurface drainage (or
tile drainage) systems have become popular in the RRB (Scherer et al., 2013). Installation of tile
drainage systems in agricultural fields has agronomic, environmental and economic benefits. In
the RRB, the burgeoning tile drainage industry requires a readily available knowledge base of
the soil hydraulic properties of the RRB soils, including the SWRCs of those soils, for the
design, installation, and modeling of subsurface drainage/subsurface irrigation systems. If the
SWRCs of these soils can be constructed quickly and easily, a database for RRB soil properties
can be developed and can be accessed instantly for necessary information. Therefore, it is very
important to develop SWRCs for the RRB soils using relatively straightforward and expeditious
measurement techniques.

The HYPROP® laboratory evaporation method (UMS GmbH, Germany) for constructing
SWRC is a relatively new and simple method. This method can determine soil matric potentials
and corresponding soil water contents continuously by using two high precision miniature
tensiometers and sample weight changes with time. These tensiometers are installed at two
depths inside a soil core of 250 mL held within the soil-sampling ring. This method is very
suitable to measure better quality soil matric potential data for SWRC, especially those close to
the saturation between 0 to -100 kPa ranges. A large amount of data can be measured with
respect to time, and a comparatively accurate and continuous SWRC can be developed if another
instrument, the WP4 dewpoint potentiometer (Decagon Devices, Pullman, WA, USA), is used to

measure the soil matric potentials in the dry range. The basic principle of the WP4 dewpoint
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potentiometer is the equilibration of soil liquid phase and relative humidity in the air above the
sample in a closed chamber (Gee et al., 1992; Scanlon et al., 2002; Campbell et al., 2007).
Macek et al. (2013) demonstrated that a combination of two simple and inexpensive methods
could give a good measurement of soil matric potential for developing a complete SWRC. They
used the HYPROP evaporation method for the wet range (0 to -100 kPa) and the WP4 dewpoint
potentiometer for the dry range (-100 to -300,000 kPa).

The relationship between soil water content and soil matric potential is very complex and
difficult to describe by a simple model (Hillel, 1998). Many models and equations for fitting the
SWRCs have been proposed and developed (Leong and Rahardjo, 1997). Among those, the van
Genuchten (1980) equation (VG) for describing the SWRC is very well accepted and widely
used. In this study, SWRCs were developed for Fargo silty clay, Glyndon silty loam and Hecla
sandy loam soils using two methods: (i) HYPROP combined with WP4 (HW) and (ii) the
traditional method using hanging water column, Tempe cell and pressure plate (HTP). The fitted
SWRCs utilizing the simple HW method vs. fitted SWRCs developed from the traditional HTP
method were compared in order to determine if the simple method is a valid approach and is a
good alternative method for developing SWRCs for soils in the RRB region.

2.3. Materials and methods
2.3.1. Soils

Fargo silty clay soil (fine, smectitic, frigid Typic Epiaquerts) was collected at about 8 km
north of Gardner, Cass County (47°10'22.7"N, 96°54'01.3"W) North Dakota. Glyndon silty loam
soil (coarse-silty, mixed, superactive, frigid Aeric Calciaquolls) was collected from a field in
Rush river township, Cass County (47°02'57.5"N, 97°05'30.0"W), 40 km from Fargo, North

Dakota. The coordinates of the Hecla sandy loam soil (sandy, mixed, frigid Oxyaquic
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Hapludolls) sampling site were 46°02'47.2"N, 98°06'14.7"W, about 4.8 km straight south and
about 0.8 km west of the Oakes Irrigation Research Site, Dickey County, North Dakota. Soil
samples in the top 15 cm were taken from the field. They were air dried, ground using a soil
grinder, and sieved through a 2-mm screen before measurements. The prepared and disturbed
soil samples were used to develop the SWRCs in the laboratory by HYPROP®, WP4, pressure
plate, Tempe cell and hanging water column methods. Limited by the amount of soils, the
HYPROP method was run 4 times on Fargo, 2 times on Glyndon, and 2 times on Hecla soils.
The WP4 method was applied three times at each water content for all three soils. Data from all
cycles were pooled and used in constructing the soil SWRC curve. The particle size distribution
(%Yosand, %osilt, and %clay) measured of particle size analysis was done by the hydrometer
method (Bouyoucos, 1951) and the results are presented in Table 1. The bulk density of each soil
was obtained from Web Soil Survey (NRCS, 2017) for the specific soil. Volumetric water

contents were calculated from gravimetric water contents and soil specific bulk densities.

Table 1. Percent of sand, clay, silt and bulk densities of the soil samples

USDA Soil Textural

Soil Classification Sand (%) Clay (%) Silt (%) Bulk density (g cm™)
Fargo Silty clay 5 48 47 1.09
Glyndon Silt Loam 37 20 43 1.18
Hecla Sandy loam 70 14 16 1.31

2.3.2. HW method

The HW combination method was used to measure soil matric potential and
corresponding water content for all three soils in this study. The HYPROP measuring assembly
contains a sensor unit with a stainless-steel soil-sampling ring (250 mL) connected to a desktop

computer installed with HYPROP data evaluation software (Figure 1).
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Figure 1. HYPROP® assembly (Schindler et al., 2010).

At regular intervals, five sets of sensor units were connected in series, and weighed one at
a time on a laboratory balance. On the first day of the experiment, soil samples were weighted on
an hourly interval. After the first day, depending on soil type, the weight measurement interval
for clayey soils was three times per day and for sandy soils, it was once per day (UMS, 2010).
The sensor unit had two tensiometers, a soil sampling ring, pressure transducer, temperature
sensor, and plug connector. The tensiometers measured soil matric potentials at two different
depths in every ten minutes. The measurement of matric potentials ranged between 0 to
approximately -100 kPa, while in this study, the matric potential ranged from -0.1kPa to -48 kPa
for Hecla, from -0.1 kPa to -78 kPa for Glydon silty loam, and from -0.1 kPa to -110 kPa for
Fargo soil. The pressure transducer measured the soil matric potential as an analogue signal. Soil

sample matric potential and weight change data were recorded continuously until matric
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potential collapsed (too dry) in both tensiometers. The dry density and final water content of the
soil samples were also measured. The process from soil preparation to tensiometer collapse
usually took about two weeks to complete. In order to shorten the drying time, a 100 W
incandescent light was placed above the five soil core samples, and a small desk fan was located
at 0.3 m away from the samples to circulate the air above the soil samples. This combination
reduced the process to 4-5 days for a clayey soil and even shorter for a sandy soil. Soil sample
collection, preparation and measurement procedures in this study were conducted according to
the HYPROP manual guidelines (UMS, 2010).

The WP4 dewpoint potentiometer determines the soil water matric potentials in a closed
chamber by measuring the relative humidity of the air above a sample using the chilled mirror
method. The measurement range by the WP4 dewpoint potentiometer is from 0 kPa to -300,000
kPa, while in this study, the matric potential ranged from -40 kPa to -1263 kPa for Hecla, from -
54 kPa to -983 kPa for Glydon silty loam, and from -52 kPa to -1484 kPa for Fargo soil. This
method is suitable to measure the matric potentials in the dry range, which are important to
construct a full SWRC curve. Various amounts of water (0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 g,
respectively) were added to the air-dried soil samples (10 g each) with three replicates at each
soil water condition as part of the sample preparation. Before starting the measurement
procedure by the WP4 dewpoint potentiometer instrument, the WP4 chamber was calibrated and
adjusted with a standard 0.5 molar KCl solution. Sample preparation and all measurement
procedures were executed according to the operator manual (Decagon Devices, 2003). The
combined dataset of soil matric potentials and soil water contents by HYPROP and WP4

methods is referred to as the HW dataset.
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2.3.3. HTP method

The hanging water column method was performed with a Haines apparatus where wet
soil samples were kept on a porous plate with hydraulic contact to the bulk water (Dane and
Topp, 2002). The top of each soil sample was kept at atmospheric pressure when the pressure of
the bulk water was reduced to a sub-atmospheric level, which created subsequent hydraulic head
reduction and caused water to flow from soil samples to the column. The suction head of the
hanging water column method is limited from 0 to -8.5 m, or 0 kPa to -83.4 kPa. In the Tempe
cell method, the air pressure inside the cell was raised to be above atmospheric pressure so that
water was forced to drain out from the soil samples via the porous plate (Dane and Topp, 2002).
Simple SWRCs of the undisturbed soil samples within the range between 0 kPa and -100 kPa can
be constructed by the Tempe cell method (Soil Moisture Equipment Corp., 1995). The pressure
plate method could minimize the limitation of the hanging water column and the Tempe cell
methods since the pressure plate method can withstand high pressure. The pressure plate method
can do soil moisture extraction from soil samples for the range between -100 kPa and -1500 kPa
(Eijkelkamp Agrisearch Equipment, 2009). In this study, soil matric potential measurement
ranges were from -0.1 kPa to -20 kPa by hanging water column method, from -20 kPa to -50 kPa
by Tempe cell method, and from -100 kPa to -1500 kPa by pressure plate for all three soil types.
Soil matric potentials and water content measurement by hanging water column, Tempe cell, and
pressure plate methods on the Fargo, Glyndon and Hecla soils were conducted by the soil
physics lab at North Dakota State University. The combined dataset was referenced as the HTP

dataset for each soil.
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2.3.4. SWRC fitting
SWRCs were developed by using the van Genuchten (1980) equation:

(W) = 6, + (6, — 6,)[1 + (a|¥D"]™™ 2.1)

where W is the soil matric potential in kPa, 8, and 6, are the residual and saturated volumetric
water contents in cm® cm™, respectively, a is related to the reciprocal value of the air entry
matric potential in kPa™!, » is a measure of pore size distribution, and m is a fitting parameter
which can be written simply as m = 1 — 1/n. The values of o, n and m are directly dependent on
the shape of the 8 (W) curve (or the SWRC). The value of ¥ at air entry point was measured

from the reciprocal value of air entry point as air entry value = 1/a in kPa.

Y and 6 measured for the Fargo, Glyndon and Hecla soils in the combined HW and HTP
datasets, were plotted as 0 vs. V. Best fit parameters (o, n, and m) were estimated for the VG
model of SWRC using “Excel Solver®™” (Wraith and Or, 1998) and are reported in Table 2. To
measure the goodness of fit between the measured and the predicted datasets, coefficients of
determination (R?) were obtained for each dataset used for a soil. The R? value explained how
well the predicted values matched with measured values. The R? value was determined by

following equation:

Zlivzl(Observed value—Observe mean)(Measured value—Measure mean)

RZ

(2.2)

\/Z’ivzl(Observed value—Observe mean)ZJZ?’zl(Measued value—Measure mean)?

For comparison purpose, SWRCs were constructed for a ¥ range between 0 kPa and -
1500 kPa (permanent wilting point for crops) using the best fit VG parameters for each

combined dataset of the respective soils.
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2.3.5. SWRC difference

The absolute differences (AD) between the soil moisture values measured by the HW and
the HTP methods and the predicted values on the corresponding fitted SWRCs can be computed
as:

AD = | Omeasured - Ofitted | (23)

where Omeasured 1S the HW method or the HTP method and Ofiteq is the corresponding fitted SWRC

value.

Table 2. Best fit estimated van Genuchten parameters by HYPROP and WP4 (HW) method
and hanging column, Tempe cell, and pressure plate method (HTP).

Soil Method a (kPa™) n m

Farao Sl HW 0.33 1.19 0.16
£050 HTP 0.47 1.14 0.13

_ HW 0.12 1.45 0.31

Glyndon Soil HTP 0.16 1.39 0.28
' HW 0.14 1.85 0.46

Hecla Soil HTP 0.24 1.58 0.37

2.4. Results and discussion

The simple HW method provided sufficient measured 0 data between the wet (from 0 kPa
to -100 kPa) and the dry (above -100 kPa to -300,000 kPa) ¥ ranges, which can get a better
estimation of VG parameters. The traditional HTP method using the hanging column, Tempe
cell, and pressure plate measured the 6 and ¥ between -10 kPa and -1500 kPa ranges with fewer
measured data points (11 data points). Best fitting parameters of the VG model for all datasets
and for all soils are reported in Table 2. The estimated fitting parameters of the HW dataset were
different from those of the HTP dataset. The comparison of the fitted SWRCs from the HW and
traditional HTP datasets for each of soil types is shown in Figure 2, while the fitted HW and

HTP SWRCs for the Fargo, Glyndon and Hecla soils are shown in Figure 3.
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hanging column, Tempe cell, and pressure plate (HTP) dataset for (b) Fargo soil, (d)
Glyndon soil, and (f) Hecla soil.
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2.4.1. Fargo silty clay soil

The HYPROP® data of four drying cycles and WP4 data of three drying cycles were used
to create the HW dataset for the Fargo soil. The SWRCs according to the VG equation were
fitted using the best fitting parameters (Table 2) with HW dataset (Figure 2a) and HTP dataset
(Figure 2b). The R? between original and fitted data points was approximately 0.98 for both HW
and HTP datasets, which indicated that the fitted SWRCs agreed well with the measured
datasets. Comparison between the two fitted SWRCs showed a close agreement up to ¥ value of
-10 kPa and then the two SWRCs showed differences in values until the end of the curve at -
1500 kPa (Figure 3a). The shape of the SWRC of HW decreases faster after -10 kPa ¥ compared
to that of HTP. Field capacity (0¢) at -33 kPa values were 0.39 cm® cm™ and 0.41 cm? cm™ and
permanent wilting point (Qpwp) at -1500 kPa values were 0.21 cm?® cm™ and 0.26 cm® cm™ for the
SWRCs of HW and HTP datasets, respectively. The difference between the two 6pwp values was
higher (0.05 cm® cm™) compared to the 0. values difference (0.02 cm?® cm™) because the gap
between the two SWRCs continuously increased at the dry 0 range. The air entry ¥ value
difference between the two SWRCs was less than 1 kPa (i.e. 0.96 kPa) for the SWRCs of HW
and HTP datasets.
2.4.2. Glyndon silty loam soil

The HW dataset contained data from two HYPROP® drying cycle experiments and three
WP4 drying cycle experiments on the Glyndon silty loam soil. The R? value was 0.98 for the
HW dataset. The fitted SWRC matched well with measured values (R? = 0.95) for the HTP
dataset. The two fitted SWRCs were almost identical for the entire ¥ range and both SWRCs
followed a similar slope (Figure 3b). Among the three soils used in this study (Fargo, Glyndon,

and Hecla), the fitted SWRCs constructed from datasets HW and HTP for Glyndon soil
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displayed the closest match with respect to shape and slope, although some differences existed.
The air entry ¥ value of 8.3 kPa for fitted SWRC of HW dataset and 6.25 kPa for the fitted
SWRC of the HTP dataset was slightly different as it varied by 2.05 kPa. For comparison
purposes, the HYPROP® instrument has an accuracy of £0.15 kPa in pressure measurement
(UMS, 2010). The differences of both 0 at -33 kPa (0.309 cm® cm™ for HW dataset and 0.294
cm?® cm™ for HTP dataset) and Opw;p at -1500 kPa (0.097 cm® cm™ and 0.106 cm® cm™ for HW
and HTP datasets, respectively) were comparatively very small (approximately 0.01 cm? cm™).
2.4.3. Hecla sandy loam soil

The Hecla soil HW dataset also contained two drying cycle datasets from the HYPROP®
method and three drying cycle datasets from the WP4 method. The fitted SWRC for the Hecla
HW dataset had the steepest slope compared to any other SWRCs developed for other soils
(Figure 2¢). The R? between the measured and the predicted values was 0.96 for the fitted SWRC
with the HW dataset. The Hecla soil HTP dataset had somewhat poorer agreement with R? =
0.91. In Figure 3c, the fitted SWRC of the HTP dataset started descending sooner than that of
HW dataset after approximately -1 kPa suction. Both SWRCs intersected with each other at
approximately -23 kPa ¥ value and then the fitted SWRC of the HTP dataset went above the
fitted SWRC of the HW dataset for the rest of the ¥ range with relatively small differences in
values. The Or at -33 kPa was found greater (0.174 cm® cm™) for the SWRC of the HTP dataset
than that for the SWRC of the HW dataset (0.165 cm® cm™), though the difference between the
two O values was not considerably high (0.01 cm?® cm™). Similarly, the difference between the
Opwp values at -1500 kPa for the two SWRCs was 0.01 cm?® cm™, which was 0.054 cm® cm™ for

SWRC of HW dataset and 0.063 cm® cm™ for SWRC of HTP dataset. The difference (2.98 kPa)
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between the air entry W values of the two SWRCs created variation in SWRC shapes, as it was
7.14 kPa for SWRC of HW dataset while it was 4.16 kPa for the SWRC of the HTP dataset.
2.4.4. SWRC difference

The difference in soil moisture content between the predicted values of the two fitted
SWRCs for each soil can be expressed as a histogram (Figure 4). The maximum and minimum
of soil moisture differences between the fitted SWRCs by the HW and HTP methods are also
reported in Figure 4 for each soil. The histogram represents the number of data points for a
specific range of 0 difference. From Figure 4a, the Fargo soil showed that 19% of the total data
points had a difference in the 4.1-4.5% range while 66% of the data points had a 0 difference in
the 4.5-5.0% range. The rest of the data points fell inside the 0-4.0% difference. As discussed
earlier (Figure 3a), the two fitted SWRCs for Fargo soil showed a higher 6 difference in 6
prediction after ¥ = -10 kPa. The gap kept increasing between the two SWRCs until those
reached the end of ¥ data range at -1500 kPa. For the Glyndon silty loam soil, all the differences
between the two fitted SWRCs in 6 predictions were within the 0-2.0% range (Figure 4b). The
largest class of data points (78%) occurred in the range of 0.9-1.0%. According to our earlier
discussion in Figure 3b, the two fitted SWRCs for the Glyndon silty loam soil were best matched
among the three soils in terms of shape and slope. For Hecla soil, 22%, 76%, and 2% of data
points were within the 0 prediction difference of 0-1.0%, 1.1-2.0%, and 2.1-4.5%, respectively
(Figure 4c). The two SWRCs had some shape differences for certain ¥ ranges as shown in
Figure 3c. The measured water contents by both HW and HTP methods were plotted together for
the same matric potential range in Figure 5 for all three soils. The comparison between measured
SWRCs show where the two methods agree and where the methods diverge for Fargo soil

(Figure 5a), Glyndon soil (Figure 5b) and Hecla Soil (Figure 5c).
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2.4.5. Variability of SWRC in soil textural classes

According to Tuller and Or (2004), it is anticipated that the SWRC relationship may vary
substantially for the same soil textural class due to variation in fitting parameters o (reciprocal
value of air entry W) and pore size distribution parameter, n. The VG SWRC model fitting
parameters for the same soils in this study are presented in Table 3, and compared with other
soils from the literature (Rawls et al., 1982; Carsel and Parrish, 1988; and Leij et al., 1996). The
fitting parameters of the SWRC model for different methods in this study are also included in
Table 3. The a and n values shown in Table 3 from Rawls et al. (1982) were later modified by
van Genuchten et al. (1991). The unit of the a value for the fitted SWRCs in this study was in

kPa! (Table 2), but converted to cm™ (Table 3) for comparison with values in the literature.

Table 3. Variation in a and n van Genuchten fitting parameter reference value ranges for
soils in this study and soils from the same textural classes

. USDA Soil Textural | 1
Soil Classification Method a(cm™) n

Rawls et al. (1982) 0.029 1.13

Carsel and Parrish (1988) 0.005 1.09

Fargo Silty clay Leij et al. (1996) 0.023 1.39
HW 0.033 1.19

HTP 0.046 1.14

Rawls et al. (1982) 0.048 1.21

Carsel and Parrish (1988) 0.020 1.41

Glyndon Silt loam Leij et al. (1996) 0.012 1.39
HW 0.012 1.45

HTP 0.016 1.39

Rawls et al. (1982) 0.068 1.32

Carsel and Parrish (1988) 0.075 1.89

Hecla Sandy loam Leij et al. (1996) 0.021 1.61
HW 0.014 1.85

HTP 0.024 1.58

"'Values from the literature are for the soil textural classes indicated; values from
HYPROP+WP4 (HW) and hanging column, Tempe cell, and pressure plate (HTP) are for the
Fargo, Glyndon, and Hecla soils used in this study.
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From table 3, it can be seen that the o and n values had a wide range for the same soil
textural class. The a values in Table 3 varied from 0.005 to 0.029 cm™! for silty clay soil, from
0.012 to 0.048 cm™! for silt loam soil, and from 0.021 to 0.075 cm™! for sandy loam soil. As
reported by Porebska et al. (2006), a soil which differed more in its sandy composition resulted
in a higher a value. The HW dataset fitted SWRC for the Fargo soil had an o value (0.033 cm™)
slightly above the upper end of the reference value for silty clay soil. The HTP dataset fitted
SWRC had the a value (0.046 cm™), which is much higher than the upper end of the reference
value. For the Glyndon soil, the a value of the fitted SWRC of HW exactly matched with the
lower end of the silt loam soil reference value range and the o value of HTP SWRC fell within
the silt loam soil reference value range, specifically very close to the lower end of the range. A
smaller value of a, falling outside of the lower end of the sandy loam soil reference value range,
was found for the fitted HW SWRC in the Hecla soil, but it fell inside the range of the sandy
loam soil for the fitted HTP SWRC.

Similar to the a values, the reference value ranges of n also ranged as 1.09-1.39 for silty
clay soil, 1.21-1.41 for silt loam soil, and 1.32-1.89 for sandy loam soil. These findings are
similar to what Porebska et al. (2006) found, a soil with higher sand content tends to have a
higher n value. The fitted pore size distribution parameter n for SWRCs of the HW and HTP
datasets for each soil fell within the corresponding ranges of reference values except for the HW
SWRC of the Glyndon silty loam soil. The n value was slightly higher than the upper end of the
silt loam soil reference value range.

The shape and slope differences of SWRCs for the same textural class of soil may be
attributed to the availability of measured data points, deviations in measurements due to

inappropriate handling of instruments, variation of finer particles in soil texture (Schindler et al.,
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2012; Schelle et al., 2013), shrink-swell phenomena of clay soil (Patil and Rajput, 2009), and
other unexplained reasons. The swelling and shrinking characteristics of the Fargo soil of the
RRB expanded the soil volume at saturation and reduced the soil volume at the permanent
wilting point. While the soil samples were packed into the columns according to the pre-defined
bulk density for the hanging column, Tempe cell, and HYPROP methods, but due to the column
size difference, the larger the column, the higher the expansion and contraction of the soil
column. This expansion and reduction of soil volume, especially with the HYPROP method due
to its larger column size, changed the 05 and 0,wp, Which led to a comparatively large difference
between two fitted SWRCs for Fargo soil compared with that of other soils. A small
measurement error near the soil saturation can cause a significant change in the shape of the
SWRCs (Vogel et al., 2000).
2.4.6. Bulk density changes

When using HYPROP to develop soil water release curve, the option of oven dried soil
weight is chosen to calculate the bulk density and the associated volumetric water content.
Because of the soil swelling, soil was expanded beyond the ring during saturation. Extra soil was
removed before starting the experiment, and the bulk density of the soil core was reduced and
smaller than the originally packed value, or values from other methods with a confined soil core
during the wetting process (Tempe Cell, Hanging Column, and Pressure Plate). The resulting
bulk density for the HYPROP and the HTP is listed in Table 4, while WP4 applied the same bulk
density as the HTP method.

As one can see that the sandy soil had a small bulk density difference, while a clayey soil
had the largest difference. For Fargo soil, the bulk density was 1.08 g cm™ in the HTP method,

but decreased to 0.90 g cm™ in the HYPROP method, a significant 16% difference. A potential
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increase of 2 to 24% from shrinkage to plastic limit for a clay soil was reported by Ito and Azam
(2010). In the HYPROP experiment, though the soils were packed according to the defined bulk
density, the soil was wetted to saturation without any constraints in which the soil swelling
cannot be prohibited. A simple change of the bulk density will affect the measured moisture
content as well as the associated matric potential. Further research in using the HY PROP method
should incorporate the swelling and shrinkage relationship (Cornelis et al., 2006; Schindler et al.,
2015), or constrain the soil core during the wetting process to prevent swelling and maintain the

same bulk density as comparable methods.

Table 4. Comparison of soil bulk density (g cm) for the three soils using HYPROP and
hanging water column, Tempe cell, and pressure plate (HTP) methods

Soil Type HYPROP HTP Difference % Difference
Fargo silty clay 0.90 1.08 -0.18 -16.44
Glyndon silty loam 1.08 1.18 -0.11 -8.90
Hecla sandy loam 1.26 1.31 -0.06 -4.20

2.5. Conclusion

The simple HYPROP and WP4 dewpoint potentiometer method constructed a better
SWRC because of the improved measurement ranges for estimating van Genuchten fitting
parameters. In this study, the predicted soil moisture content via fitted SWRCs agreed well with
the measured data by the HYPROP+WP4 method with R? values of 0.98, 0.98, and 0.96 for
Fargo, Glyndon and Hecla soils, respectively. The predicted soil moisture contents agreed well
with the measured data by the traditional hanging column + Tempe cell + pressure plate
laboratory method with R? values of 0.98, 0.95, and 0.91 for Fargo, Glyndon and Hecla soils,
respectively. This indicated that both the simple and traditional methods are suitable to estimate

the van Genuchten parameters.
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Comparing the two fitted SWRCs by the two methods, we found that Glyndon silty loam
and Hecla soils had the best fitted SWRCs in terms of shape and slope. The soil moisture
difference for Glyndon silty loam soil between the two SWRCs was only 0.9-1.0% for 78% of
the data points. For Hecla soil, the soil moisture difference was 1.1-2.0% for 76% of the data
points. The fitted SWRCs for Fargo soil did not show a good match in terms of shape and slope
due to the presence of clay and its swelling and shrinkage nature in the Red River Valley. For the
Fargo soil, 66% of the data points showed a 4.5-5.0% difference.

The simple combined HYPROP and WP4 produced good quality data over the entire wet
and dry soil moisture range to develop the SWRCs. It saves at least half the time, applies simpler
procedures, and is considered as an acceptable approach for replacing the traditional laboratory
method. The results may be further improved if the soil bulk density could be possibly
maintained the same among different methods.
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3. INFILTRATION INTO FROZEN SILTY CLAY LOAM SOIL WITH DIFFERENT
SOIL WATER CONTENTS IN THE RED RIVER OF THE NORTH BASIN?
3.1. Abstract
Predicting surface runoff and flooding in seasonally frozen areas such as the Red River of

the North Basin (RRB) is a challenging task. It depends on the knowledge of the complex
process of infiltration in frozen soil, such as phase changes of water, ice content and distribution
in the infiltration zone (the top 0-30 cm of the soil profile), soil pore size distribution, soil
temperature and freeze-thaw cycles. In this study, laboratory infiltration experiments were
conducted using a Cornell sprinkler infiltrometer. The infiltration rates into a frozen silty clay
loam soil were measured at three different initial water contents: permanent wilting point (PWP),
Opwp; field capacity (FC), Ot; and between FC and PWP, Omia. Volumetric soil water content (6v)
and soil temperature at three depths were also continuously monitored using sensors. Initial
infiltration into frozen soil occurred quickly in the soil with 8w, because the soil was dry. Initial
infiltration was comparatively slower in the soil with 0mi¢, while water from the melted ice was
contributed to the soil over time. Initial infiltration was very slow in the soil with O, because the
wet soil had very small pore space, so the soil rapidly reached its saturation after the infiltration
started. Horton infiltration equation was fitted with the observed infiltration rates for the soils

with three initial water contents and the goodness of fit was evaluated by using the coefficient of

2 The material in this chapter was co-authored by Debjit Roy and Xinhua Jia, Dean Steele,
Xuefeng Chu, and Zhulu Lin, and is under review for possible publication in the Hydrological
Processes Journal as manuscript number HYP-18-0137. Debjit Roy had primary responsibility for
collecting data and the primary developer of the conclusions that are advanced here. Debjit Roy
also drafted and revised all versions of this chapter. Co-authors served as proofreader and checked
the math in the statistical analysis conducted by Debjit Roy.
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determination, R? values. The final infiltration rates from the fitted Horton equations were 0.060,
0.010, and 0.027 cm/min for the initial water contents of Opwp, Omid, and Bg., respectively. The soil
water content along the soil profile changed with infiltrating water over the time. However, the
initial soil water content and melt water from ice due to soil temperature rise regulated the
change in soil water content. The 8y changed gradually in the 8w soil, rapidly at 0°C in the Omia
soil and less in the 01 soil. It was also found that soil aggregate stability was altered by soil
packing and freeze-thaw cycles. It changed the soil hydraulic properties and minimized the pore
spaces, which reduced infiltration rate over time in the soil with 8¢. Due to less pore spaces, the
same soil reached saturation early so that the 6y did not respond much with temperature rise.
3.2. Introduction

In cold region hydrology, frozen soil is a key component directly affecting infiltration
and indirectly affecting heat transfer from and to the snowpack situated on the soil surface.
Frozen soil infiltration is a complicated hydrological process that contributes to crop water
uptake, surface runoff generation and ground water recharge in northern latitudes. Frozen soil
infiltration differs from unfrozen soil infiltration because of infiltrating water re-freezing and
melting of ice content within the soil profile (Flerchinger et al., 2005). Soil starts to freeze from
the surface when soil temperature drops below 0°C, while the water contents along the soil
profile are gradually reduced and converted to ice. Permeability and infiltration capacity are
greatly decreased with increases in ice formation within the soil profile. Granger et al. (1984)
reported that the amount and distribution of ice, within the 0-30 cm depth of uncracked frozen
Prairie soil profile, i.e. “zone of infiltration,” are the dominant factor that affects water
infiltration during ice melting. The pore size distribution of “zone of infiltration™ also affects the

melted water infiltration in frozen soil (Granger et al., 1984). He et al. (2015) reported that
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springtime snowmelt water infiltration is greatly governed by the air-filled porosity of the top 10
cm of soil and the soil water content stored during the previous fall season in the top 30 cm of
soil. Infiltration rates are inversely related to soil water contents at freezing time (Lee and
Molnau, 1982; Kane and Stein, 1983). As soil consists of different pore sizes, the soil freezing
point (or, freezing temperature) is greatly dependent on the pore size distribution of soil, and ice
and water can coexist in various pores at the same time due to freezing point differences (Ireson
et al., 2013). When water molecules stay farther from soil particle, the soil water usually freezes
first due to temperature decease, but it will freeze last if water molecules stay closer to soil
particles (Williams and Burt, 1974; Six et al., 2004; Fouli et al., 2013). Ireson et al. (2013)
reported that due to this reason, water in large pores freezes faster than that in small pores, and
water in small pores thaws earlier than that in large pores. The flow path tortuosity increases due
to the formation of ice in soil, because soil water in large pores freezes first, and restricts water
movement in those pores. As a result, infiltration capacity of that frozen soil diminishes
(Lundberg et al., 2015). Many ice lenses form within the soil profile, making the agricultural soil
hard during winter time and transforms the frozen soil into an almost impermeable form (Zuzel
and Pikul, 1987; Flerchinger et al., 2005). Iwata et al. (2011) observed that in subzero winter,
large amounts of rain water stored on soil surfaces can freeze, resulting in a frozen ice layer on
the soil surface which impedes snowmelt infiltration. However, water can still infiltrate into the
frozen soil even after freezing if the soil is not wetted to saturation during freezing (Flerchinger
et al., 2005; He et al., 2015).

Snowmelt water infiltration involves the complex processes of heat and mass transfer
through the frozen soils and is very important for estimating snowmelt surface runoftf and flood

water level prediction (Gray et al., 2001; Zheng et al., 2001). Many factors, such as soil water,
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soil temperature, snow cover water release rate, porosity, soil cracks, temperature of infiltrating
snowmelt water, and presence or absence of macropores, affect the total infiltration process
(Granger et al., 1984). In frozen soils, the infiltration rate is determined mainly by soil
temperature, soil-water content (in water and ice), the soil porosity, snowfall time, and snow
cover above the soil. Infiltration occurs mainly through the macropores. If macropores are
missing, it is driven by the soil water conditions. According to Bengtesson et al. (1992), water
infiltration in frozen soils after snow melting mainly occurs in macropores and along cracks,
especially for clayey soils. A severely cracked heavy-textured clay soil can absorb large amounts
of water (Granger et al., 1984). For a unit area, the infiltration amount can be higher than the
equivalent snow cover water due to interflow to and through cracks from the outside of the area.
Snowmelt water primarily enters these cracks and cannot produce significant runoff flow at the
edge of a field. If the field is heavily cracked during the fall, it is expected that most of the
snowmelt water will be infiltrated through the cracks. Zheng et al. (2001) found that variation of
infiltration rates mostly depended on soil water profile phase change, temperature difference and
heat exchange and transfer between the atmosphere and the soil.

In northern cold regions, more than half of the land surface is seasonally frozen
(minimum annual temperature below 0°C) and snow melting is a major hydrological event in
such areas (Saito et al., 2007; Lundberg et al., 2015). Freezing and thawing cycles, one of the
important seasonally frozen soil phenomena, change the physical properties of frozen soil by
creating stress fractures, as well as affect the aggregate stability of soil and facilitate changes in
soil hydraulic properties. Soil aggregate stability increases with freezing, but it degrades during
the thawing processes (Dagesse, 2013). Granger et al. (1984) observed three types of infiltration

into frozen soil: “unlimited” infiltration where soil is deeply cracked and contains many
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macropores; “limited” infiltration where soil is uncracked, and “restricted” infiltration where an
ice layer forms on the soil surface or within the shallow depth of soil profile. Around the world,
frozen soil causes devastating floods and soil erosion after rainfall or quick snowmelt events,
because frozen soil restricts the infiltration by reducing soil infiltration capacity and then excess
infiltration water creates large runoff volumes even after a light rainfall or snowmelt event.
Water infiltrating into frozen soil transports latent heat and sensible heat, initiates melting of ice
to liquid water and therefore increases soil ground temperature to be above 0°C. When soil
thaws, the freshly melted ice water at the thawing front moves downwards due to a soil matric
potential difference between the unfrozen layer at the thawing front and the frozen layer below
the thawing front (Mackay, 1983). In frozen soil, the downward movement of infiltrated water
from a frozen soil surface during a thawing period is higher in unsaturated soil having a low ice
content along with the presence of cracks. Compared with that soil, infiltration amount and rate
are extremely low in saturated soil with high ice content in the soil profile lacking cracks
(Mackay, 1983). Engelmark (1988) conducted laboratory infiltration experiments on a dry fine
sandy soil under frozen and unfrozen conditions and found that the infiltration rate in frozen soil
was ten times smaller than that in unfrozen soil. It was also observed that infiltration ability of
frozen soil decreased rapidly over time compared to unfrozen soil, though initial infiltration rate
was high in frozen soil. In the Red River of the North Basin, frozen dry soils absorbed as much
as half of the snowmelt water through infiltration (MPRnews, 2013) and the lack of
understanding of the snowmelt water infiltration process is the major limiting factor affecting
spring flood forecasting. In the last few years, spring flooding occurred almost yearly, and

created a huge financial burden for the RRB.
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The objectives of this study were to: (1) measure the infiltration rates into a frozen silty
clay loam soil from RRB with three initial soil water contents, (ii) evaluate initial soil water
contents influence on the infiltration into that soil, and (iii) further evaluate the effect of
temperature on volumetric soil water contents change along the soil profile during infiltration
events.

3.3. Materials and methods
3.3.1. Soil and soil properties

The soil used in this experimental study was collected from a tile drained research field in
the RRB, located 20 km northeast of Moorhead in Clay County, Minnesota. The soil was
classified as silty clay loam with 1% sand, 62% silt and 37% clay contents determined by the
hydrometer method (Bouyoucos, 1951). The field bulk density of the soil during the soil
collection was 1.25 g/cm?>. A soil water release curve (SWRC) was constructed using the
combined datasets from the HYPROP® evaporation method (UMS GmbH, Germany) and the
WP4 Dewpoint potentiometer (Decagon Devices, Pullman, WA, USA) method (Macek et al.,
2013; Roy et al., 2018), as shown in figure 6. For the construction of SWRC, the van Genuchten
(1980) equation was used to describe the relationship between the volumetric water contents and
the soil matric potentials. The van Genuchten equation can be expressed as:

6,(¥) = 6, + (65 — 6,)[1 + (a|¥N"]™ (3.1)
where 0y is the volumetric water content in cm?/cm?, W is the matric potential in kPa, 0; is the
residual water content in cm’/cm?, 0 is the saturated water content in cm?/cm?, a is the air entry
point in 1/kPa, and »n and m are soil water retention parameters. The values of a, n and m are
directly dependent on the shape of the 0,(W) curve. In Eq. 3.1, m=1-1/n. The equation was fitted

with the existing combined dataset of the HYPROP evaporation method and the WP4 Dewpoint
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potentiometer method according to the procedures in Wraith and Or (1998) by using the Excel®
Solver. The SWRC was used to determine the soil hydraulic property parameters listed in Table
5.

A second SWRC was developed after completing all infiltration experiments by the
combined datasets from the HYPROP® evaporation and WP4 Dewpoint potentiometer methods
following the same procedure described earlier in this section. Though the same soil was used for
the second SWRC, the soil properties were probably changed because the soil went through

multiple freeze and thaw cycles and packing.
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Figure 6. Soil water release curve (SWRC) of silty clay loam soil used in the study and
developed by HYPROP and WP4 methods.

Table S. Soil hydraulic property parameters from soil water release curve.

Soil property Symbol Value
Saturated water content (cm>/cm?) 0s 0.59
Residual water content (cm?/cm?) 0; 0.05
Air entry point (-1/kPa) a 0.48
Soil water retention parameter n 1.23
Soil water retention parameter m 0.19
Field capacity at -33 kPa (cm®/cm?) Ot 0.33
Permanent wilting point at -1500 kPa (cm?/cm?) Opwp 0.17
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3.3.2. Initial soil water contents

The infiltration experiments in this study were conducted under three initial soil water
contents (by volume). The soil was prepared and packed for one initial soil water condition at a
time. The three initial water contents were: (1) permanent wilting point (PWP), Opwp; (i) field
capacity (FC), 0t and (iii) soil water between PWP and FC, 0pwp<6y<0t., designated as Omia
hereafter. As shown in Table 5, the third volumetric water content Omig was 0.25 cm?/cm?, and
the first and second volumetric water contents were 0.17 cm?/cm? (Opwp) and 0.33 cm®/cm® (Or),
respectively.
3.3.3. Soil water and temperature sensors

Soil water and temperature were recorded using soil moisture and temperature sensors
(Model 5STE, Decagon Devices, Inc. Pullman, WA). The sensor dimensions were 10 x 3.2 x 0.7
cm and the operational temperature range was from -40 to 60°C. The STE sensors measure
dielectric permittivity of the surrounding medium as a number, instead of direct measurements of
volumetric water content and temperature in °C. Therefore, the STE sensors were calibrated with
the measured volumetric soil water contents to obtain a relationship between the dielectric
permittivity values and the volumetric water contents of the testing soil. Standard calibration
procedures were followed as described in detail at the manufacturer’s website
(http://www.decagon.com/en/-support/videos/soil-calibration-video/). Relationships were
developed for each sensor and these relationships were then used to calculate the volumetric soil
water content. The soil temperature was measured by the STE sensors without any further
calibration.

Three 5TE sensors were placed at depths of 11, 17, and 23 cm in each soil box to

measure the soil water and temperature over the entire duration of the experiments (Figure 7).
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One thermocouple was placed at the 15-cm depth to measure the soil temperature at the middle
depth of the soil profile as well as at the center of the box. All soil water and temperature sensors
were connected to a datalogger (Model CR1000, Campbell Scientific, Inc., Logan, Utah, USA),
with a 5-minute data recording interval.

3.3.4. Sensor calibration

The 5TE user manual states that the Topp et al. (1980) equation is used to obtain the
corresponding 0y from the dielectric permittivity. However, Vaz et al. (2013) reported a lower
accuracy for the sensors when using the factory supplied calibration relationship compared with
a soil-specific calibration. A soil-specific calibration was conducted for the sensors used in this
study as described by the manufacturer with the 0y ranges from 0.03 cm?/cm? to 0.50 cm’/cm?’. A
quadratic relationship was found best-fit for the calibration relationship suggested by the
manufacturer, though the sensor dielectric permittivity output and the 6, often followed a linear
relationship (Rosenbaum et al., 2010).

The 5TE specifications state an accuracy of +/- 1°C and further temperature calibrations
were not conducted in this study. Kizito et al. (2008), Assouline et al. (2010), and Saito et al.
(2009) found that temperatures measured by the STE were generally accurate. Therefore, no
calibration was needed, so the direct measurements of temperature by the sensors were used in
this study.

To ensure that the soil water sensors were measuring volumetric water contents correctly
during the experiments, another set of calibrations with the measured volumetric soil water
contents were done for the soil water sensors after completing six experimental runs. The double
calibrations were to ensure that the soil water sensors measured volumetric water contents

accurately throughout the nine experimental runs.
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3.3.5. Soil packing and freezing

Two wooden soil boxes (50 x 50 x 30 cm, 2 cm wall thickness) were constructed for soil
packing. A small hole created at the center of the box bottom was connected to a drainage tube.
The boxes were set up and attached with screws onto two pieces of lumber (nominal 2 x 4
lumber, dimensions 38 mm x 89 mm) to provide a 3.8-cm clearance between the bottom of the
box and the floor. Two metal handles were attached opposite each other on the outside of the
boxes for ease of moving the boxes. Each empty box weighed approximately 11 kg. A polythene
sheet was used to line inside the box, so that the wood would not soak water and change its
properties, especially during the freezing and thawing processes.

Soils collected from the field were air-dried, threshed, and passed through a 5-mm sieve
before the experiments. Soils were packed consistently to maintain the soil bulk density close to
the soil field bulk density. The soil water contents of the air-dried soil were measured using the
5TE soil moisture sensor in order to calculate the required amount of water to be added for the
targeted soil water range. The soils were packed layer by layer for every 5 cm, and the calculated
amount of water was added to the soil layer, and mixed thoroughly to get a uniform soil water
distribution throughout the soil profile. The wooden box was placed on a flat metal cart before
packing so that after packing, the heavy box with soil could be easily moved from one place to
another. After packing the soil with water, each box was allowed to sit for a few hours for soil
settling and soil water stabilizing. During the setting time, the soil box was completely covered
with a plastic sheet with few holes to minimize water loss.

A 0.78 m? (15 ft%) chest freezer (120.3 x 76.8 x 84.8 cm, MAYTAG) was used to freeze
the soils in the wooden box. The total weight of the loaded box was approximately 100-105 kg.

Considering the heavy weight, an overhead crane was used to transfer the box into the freezer.
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Soils required two to three days to freeze depending on the initial soil water conditions. The
temperature at the center of the soil profile was monitored from the thermocouple readings.
When the temperature in the center of the box dropped below 0°C, the soil was considered
completely frozen because the freezing process started from the outer to the inner part of the soil
box.
3.3.6. Experiments

The experimental setup for infiltration into frozen soil is shown in Figure 7. After the soil
was frozen, the box was removed from the freezer and placed again on the metal flat cart using
the overhead crane. The frozen soil box was then moved to a convenient place close to a floor

drain.
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Figure 7. Schematic of the experimental setup.
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The infiltration experiments were conducted using a Cornell sprinkler infiltrometer due to
its easy handling apparatus for rapid measurements of water infiltration into frozen soil. The total
unit consisting of a portable rainfall simulator placed on an infiltration ring (Ogden et al., 1997).
The diameter of the single metal ring is 24.1 cm and the height is 18 cm (Cornell Sprinkler
Infiltrometer, 2015). The ring was inserted into the soil up to a 7-cm depth so that the lower edge
of the round overflow hole (3-cm diameter) was aligned with the soil surface. When experiments
were running, an overflow tube was attached to the overflow hole, and was used to collect
overflow or runoff water into a plastic container. The ring was inserted into the soil before
freezing because inserting the ring in frozen soil was very difficult and could cause soil
disturbance.

All sensors (5TE and thermocouple) were placed at different depths along the vertical
center line of the box below the inserted ring. A datalogger was connected to the STE sensors
and the thermocouple after the soil packing and before placing the soil box into the freezer. The
soil water and temperature were continuously measured until the end of the infiltration
experiments. For each initial soil water condition, three replicated experiments were conducted.
In total, nine successful experiments were completed for this study.

A time lapse camera (TimelapseCam®, WINGSCAPES®) was used to take pictures at 15-
minute intervals during each experiment. The camera was used during each experiment to assist
monitoring progress for long duration experiments.

3.3.7. Measurements

The Cornell sprinkler infiltrometer is a single ring infiltrometer in conjunction of a

rainfall simulator (Ogden et al., 1997). It is suitable for conducting infiltration experiments on

frozen soils in laboratory settings and can provide a comparable result with measurements in
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field environment (Lee and Molnau, 1982). Therefore, in this study, the Cornell sprinkler
infiltrometer was used in both laboratory and field experiments.

Before each experiment, the infiltrometer vessel was filled with clear water (tap water)
for the infiltration experiment. Based on the measurement, the water temperature ranged between
16-20°C during the experiment, and the electrical conductivity of the tap water was about 985
us/cm. It was expected that during the infiltration into frozen soil process, because the
temperature near the soil surface and water interface was lower, the infiltrating water
temperature would also be lower. The vessel was then placed on the ring and initial water level
in the vessel was measured after the water surface became stable, which was about 8-10 minutes.
After starting the experiment, the water level, overflow, and surface runoff were measured at 3-
minute intervals for the first 60 min, then every 30 min for about 540 min (4 hours), and then
every 90 min for the rest of the experiment duration. The simulated rainfall rate, runoff rate and
the infiltration rate were estimated using the following equations (Cornell Sprinkler

Infiltrometer, 2015):

R = Ut (3.2)
Ty
__"
RO, = 15 (3.3)
it == R - ROt (3.4)

where, H; is the initial water level (cm), H» is the final water level (cm) in the infiltrometer, Ty is
the time (min) taken for the water level to change from Hi to H», A is the surface area of the ring
for infiltration (A = 457.30 cm?) , V. is the surface runoff volume in cm?, t (min) is the time
interval, during which surface runoff water was collected, R is the simulated rainfall rate in

cm/min, ROy is the surface runoff rate in cm/min, and i; is the infiltration rate in cm/min.
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During each infiltration experiment, real time soil water and temperature values were recorded
with the datalogger. Each experiment was continued until the wetting front reached at the bottom
of the soil profile (23 cm) and when soil water content began to change. The total experimental
duration varied from 4 to 10 hours. Figure 8 represents the total duration of each run for the three
initial water contents. It was observed that, in almost all experiments, the infiltration rates
changed considerably over the first 60 minutes and then became stable during the remainder of
each experiment. The endpoint at 60 minutes in each experiment is shown in figure 8. Based on
this observation, infiltration measurements for a 60-min duration in each experiment were further
analyzed and discussed. In some experiments, infiltration rates fluctuated occasionally after the
60-min duration, but compared to the stable or final infiltration rate, those variations were not
large enough to be considered. Therefore, 60-min infiltration measurements were used for
detailed evaluations.
3.3.8. Goodness of fit

The coefficient of determination (R?) explains how well the predicted values fitted with
the measured values overall. The R? value usually ranges between zero and 1. The goodness of

fit between the measured and the predicted datasets can be determined by the following equation:

2

Iivzl(Observed value—Obser mean)(Measured value—Measured mean)

(3.5)

R? =
\/Z’ivzl(Observed value—Observed mean)ZJZ?’zl(Measued value—Measure mean)?
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Figure 8. Infiltration rates over total duration of experimental runs, plotted for (a) Run 1,
2, and 3 of initial water content permanent wilting point (8pwp); (b) Run 4, 5, and 6 of initial
water content between Opwp and water content at field capacity (0t), Omia; and (¢) Run 7, 8,
and 9 of initial water content Ox..
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3.3.9. Horton infiltration model: fitting with observed data

Horton (1940) infiltration equation, named according to its developer Robert E. Horton,
is an empirical equation for measuring infiltration rate or volume. Horton considered that
infiltration starts with a constant rate (io) and decreases exponentially with time (t). After soil
saturation reaches a certain value, the infiltration rate become constant (ir). The Horton
infiltration model (Huffman et al., 2013) is:

i = ip 4 (ip —ip)e ™™ (3.6)
where it is the infiltration capacity at time t in cm/min, i is initial infiltration capacity in cm/min,
ir is final infiltration capacity in cm/min, t is the time in min, and k is empirical constant in
1/min.

The Horton model was fitted with the observed data from all experiments under the three
initial water contents and it was accomplished by using SigmaPlot 11.0 (Systat software, Inc.). A
similar type equation (exponential decay equation with three parameters) to Horton model was
selected from the program. The R? values of best fitted infiltration rate vs. time curve were
reported in this study. The fitting equation can be expressed as:

ip=ir+axe (3.7)
where a is difference between initial and final infiltration rates (io-if) and b is equal to k in Eq.
3.6.

3.4. Results and discussion
3.4.1. Sensor data quality checking

The soil water content sensors were calibrated manually and the relationship between the
volumetric soil water contents and dielectric permittivity numbers for one of the six sensors is
shown in figure 9. The R? value of the dataset was 0.98, which indicated a good agreement
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between the actual 6y and the dielectric permittivity numbers obtained from the sensor. After six
infiltration experiments, the actual volumetric water contents, measured by the manufacturer
recommended method used in the standard sensor calibration procedure, and the calculated
volumetric water contents for one of the six sensors are compared and shown in figure 10. The
calculated volumetric water contents were obtained from the calibration relationship between
volumetric water contents and di-electric permittivity numbers of the sensor. In figure 10, the
comparisons are shown for two phases: (1) before all experiments (phase 1) and (2) after six
experiments (phase 2). The R? values were 0.97 and 0.98 for phases 1 and 2, respectively. The
good R? values for both phases indicated that the calculated volumetric soil water contents were
close to the actual or measured volumetric water contents. So, it can be assumed that the soil
water sensors measured volumetric water contents accurately throughout the nine experimental

periods.

0.6

0, = -3.403E-05 (DP)>+ 8.911E-04 (DP)*+ 1.932E-02 (DP)-3.197E-02
05 - R =0.983
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Figure 9. Volumetric water content (0v) vs. dielectric permittivity (DP) relationship during
5TE sensor calibration (Sensor 1).
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3.4.2. Infiltration rate over time

The simulated rainfall rate in the Cornell sprinkler infiltrometer varied from 0.56 to 0.76
cm/min in the experiments for initial water content at Opwp, from 0.26 to 0.50 cm/min in the
experiments for initial water content at Omid¢, and from 0.30 to 0.88 cm/min in the experiments for
initial water content at O¢. The comparisons of the infiltration rates for the three initial water
content conditions are shown in figure 11. The soil for initial water content 0w, was
comparatively dry compared with the soil with other initial water contents. The water infiltrated
rapidly at the beginning until the infiltration rate reached a stable rate. It is probably due to large
soil pore spaces; the total amount of infiltrating water was higher in this soil than that for the
other soils with higher initial water contents. It could be possible that the soil with an initial
water content of Omiq had a higher ice content than that of O,wp. The melted ice during the
infiltration experiment contributed more water to the soil than the soil with an initial water
content of Opwp. Water infiltration decreased slowly after soil surface saturation and it took longer

time to reach a steady infiltration rate or infiltration capacity.
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The initial water infiltration in the soil with an initial water content of 6« was very slow
after the surface saturation, compared with the other infiltration experiments. The soil for the
initial water condition at O¢ had the highest soil water content among all soils having different
initial water contents. During freezing, due to high soil water content in the soil profile, ice
formation and expansion might have blocked the soil pore space and restricted the water
movement. During the experiments, it was observed that, after reaching the steady infiltration
rate, the infiltration rate went higher sometimes and then became stable again (Fig. 6). As ice
was melting due to infiltrated water during the experiments, the pore spaces were blocked by ice
lens became open and easy for water to flow through, which might have increased the infiltration
rate as well as the infiltrating water amount. As the opened pore spaces were filled with water,
the infiltration returned to a steady rate again. Since the soil water content was at a level of field
capacity, the soil had very limited pore spaces to reach saturation and the water infiltration was
slower in the soil with an initial water content of ..

3.4.3. Observed data fitting with Horton infiltration model

Using equation (3.7), the observed infiltration rates with time were fitted with Horton

model for soils under each initial water content condition and for all three replications. The

results are shown in Eq. 3.8, Eq. 3.9, and Eq. 3.10:

(i) initial water content, Opwp: i = 0.060 + 0.68 x ¢~0-16*t R2=(.87 (3.8)

(i)  initial water content, Omia: i = 0.010 + 0.42 x ¢~ 012*t R2=(.84 (3.9
111 mitial water content, 9¢: 1, = 0. + 0.53 xe """, R =0. .
initial 0 [ 0.027 + 0.53 054+t R2=(.75 3.10
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Figure 12. Infiltration rate vs. time by Horton infiltration model, plotted for different initial
water contents at permanent wilting point, between permanent wilting point and field
capacity, and field capacity in Eq. 3.8, Eq. 3.9, and Eq. 3.10, respectively.

Figure 12 represents the fitted equations for soils under the three initial water content
conditions. The high R? values showed that the model fitted values were in good agreement with
the observed data. Figure 12 indicated that the magnitude of the fitted infiltration curves over
time moved downward according to soil initial water contents, from 0pwp to ¢ before the final
infiltration rate were achieved. The initial infiltration rate was higher for dry soil but then
decreased when soils became wetter. The average final infiltration rate for each initial water
content condition was calculated from the average value of the observed data for the last 30
minutes of the 60-min experiment duration. It was found that the final infiltration rates were
0.062 cm/min, 0.017 cm/min, and 0.019 cm/min for the soils with the initial water contents of
Opwp, Omid, and B¢, respectively. The measured average final infiltration rate was very close to the
model predicated value (0.062 cm/min vs. 0.060 cm/min) for the initial water content of 0 pwp.

However, for the soil with the initial water content of 04, the measured value (0.017 cm/min)
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was higher than that of model predication (0.010 cm/min). For the soil with the initial water
content of O, the measured final infiltration rate (0.019 cm/min) was lower than the model
predicated value (0.027 cm/min). The difference between the initial and final infiltration rates in
the soils with 6w, was the highest (0.68 cm/min) compared to the two other soils with Omig and
Or.. However, the difference was found lower in the soil with Omiq (0.42 cm/min) than that in the
soil with Ot (0.53 cm/min). Lee (1983) reported that frozen dry soil enhanced infiltration
capacity, so the final infiltration rate was higher in dry soil compared to the final infiltration rate
in a wet soil when frozen. It was also found that the infiltration rate decreased with the higher
initial water contents in frozen soil. In this study, similar results were found while both the actual
and predicted final infiltration rates in the dry soil with the initial soil water content of 0w, were
found higher than those in the soil with the initial water content of Omia. The unusual higher final
infiltration rate, and the difference between the initial and final infiltration rates for the wetter
soil with O compared to the soil with Omiq were probably due to the unique swelling and
shrinkage soil properties in this region. When preparing the soils for the infiltration experiments,
the soils were packed according to the designated bulk density, but swelling problem occurred in
wet soil with Og. As reported by Ito and Azam (2010), a silty clay soil could have a maximal
change in soil volume by 24% at the plastic limit. The higher final infiltration rate for the soil
with the initial water content of O may be caused by the soil property changes due to
compression, freeze and thaw, or measurement errors. Further research is needed to explore the
swelling and shrinkage relationships during infiltration of water into frozen soil.
3.4.4. Soil water changes with temperature

Figure 13 shows the 6, and temperature measurements over the total period for one

experiment with the initial water content of Omia. After soil packing and stabilization, the box was
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placed in the freezer and at the same time, datalogging started at 14:00 on 10/30/2015. The box
was kept in the freezer until 12:00 on 11/02/2015. The infiltration experiment was started at
13:10 and continued for 10 hours 30 minutes. After the experiment was completed, the box was

left in the open space at room temperature and the datalogging continued until 11:00 on

11/04/2015.
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Figure 13 gives a detailed picture about the changes of the 0y and temperature over the
entire experimental duration of five days or 119 hours. The figure showed that, though the soil
was packed with initial water content of Omia, which was about 0.25 cm?/cm?, the 0, dropped to
0.2 cm?®/cm? at the depths of 11 cm and 17 ¢cm, but rose to 0.38 cm?/cm? at the depth of 23 cm.
The box was left for few hours for stabilization after soil packing. Within that time, the water
moved vertically from the top to the bottom of the box. This movement of water resulted in soil
water content variation along the soil profile. After the freezing process started, the 6 started to
decrease as the liquid water was converted to ice while the di-electric permittivity counts of the
sensors were also decreasing. When the infiltration experiment started, the 0y started increasing
along the depth from the soil surface. The 0y at 11 cm first, and then 0y at 17 cm started to rise
over time. The 0y at 23 cm stayed constant during the infiltration experiment, but started to
increase near the end of the experiment. Infiltration into the frozen soil first filled up the
macropores in dry soil with water, causing a high initial infiltration rate. After saturating the
macropores, the water moved to micropores where soil temperature is the major governing factor
for water movement through small pores (Granger et al., 1983; Bengtesson et al., 1992). When
water started infiltrating through the soil profile, the movement of water was governed by the
existing soil water content and available soil pore space (Ireson et al., 1999). The time required
for water to move vertically through the soil was also subject to water content distribution and
pore spaces along the soil profile. Because of the differences in water travel time, the 0 readings
at different depths of the soil profile varied with time. As shown in figure 13, the 0y at 23 cm
continued to increase even after the experiment, while the 0y at two other depths (11 cm and 17
cm) started decreasing. After the experiment was completed, the soil at the depth of 11 cm

started drying immediately due to evaporation, but water was still moving downward, which
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increased the 0y at the depth of 23 cm. From the soil surface to the deep layer, heat was
transported from 0 to 30 cm by convection or advection, which changed the phase from ice to
melted water. The freshly melted water moved the thawing front downward by the soil matric
potential difference between the thawing front and the frozen soil layer (Mackay, 1983). The 6y
changing at all depths was caused by the combined effects of infiltrating water addition and
melting ice content contribution along the soil profile. The temperature changing at all depths
followed the same decreasing pattern as that for 6, until the experiment started. After starting the
experiment, the temperature at 11 cm rapidly started rising followed by the temperature at 17 cm
as the infiltrating water transported heat with it. The temperature at 23 cm started increasing
slowly, compared to the temperatures at two other depths. It was observed from figure 13 that
after the temperature rose to 0°C, the temperatures at 17 cm and 23 cm made a sharp increase.
After the infiltration experiment, the temperatures at all depths also followed the same rising
pattern to reach the room temperature. The temperature at 11 cm was higher than those at two
other depths as this point received more heat transported by water than two other depths. It also
caused more ice melting, which resulted in a sharp rise in the 6 at the same depth (Figure 13).
Figure 14 showed the 0y changes with temperature for all initial water contents at the
depths of 11 cm, 17 cm, and 23 cm. For the initial water content of O,wyp, the soil was
comparatively dry, so the 0y changed gradually with the temperature increase at all depths. At 23
cm, Oy started increasing with higher temperature compared to the other depths as infiltrating
water reached this depth later than two other depths. As the soil was dry, there was less melting
ice content contribution during the phase changing of water at 0°C. During the experiments for

the initial water content of Omid, it was observed that the 0y increased sharply at 0°C because at
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this temperature, water changed its phase from ice to water and the melted water was added into

the soil along with infiltrating water.
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Figure 14. Volumetric soil water content (0v) vs. temperature, plotted for (a) Run 1, 2, and 3
with initial water content of permanent wilting point (Opwp); (b) Run 4, 5, and 6 with initial
water content between Opwp and field capacity (0+); and (c) Run 7, 8, and 9 with initial
water content O at depths of 11 cm, 17 cm, and 23 cm.

In the experiments for the initial water content of 0, the change of 0, with temperature
was not considered compared to two other initial water contents (i.e., Opwp and Omiq). Since the
soil water had already reached the field capacity, there was less pore space for additional water,
which caused little change in the 0y with temperature. The soil reached saturation quickly as
melting ice contributed water along with the infiltrating water. Also, it was observed that soil

with the initial water content of 8¢ needed more time to freeze compared to the other
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experiments with drier soils. Higher water content in the soil pore space could increase soil heat
capacity (AL-Kayssi et al., 1990), which might delay the freezing process and sometimes, soil
temperature did not go below 0°C.
3.4.5. SWRC comparison: before and after experiments

The two SWRCs, developed before and after the frozen soil infiltration experiments
(named as pre-experiment SWRC and post-experiment SWRC, respectively), were compared to
each other, as shown in figure 15. From the post-experiment SWRC, it was observed that the
saturated water content (0s) was 0.55 cm?/cm?, residual water content (6;) was 0 cm®/cm?, air
entry point (o) was -1.02 /kPa, soil water retention parameters » and m were 1.15 and 0.14,
respectively, field capacity at -33 kPa was 0.32 cm?/cm?, and permanent wilting point at -1500
kPa was 0.18 cm?/cm?. Comparing to the soil hydraulic properties of the pre-experiment SWRC
(Table 5), it was found that both the 0 and 0 decreased slightly. The air entry point, reciprocal to
air entry ¥ (Tuller and Or, 2004), also increased in the post-experiment SWRC. This indicated
that, probably due to repeated freeze and thaw as well as the wet and dry cycles, the post-
experiment soil lost the original pore distribution so that small suctions could able to bring air
into the soil matrix (Degesse, 2013; Ireson et al., 2013). Also, the smaller value of n, the pore
size distribution parameter (Tuller and Or, 2004), in the post-experiment SWRC than that in the
pre-experiment SWRC implied that the soil aggregates and pore distribution changed in the post-
experiment soils. The 0y differences between the pre-experiment SWRC and the post-experiment
SWRC from 0 to -100 kPa (Figure 15) revealed that the macropores in the post-experiment soil
were reduced considerably. The macropore reduction might affect the experiment results,

because the distribution of air-filled pores, i.e., mostly micropores, within the depth of 0-30 cm
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of the soil determined the soil infiltration capacity (Granger et al., 1984; He et al., 2015). Also,

the soil drying process in the frozen soil was governed by pore size distribution.
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Figure 15. Comparison between pre-experiment and post-experiment soil water release
curves (SWRO).

It could be assumed that during freezing, water froze from macropores to micropores,
which created strong negative matric potentials, and hence liquid water moved to the freezing
front and made the soil drier (Dagesse, 2013; Flerchinger et al., 2005; Ireson et al., 2013). During
the experiments, the soil was subject to extensive packing and dry-wet and freeze-thaw cycles,
which broke the soil aggregates, destroyed soil structures, and reduced the amount of pore space.
Degesse (2013) reported that the freeze-thaw cycles altered the aggregate stability by creating
continuous stress on soil structure, which resulted in the change in soil hydraulic properties and
soil erosion. It was also found that at a low soil water content, the freeze-thaw cycle could

increase the aggregate stability, but at a high-water content, the freeze-thaw process degraded the
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soil stability. Soil pore size distribution, i.e., distribution of macropores and micropores,
controlled the soil water freezing point in both the large and small pores (Ireson et al., 2013). The
freeze-thaw cycles could destroy the soil structure and changed the soil hydraulic properties. The
reduction in soil macropores caused a decrease in the soil water contents from saturation (0 kPa)
to field capacity (-33 kPa). During the infiltration experiments for the initial water content of O+,
due to the limited available macropores, the soil was saturated quickly so that the 6, did not
change much with an increase in temperature (Figure 14) compared to other infiltration
experiments. In figure 11, probably due to the same reason, the water infiltration reached a
steady rate much earlier than that in other experiments for the initial water contents of 0pwp and
Omida, due to the limited pore space for water infiltration at initial water content of Or.
3.5. Conclusion

The infiltration rates in a frozen silty clay loam soil of RRB for the initial water contents
of Bpwp, Omid, and Bg. were measured in this study. The soil with O,wp had less ice content and was
comparatively drier than other soils, which resulted in a higher initial infiltration rate and less
contribution from ice melting to soil water content. The initial infiltration rate was comparatively
lower in the soil with the initial water content of Omiq, due to the combined effect of ice melting
and water infiltration. The soil with the initial water content of 0 reached saturation quickly
after starting water infiltration.

The observed infiltration data were fitted with a nonlinear regression model. The fitted
equations were: i, = 0.060 + 0.68 * e ~%16*t with R? = 0.87 for Opwp; i = 0.010 + 0.42 *
e~ 012*t with R? = 0.84 for Omiq; and i, = 0.027 + 0.53 * e ~9>**¢ with R? = 0.75 for Og. The
infiltration curves over time shifted downwards from dry soil to wet soil before the infiltration

rate became steady. The average final infiltration rate was close to the predicted rate for the dry
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soil with Opwp, higher than the predicted rate for the soil with Omiq, and lower than the predicted
rate for soil with Of.

Soil water changed in different ways with temperature according to the initial water
contents. In the soil with O,wp, the 6y changed with temperature gradually due to less water
addition from melted ice. But in the soil with Omi4, the 6y changed rapidly after temperature
reached 0°C as the ice was melted to liquid water and added to the existing soil water content.
The 0y in the soil with 0¢ did not change with temperature due to the limited pore space for
additional water.

Multiple soil packing and freeze-thaw cycles tended to destroy the soil aggregates,
resulting in fewer macropores, which in turn reduced the soil water holding capacity used for the
experiments. The changed soil hydraulic properties may result in reduced infiltration rate and
expedite the soil saturation process in the soil with the initial water content of 0.
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4. HYDRAULIC CONDUCTIVITY MEASUREMENT OF THREE SOILS IN THE
RED RIVER OF THE NORTH BASIN IN FROZEN AND UNFROZEN
CONDITIONS BY USING MINIDISK INFILTROMETER?
4.1. Abstract
Hydraulic conductivity plays a key role in the water movement through the soil profile. It
is a vital design factor for subsurface water management system design and installation. In the
seasonally frozen Red River Valley of the North Basin (RRB), soils are unique, and information
source of frozen soil hydraulic properties are limited and unreliable. The Minidisk infiltrometer
is an easy handling and portable instrument that can be used to measure hydraulic conductivity in
the field. In this study, minidisk infiltrometer was used to measure hydraulic conductivities of
three soils from the RRB (Colvin silty clay loam, Fargo silty clay and Hecla sandy loam soils)
with five different initial soil water contents (oven dry, permanent wilting point, field capacity,
midway between permanent wilting point and field capacity, and saturation) in frozen and
unfrozen conditions. In general, hydraulic conductivity (k) of frozen soils decreased with
increased initial soil water contents. Hydraulic conductivity values were higher in dry soils and

lower in wet soils due to ice that blocked the pore space and reduced the water movement. Sand

3 The material in this chapter was co-authored by Debjit Roy and Xinhua Jia, Dean Steele,
Xuefeng Chu and Zhulu Lin, will undergo further revision for possible publication in a refereed
journal. Debjit Roy participated in data collection effort and had primary responsibility for
analyzing the data collected, interpreting the results, and developing the conclusions that are
advanced here. Debjit Roy drafted and revised all versions of this chapter. Co-authors served as
technical and editorial consultants in the development of the manuscript represented by this
chapter.
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and clay contents in soils caused the variations in the measured k values. Hecla soil had higher k
values and Fargo soil had lower k values. Three nonlinear regression equations for three soils
were fitted with measured k values with a reasonable R? values of 0.67, 0.79, and 0.43 for Colvin
silty clay, Fargo silty clay, and Hecla sandy loam soils, respectively. The k values were also
estimated using the Motivilov model. The RMSE between the predicted and the measured k
values were 0.013, 0.022, and 0.063 in cm/min for the fitted nonlinear regression models while
RMSE were 0.017, 0.031, and 0.036 in cm/min for the Motivilov model, for the Colvin, Fargo
and Hecla soil, respectively. Considering the simplicity, the fitted models predicted k values
better than the Motivilov model for the Colvin and Fargo soils. The k values decreased with an
increased number of the freeze and thaw cycles that changed the soil properties.
4.2. Introduction

Hydraulic conductivity of frozen soil is one of the governing factors that affects the
infiltration capacity of water along the soil profile with ice (Stahli, 1999). The frozen soil
hydraulic conductivity is considered very low but may not be that low at temperature just below
0°C (Mackay, 1983). Near or at 0°C, hydraulic conductivities are similar in both frozen and
unfrozen soils, but with temperature fall, hydraulic conductivity decreases due to ice content
formation that restricts water flow through pore space. If the soil is unsaturated during freezing,
the soil can conduct water through it. When water freezes continuously from macro-pores to
micro-pores, ice content forms within soil pores and hydraulic conductivity also decreases for the
frozen soil. During freezing, with the ice formation in pores, matric potential increases and
hydraulic conductivity decreases. As a reverse process, during thawing, soil matric potential
decreases as ice melts in small pores with temperature increment, the hydraulic conductivity

increases (Ireson et al., 1999).
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The movement of soil water to freezing zone and ice accumulation is governed by
unsaturated hydraulic conductivity of the soil. Water cannot move, or it can move less to
freezing front if the soil unsaturated hydraulic conductivity is low. Very dry and coarse-grained
soils have low unsaturated hydraulic conductivity compared to fine textured soil (Flerchinger et
al., 2005). During frozen soil infiltration, unsaturated hydraulic conductivity can be calculated
from available porosity of soil assuming that hydraulic conductivity and soil water retention
characteristics of frozen soil is similar to those of unfrozen soil (Flerchinger et al., 2005). The
hydraulic conductivity of frozen soil mostly depends on the conditions of soil before it freezes,
or a snow cover occurs on the soil surface (Fouli et al., 2013). In seasonally frozen areas,
snowmelt infiltration in spring is subjected to frozen soil condition due to variation of hydraulic
conductivity (Lundberg et al., 2015). In a situation, when the soil remains dry or has less soil
water content in fall before winter starts, and the soil does not get any released water from snow
melting that infiltrates into the soil and refreeze, then the soil will be permeable and can conduct
water until it gets saturated from snowmelt in spring. But if the soil is wet or nearly saturated
before it freezes (in winter), the soil should have low permeability. In addition to the low
permeability of the soil, if snowmelt happens due to sudden temperature rise in winter, the melt
water can refreeze into the soil profile after entering the soil. This results in a reduction in
infiltration capacity of the soil before spring melt.

In a frozen soil, the frozen active layer can be at saturation or over saturation, but other
layers are below saturation and even dry. During freezing, the upper part of frozen active layer is
unsaturated and is always subjected to many freeze-thaw cycles (Mackay, 1983). When pore
water starts to freeze and form ice, soil water potential drops down and becomes negative. The

gradient created between water potential and liquid ice contents moves the soil waters to the
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freezing front within the soil profile. A single event of freeze-thaw cycle creates extensive
network of cracks and ice lenses in clay soil which increases hydraulic conductivity and it
continues to increase with more freeze-thaw cycles. However, it was found that after three
cycles, hydraulic conductivity becomes stable (Othman et al., 1993). On the other hand, soil
pressure reduces soil cracks during thawing and reduces hydraulic conductivity. Freeze-thaw
cycles decrease void ratio of frozen soil by creating soil porosity like micro-pore or micro cracks
which also helps to increase hydraulic conductivity in frozen clay soil (Kim and Daniel, 1992).
But the scenario is different in granular soils. With ice content increasing close to 100%
saturation during freezing, the open pore spaces of frozen granular soil decrease and thus,
hydraulic conductivity decreases (Andersland et al., 1996).

Zhang (1997) proposed a two-term numerical solution which also derived from Philips
equation for “sorptivity” and “hydraulic conductivity” estimation. The Philip infiltration
equation is only valid for vertical water movement and also only for a very short infiltration
time. Practically, the very short duration cumulative infiltration measurement is not appropriate
to estimate sorptivity. In Zhang’s numerical solution, there are two non-dimensional constants
which can be determined from soil retention parameters, minidisk infiltrometer parameter and
initial water content of soil. He found excellent agreement between the estimated and theoretical
values of sorptivity and hydraulic conductivity. The theoretical values were obtained from van
Genuchten (1980), Gardner (1958), Russo (1988) and Zhang and van Genuchten (1994)
methods. In most comparisons, the relative error was within 5%. But the proposed method can be
used only for homogeneous soil. On the other side, Dohnal et. al. (2010) found that Zhang’s
proposed numerical solution which in now used in minidisk infiltrometer of Decagon Device

cannot perform well for the soils having “n” value less than 1.35. They showed that Zhang’s
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solution actually overestimated hydraulic conductivity values for n < 1.35 soils that are mostly
clay, sandy loam or silty loam soils. They proposed a newly formulated expression for
calculating hydraulic conductivity of soils in the range of 1 <n < 1.35 based on nonlinear
optimization of 16 soils having n < 1.35, different disk sizes and disk pressure heads. Li et al.
(2005) did steady infiltration rate comparisons among different soil crusts using trickle irrigation
method and minidisk infiltrometer. For minidisk infiltrometer, they used Zhang’s formula to
calculate steady infiltration rate, which is actually hydraulic conductivity component of that
formula. They reported that minidisk infiltrometer was a good method to estimate field
infiltration rates (i.e. hydraulic conductivity) from laboratory results.

In the Red River Valley of the North Basin (RRB), typically the drainage class of the
soils are poorly drained, also those soils have a unique characteristic of shrinking and swelling as
they sometimes contain high clay (Caine, 1903; Nikiforoff et al., 1939). The information
regarding soil hydraulic properties of RRB region is not readily available due to limited soil
specific database. However, hydraulic conductivity is one of the most important design
parameter for installing subsurface water management systems. In the last few decades,
subsurface drainage and irrigation systems (i.e. tile drainage system) are becoming very popular
for agricultural water management in the RRB (Scherer et al., 2013). Agricultural water
management through subsurface system now has a significant impact on RRB agriculture,
environment and economy. Nowadays, the farmers are very concerned about subsurface water
management system as it is giving them higher return on investment. In general, the RRB is the
seasonally frozen area, so the frozen soil characteristics as well as its hydraulic properties must
be considered when designing, modeling, and installing subsurface drainage or irrigation system

in this region. However, the available methods for measuring hydraulic conductivity are mostly
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laboratory based and typically time consuming, need intensive preparation and sample
collection, and still those are unreliable. On the other hand, minidisk infiltrometer is simple,
water infiltration based and portable field-oriented instrument that can give an onsite
measurement of hydraulic conductivity easily. Moreover, no study was found regarding
hydraulic conductivity measurement using minidisk infiltrometer though some findings reported
reliable and reliable results by the min disk infiltrometer (Zhang, 1997; Li et al., 2005; Dohnal et.
al., 2010). The objectives of this study were: (i) to measure variation in hydraulic conductivity of
three soils of the RRB in both frozen and unfrozen conditions, with different initial soil water
contents, (i1) to establish a relationship to predict frozen soil hydraulic conductivity using soil
water content; (iii) to compare frozen soil hydraulic conductivities measured by minidisk
infiltrometer and predicted by developed and existing models, and (iv) to evaluate the effect of
freeze-thaw cycle on hydraulic conductivity measurement.
4.3. Materials and methods
4.3.1. Soils and soil properties

Three RRB soils, Colvin silty clay loam, Fargo silty clay, and Hecla sandy loam soils,
were collected for the measurement of hydraulic conductivity in frozen soils. Colvin silty clay
loam soil (Fine-silty, mixed, superactive, frigid Typic Calciaquolls) was collected from a tile
drained field, located in Clay County, Minnesota (46°59'18.19"N, 96°41'7.25"W), about 20 km
northwest of Moorhead. Fargo silty clay soil (fine, smectitic, frigid Typic Epiaquerts) was
collected at about 8 km north of Gardner, Cass County (47°10'22.7"N, 96°54'01.3"W) of North
Dakota. Hecla sandy loam soil (sandy, mixed, frigid Oxyaquic Hapludolls) sampling site
(46°02'47.2"N, 98°06'14.7"W) was at about 4.8 km straight south and about 0.8 km west of the

Oakes Irrigation Research Site, Dickey County, North Dakota. The percentages of sand, silt, and
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clay were measured by the hydrometer method (Bouyoucos, 1951) and listed in Table 6 with

bulk density of each soil.

Table 6. Percent of sand, clay, silt and bulk densities of the soil samples

USDA Soil Textural

Soil Series Classification Sand (%) Clay (%) Silt(%) Bulk density (g cm™)
Colvin Silty clay loam 1 37 67 1.25
Fargo Silty clay 5 48 47 1.09
Hecla Sandy loam 70 14 16 1.31

4.3.2. Soil water release curve and soil freezing curve

For each of three soils, a soil water release curve (SWRC), showing the relationship
between the volumetric water contents and the soil matric potentials, was constructed using the
combined datasets from the HYPROP® evaporation method (UMS GmbH, Germany) and the
WP4 Dewpoint potentiometer (Decagon Devices, Pullman, WA, USA) method (Macek et al.,
2013; Roy et al., 2018). The van Genuchten (1980) equation was used to construct SWRC of
each soil and the equation can be expressed as:

6, (¥) = 6, + (65 — 6,)[1 + (a|¥D"]™ (4.1)
where 0y is the volumetric water content in cm?/cm?, ¥ is the matric potential in kPa, 0, is the
residual water content in cm?/cm?, 0 is the saturated water content in cm®/cm?, o is the air entry
point in 1/kPa, n and m are soil water retention parameters. The values of o, n and m are directly
dependent on the shape of the 6y (‘¥) curve. In Eq. 4.1, m=1-1/n. The van Genuchten equation
was fitted with combined measured dataset of HYPROP and WP4 methods by Wraith and Or
(1998) parameter estimation procedure using Excel® Solver. The hydraulic properties of each
soil determined from the respective SWRC are listed in Table 7. The SWRCs of Colvin, Fargo

and Hecla sandy loam soils are presented in figure 16(a), 16(b) and 16(c), respectively.
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Table 7. Soil hydraulic properties from soil water release curve

Colvin Fargo Hecla
Soil property Symbol  Silty clay Silty Sandy
loam soil  clay soil loam soil

Saturated water content (cm?/cm?) 0s 0.59 0.56 0.51
Residual water content (cm?/cm?) O: 0.05 0.10 0.06
Field capacity at -33 kPa (cm®/cm?) Ot 0.33 0.29 0.16
Permanent wilting point at -1500 kPa (cm®/cm®)  Opwyp 0.17 0.14 0.06
Halfway between FC and PWP (cm?/cm?) Omid 0.25 0.22 0.11

Soil freezing curve (SFC), the relationship between the soil below zero-degree
temperature and unfrozen water contents, can be obtained thermodynamically from the soil water

release curve using a generalized form of the Clausius-Clapeyron equation (Miller, 1980):

Ao (D) (4.2)

Pw Pi

where Py, and P; are pore water and pore ice pressure, respectively, in kN/m?, pw and p; are
density of water and ice, respectively, in kg/m?, L is the latent heat of fusion in kJ/kg, K is the
freezing temperature of pure water in °K (273.15°C), and T is the below-zero temperature in °C.
Karvonen (1988) assumed that P; in unsaturated soil is equal to zero (Kinosita and Ishizaki,
1980). So, Karvonen (1988) modified Eq. 4.2 by replacing the numerical values of variables (i.e.

Pi =0, pw = 1000 kg/m?, L =333 kJ/kg and K = 273.15°C). After that, the equation 4.2 can be
obtained as:

T=— (4.3)
where h is the soil matric potential in meter of H>O. Luo et al. (2000) used the same
mathematical expressions to get SFC from SWRC during their DRAINMOD modification for

the cold region. For this study, the matric potential values in SWRC were converted from kPa to

m of water (1 kPa=0.10199773 m of H>0) for convenient application of Eq. 4.3. SFC of a soil
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was used to measure the ice content of that soil for a specific below-zero temperature. The SFCs

of Colvin, Fargo and Hecla soils are shown in figures 16(d), 16(e) and 16(f), respectively.
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Figure 16. Soil release curves (SWRC) developed by HYPROP+WP4 combined methods
for (a) Colvin soil, (b) Fargo soil, and (c) Hecla soils; Soil freezing curves (SFC) for (d)
Colvin soil, (e) Fargo soil, and (f) Hecla soils.
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4.3.3. Experiment conditions

For each soil, hydraulic conductivity measurement by the minidisk infiltrometer was
conducted on both frozen and unfrozen conditions under five initial soil water contents. Each soil
was prepared and packed to achieve one of the five initial water contents. The initial soil water
contents (Oinitial) Were: (1) soil water content around permanent wilting point (PWP), designated in
this study as Opwp; (i1) soil water around field capacity (FC), designated as O, (iii) soil water
content around halfway between PWP and FC, designated as Omid, (iv) soil water content at oven
dry, designated as Bovendry, and (v) soil water content at saturation, designated as Osar. The Omia was
calculated using the difference between PWP and FC values retrieved from SWRC of each soil.
The Omia values are listed in Table 7, for Colvin, Fargo, and Hecla soils, respectively. A total of
90 infiltration experiments by minidisk infiltrometer were conducted for three soils in both
frozen and unfrozen conditions under five initial water contents with three replications.

The effect of freeze-thaw (FT) cycles on hydraulic conductivity was assessed for Colvin
soil after three, six and nine FT cycles. The soil was packed at the initial water content of Omid
and hydraulic conductivity of soil was measured by the minidisk infiltrometer in unfrozen
condition after completing a set of specific number FT cycles. Total nine experiments (three
replications for one set of FT cycles) were conducted for this part of the study.

4.3.4. Instrumentation

A 5TE soil water and temperature sensor (Decagon Devices, Inc. Pullman, WA) was used
in this study to record soil water content and temperature at any time between the soil packing
and end of the experiment. The sensor (10 x 3.2 x 0.7 cm) can be functional between the
temperature -40 and 60°C. As the sensor gives the reading of soil water content in number of

dielectric permittivity, so a calibration relationship was developed to get volumetric
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measurement from the dielectric permittivity number of soil water content. Though factory setup
calibration was using Topp et al. (1980) relationship to obtain volumetric water contents from
the dielectric permittivity numbers, further studies reported (Vaz et al., 2013) low accurate
measurements when using this relationship. So, a soil specific calibration was performed
according to the standard procedure described in manufacturer’s website
(http://www.decagon.com/en/support/videos/soil-calibration-video/). Instead of a linear equation
(Rosenbaum et al. 2010), the 0, vs dielectric permittivity relationship was found best fitted with
quadratic equation. Many researchers (Kizito et al., 2008; Assouline et al., 2010; Saito et al.,
2009) found that the accuracy of temperature measurement by this sensor was very high and did
not vary too much as soil water content. To verify the temperature measurement and in case of
any measurement error by the STE sensor, one thermocouple was also used to record
temperature along with the sensor. Both STE soil water and temperature sensor and the
thermocouple were connected to a CR 1000 data-logger. The data recording interval was
programmed five minutes in CR 1000 data-logger.
4.3.5. Experiment preparation: soil packing and freezing

An experiment unit, made from PVC tube, was used for each experiment of hydraulic
conductivity measurement. The diameter, height and thickness of the tubes were 20 cm, 22.8 cm,
and 0.6 cm, respectively. The unit was attached to an octagonal base of 1.2 cm thick. A small
hole was created at the bottom center of the base to drain any excess water moving down
vertically during the experiment. A 2.54 cm thick layer of gravel was placed at the bottom of the
unit. The gravel layer was separated from the soil by two mesh screens at the top and the bottom
of the gravel layer (Figure 17). A small freeboard of 1.5-2.5 cm was maintained between the top

edge of the unit and the packed soil surface.
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When soils were packed for different initial water contents, six experiment units or
columns (i.e. PVC tubes) were packed with one type of soil at one initial water content at a time.
Three columns were used for unfrozen condition experiments while the other three were placed
into the freezer for frozen condition. The three soils, collected from different locations, were air-
dried first to remove excess soil water before starting the experiments. Before the soil packing,
existing soil water content was measured using the STE soil water sensor. Then using the bulk
density and existing water content, required amounts of soil and water (to get the expected initial
water content) were calculated. During the soil packing, soil was packed layer by layer
consistently to maintain the bulk density close to the field bulk density. Also, extra care was
taken to mix the soil thoroughly to get uniform soil water distribution in the packed soil. After
finishing the soil packing, the entire soil was kept sitting on a flat surface untouched for soil
settling and soil water stabilization. The soil was also covered by a plastic film to prevent water
loss from soil by evaporation.

To conduct experiments on oven dried soils in frozen and unfrozen conditions, soils were
dried in a laboratory drying oven at 105°C temperature for 2-3 days to completely remove water
form soils as much as possible. Then, the soil was packed in the experiment unit following the
same procedure stated earlier. After finishing the experiments for oven dry soil, the packed-soil
units were placed in water tubs to saturate the soil. Water was applied to the tub so that the water
level inside the tub reached half of the unit height. The experiment units, used for oven dry and
saturated soils experiments, had some extra holes at the bottom. Those holes helped the capillary
rise of water inside the packed soil after placing in the tub filled with water. To saturate the soil,
no water was applied from the top, while water moved upward only by capillary action to

saturate the soil. The units were kept inside the tub for few days to saturate the soil completely.
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For the freezing of the soil-packed units, a chest freezer (120.3 x 76.8 x 84.8-cm,
MAYTAG) was used in the laboratory. The temperature was monitored continuously from the
real-time sensor recording for all units after placing inside the freezer. Besides the automatic
monitoring, all the dielectric numbers and temperature from sensor and thermocouple readings
before freezing and the experiment (both for unfrozen and frozen condition) as well as freezing
starting time, experiment starting and ending times were recorded manually.

For the FT cycle experiments, all columns were packed with Colvin soil at initial water of
Omida. Soil packing procedure was same as the packing of soil for different initial water contents.
One complete FT cycle consisted of 12-hr freezing and 12-hr thawing. After freezing a unit for
12-hr (below or at 0°C), the unit was left open at room temperature (around 22-25°C) for the
next 12-hr. The time limit (12-hr period) was strictly maintained for all sets of FT cycles (i.e. 3,
6, and 9 FT cycle).

4.3.6. Experiment setup and measurement

The schematic diagram of hydraulic conductivity measurement by the minidisk
infiltrometer experiment setup is shown in figure 17. The setup was the same for all conditions,
i.e. frozen, unfrozen, oven dry or saturated soils. During soil packing, the STE soil water and
temperature sensor, and the thermocouple were placed at 8-10 cm depth from the packed soil
surface, along the vertical center line of the experiment unit. As stated earlier, all the sensors and
thermocouple were connected to a data-logger which recorded soil water and temperature
continuously after the soil packing and until the experiment ended. A time lapse camera,
TimelapseCam® (WINGSCAPES®), was used to take pictures during the experimental period for
all experiments. This camera helped to record any unforeseen incident and facilitated water level

measurement during any unattended period of the experiment.
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Figure 17. Schematic of experimental setup.

The hydraulic conductivity was calculated from the infiltration experiment conducted by
minidisk infiltrometer. Minidisk infiltrometer is a smaller version of tension infiltrometer
(Decagon Devices, Inc., Pullman, WA). It is a portable type tension infiltrometer, used for quick
measurements of infiltration and hydraulic properties of soil, and good for laboratory
experiments. The length of the minidisk infiltrometer was 32.7 cm and diameter of the tube was
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3.1 cm. It had a 4.5 cm diameter disk with 3 mm thickness. The suction range of minidisk
infiltrometer varied from 0.5 to 7 cm. According to the user’s manual (Decagon Device, 2011), a
suction rate of 2 cm was selected for Colvin and Fargo soils. But, for Hecla soil, the suction was
adjusted to 6 cm as suggested by the manufacturer as the infiltration occurred very quickly in
that soil when 2 cm suction used. The suction control section consisted of a single tube combined
with bubble tower and water reservoir. The device was divided into upper and lower chambers.
Both chambers had to be filled with water for infiltration measurement. The upper chamber, or
bubble tower, controlled suction. The water from the lower chamber infiltrated into soil under a
selected suction. The infiltration rate measurement was obtained from labeled lower chamber.
The infiltration rate and hydraulic properties of a soil was then calculated. With Minidisk
infiltrometer, the infiltration rates were calculated with the help of a spreadsheet available from
Decagon Devices, which was based on Zhang (1997) by fitting the parameters C; and C> of the
Phillip equation. The equation modified by Zhang (1997) is:

I=Ct +Ct (4.4)
where I is the cumulative infiltration (cm), t is time (min), the slope of the curve C; is a function
of the hydraulic conductivity k (cm/min), and C; is a function of sorptivity (cm/min'’?). The

hydraulic conductivity (k) is then calculated from following equation:
k=— 4.5
1 (4.5)

where A, a value relating the van Genuchten parameters for a given soil type to the suction rate
and radius of the infiltrometer disk, is obtained from:

_ 11.65(n% — 1) el292(n-1.9)an]
. (arg)*™*

if n>19 (4.6)
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_ 11.65(n%! — 1) el75(-19an]
B (ary)091

if n<19 (4.7)

in which h (cm) is a given suction, rq¢ (cm) is the radius of the disk, and o and n are van
Genuchten parameters based on the soil type.
4.3.7. Relationship between k and 0v: nonlinear regression model

To establish a relationship between k and corresponding volumetric water contents (6v) of
frozen soil, the pooled measured data were fitted with a nonlinear regression model using
SigmaPlot 11.0 statistical software (Systat software, Inc.). Depending on the nonlinear
arrangement of the measured data, an exponential decay equation with two parameters was
selected from the program. The fitted equation can be described as:

kpredicted =g * (70" (4.8)

where Kpredicted 18 the hydraulic conductivity of frozen soil in cm/min predicted by the fitted
model, By is the unfrozen volumetric water content of frozen soil in cm?/cm?, and a and b are
fitting parameters. The model was fitted with measured data of each soil separately.
4.3.8. Comparison to Motivilov model

Motivilov (1978) proposed a mathematical model for calculating hydraulic conductivity
of frozen soil. The simplified form (Luo et al., 2000) of the Motivilov model can be expressed

as:

k(6
k(6D = oo (4.9)

where 0; and 0w are volumetric contents of ice and unfrozen water in soil, respectively, and k()
and k(Ow) are hydraulic conductivities for frozen soil with ice and unfrozen soil without ice,
respectively. The Motivilov model was used in this study to calculate the frozen soil hydraulic

conductivity for all frozen soil experimental conditions described earlier. For the calculation of
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the k(0;) at a specific experimental condition (e.g. Colvin soil and 8,wp), the corresponding mean
measured k value of unfrozen soil at the same conditions was taken as the k(6w). The 6w was
obtained from SFC curve of the related soil for the temperature recorded by STE sensor just
before the experiment started. Then the difference between the Oinitia and 6w was considered as
the 0; (i.e. 0; = Oinitial — Ow). The calculated k(6;) values of Motivilov model were later compared
to the measured k values and the estimated values of Kpredicted by the fitted model.
4.3.9. Goodness of fit and root mean square error

The agreement between the predicted values by a model and measured values, i.e. the
goodness of fit, was obtained by the coefficient of determination (R?). The R? value of two
datasets indicates how well the predicted values fitted with the measured value overall. Also root
mean square error (RMSE) was calculated to evaluate the error between the two datasets. RMSE
usually compares predicted values and corresponding observed values. The R? and RMSE values

can be determined by using following equations:

Z?Ll(Observed value—Observed mean)(Measured value—Measure mean)

R2 = (4.10)
JZ?’zl(Observed value—Observe mean)z\/zlivzl(Measued value—Measure mean)?
Y" (Predicted value—Measure value)?
RMSE = |== 4.11
Number of measurement, n ( )

4.4. Results and discussion
Mean measured k values with standard deviations are listed in Table 8 with
corresponding soil type, different Oinitial (Bpwp, Omid, Otc, Bovendry, and Osat, respectively), and

frozen/unfrozen conditions.
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Table 8. Mean measured hydraulic conductivity, k (cm/min) for different soil types, initial
soil water contents (Oinita1), and frozen/unfrozen conditions

Frozen soil Unfrozen soil
Soil Oinital Mean Measured k Standard Mean Measured k Standard
(cm/min) deviation (cm/min) deviation
Bovendry 0.137 0.046 0.225 0.052
Colvin silty Opwp 0.073 0.016 0.064 0.015
clay loam Omid 0.027 0.003 0.021 0.006
Ot 0.017 0.005 0.014 0.012
Osat 0.013 0.005 0.008 0.005
Bovendry 0.101 0.037 0.491 0.040
Fargo silty Opwp 0.069 0.012 0.051 0.022
clay Omid 0.031 0.017 0.011 0.008
Ot 0.002 0.003 0.001 0.001
Osat 0.014 0.004 0.011 0.004
Oovendry 0.163 0.037 0.120 0.043
Bpwp 0.223 0.010 0.205 0.006
Heclla Sandy g o 0.085 0.003 0.063 0.011
oam Orc 0.031 0.004 0.016 0.006
Osat 0.012 0.004 0.066 0.024

4.4.1. k comparison: frozen and unfrozen conditions

From Table 8, it could be observed that Hecla soil had comparatively higher k and Fargo
soil had lower k in both frozen and unfrozen conditions among the three soils. The k of Colvin
soil in both frozen and unfrozen condition was ranked in between Hecla soil and Fargo soil.

In Table 8, the mean k (cm/min) values and standard deviation among the replications are
presented for different soil types with initial soil water contents at Oovendry, Opwp, Omid, Otc, and Osat,
respectively. It is generally assumed that the soil k value decreases with increase in soil water
content, the drier the soil, the higher the k (Lundberg et al., 2015; Flerchinger et al., 2005; Ireson
et al., 1999; Mackay, 1983; Fouli et al., 2013). The mean k values were found higher for dry soil
(Bpwp) and then decreased with higher soil water content (Omi¢ and 0x.) in both frozen and unfrozen
condition. It was observed that the k for frozen soil at any soil water content was higher than that

of unfrozen soil. But the mean k values reduced greatly at O« for any soil, which implied that
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there was very small or no water movement in the frozen soil. The presence of high water in soil
pores might block the flow paths after freezing. It could be anticipated that soil water contents
changed from liquid phase to ice phase, created more paths for water movement when the soil
was not saturated or at field capacity. Fargo soil had lower mean k at any initial soil water
contents for both frozen and unfrozen soils compared to the mean k values of the other two soil
types. Fargo soil had higher clay content among the three soils, and higher clay amount could
hold more water. In frozen Fargo soil, the higher soil water content could result in high amount
of ice in the soil profile, which also restricted water movement and decreased the k value. The
mean k values of Hecla sandy soil for initial soil water content at 6,wp were found highest (Table
8) among all measured k values. Hecla soil had higher percentage of sand particles, which might
help the water moving faster through the soil profile with a higher k value when it was dry.

In oven dried soil, the soil was not completely dry and it had a minimum soil water
content after drying (i.e. nearly oven dry soil having soil water content same as residual water
content, 0, Table 7). In saturated soil, the situation was completely opposite from oven dry soil
(soil with saturated water contents, 05, Table 7). So, the mean k values were found very high in
oven dry soil compared to those in saturated soils (Table 8). In saturated soil, it was be expected
that, after freezing, all possible macro-pores and micro-pores were blocked by ice lenses. The
water phase change from liquid to solid ice could reduce the water flow path and consequently
decreased the k in saturated frozen soil with time. For oven dry soil (or, nearly oven dry soil),
mean k values were lower for frozen condition than those of unfrozen soils for Colvin and Fargo
soils, respectively. But, it was found the opposite in Hecla soil, the mean k value of frozen oven

dry Hecla soil was higher than that of unfrozen soil.
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4.4.2. Relationship between k and 0v: fitted model
The measured k values were fitted with Eq. 4.8 for each soil, from which k could be
predicted for any frozen soil water content. The fitted models are shown in Eq 4.11, Eq 4.12 and

Eq 4.13, for Colvin, Fargo, and Hecla soils:

Colvin silty clay loam: kpyegicreq = 0.4399 x e(7318127+6V) R2 = 67 (4.12)
Fargo Silty clay: kpreqictea = 0.2790 * e(720-8253+6V) R2 = (.79 (4.13)
Hecla sandy loam: Kp,eqicreq = 0.3134 * e(721:3948+6V) R2=( 43 (4.14)

Figure 19 shows the fitted equations with measured k values for Colvin soil, Fargo soil,
and Hecla soil, respectively. The relationship between the measured k value and the
corresponding 6y, was not linear which indicated that k would be higher in frozen dry soil and
the k was decreased with higher frozen soil water content, gradually becoming stable or lower
after a certain 0y in frozen soil. The relationship was very simple in terms of parameter, because

k value could be predicted by using a single parameter, 6 of frozen soil.
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Figure 18. Hydraulic conductivity (k) vs. volumetric water contents (0v) relationship by Eq.
4.12, Eq. 4.13, and Eq. 4.14, plotted for Colvin, Fargo and Hecla soils, respectively.
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4.4.3. Fitted model vs. Motivilov model

All predicted k values by fitted model and calculated k values by Motivilov model are
presented in figure 20 with a 1:1 line. The RMSE of measured k values and predicted k values by
fitted equations were found 0.013, 0.022, and 0.063 cm/min for Colvin soil, Fargo soil, and
Hecla soil, respectively. Similarly, the RMSE of measured k values and calculated k values by
Motivilov model were found 0.017, 0.031, and 0.036 cm/min, for Colvin soil, Fargo soil, and
Hecla soil, respectively. In figure 20, it could be seen that the predicted k values by fitted model
were widely spread compared to those by the Motivilov model. The calculated k values by
Motivilov showed a linear increase, consistent along the 1:1 line compared to calculated k values
by the fitted models, though those did not match perfectly with 1:1 line. The predicted k values
by fitted models showed reasonable agreement for Colvin soil between the predicated values and
1:1 line, relatively close to the 1:1 line for Fargo soil, but had a poor relationship or matching for
Hecla soil along the 1:1 line. However, the Motivilov model, although very complicated to use,
gave a better estimation of k values for Hecla soil. The calculation procedure included complex
estimation of unfrozen soil water content from SFC, ice content of soil and equivalent hydraulic
conductivity of unfrozen soil. Compared to the Motivilov model, the fitted models were simple
and needed a single parameter (0, of frozen soil) to predict the k values. Considering the
variability between the predicted and the measured k values, the overall performance of fitted

models was comparatively better than that of Motivilov model.
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Figure 19. Measured k values by minidisk infiltrometer plotted against calculated k values
by Eq. 4.12, Eq. 4.13, and Eq. 4.14 in 1:1 plot for (a) Colvin, (b) Fargo, and (c) Hecla soils,
respectively. Measured k values by minidisk infiltrometer plotted against calculated k
values by Motivilov model in 1:1 plot for (d) Colvin, (e) Fargo, and (f) Hecla soils,
respectively.
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4.4.4. Freeze-thaw effect on k measurement

Figure 21 shows the mean k values with standard deviation after 3 FT, 6 FT, and 9 FT
cycles on Colvin soil with an initial water content at Omia. The figure indicated that, after 6 FT
cycle, the mean k (0.009 cm/min) decreased than that (0.013 cm/min) after 3 FT cycle, and then
the mean k (0.007 cm/min) again decreased after 9 FT cycle than that after 6 FT cycle. Fouli et
al. (2013) conducted infiltration experiment with three Saskatchewan soils for different FT
cycles. Their procedure for attaining a FT cycle was similar to the procedure in this study (12 hr
freezing and 12 hr thawing). They reported a decrease in infiltration rate with increased number
of FT cycles. The final or steady state infiltration rate can be considered same or close to
hydraulic conductivity of that soil. The decrease in infiltration rate might be the indication of
hydraulic conductivity for FT cycles variations. The results of this study agreed with his
findings, showed a decreasing pattern of hydraulic conductivity with increased number of FT
cycles. Also the change in mean k values indicated that even a short duration FT cycles (24 hr
freezing and thawing) affected the soil aggregates, i.e. soil pore distribution. The alteration of
soil pore distribution could be the reason of decreasing the mean k values after different FT
cycles. The concluding remarks of Fouli et al. (2013) findings also highlighted the change in soil
porosity and structural changes due to number of FT cycles. Othman et al. (1993) indicated that
hydraulic conductivity could be stable after three FT cycles. For Colvin soil in this study, the
hydraulic conductivity was not found stable after 6 and 9 FT cycles. The k values of laboratory
experiments might differ from the actual field value. Because, in the laboratory experiment, only
12 hours freezing, and 12 hours thawing was applied as one FT cycle, but in real world, a wide
variation could be found in freezing and thawing duration. Therefore, the laboratory testing

procedure for the duration of a FT cycle that was not representing field situation. It might be a
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reason for a difference in mean k values. However, the findings gave a directional understanding

about the effect of FT cycles on hydraulic conductivity of frozen soil.
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Figure 20. Mean hydraulic conductivity (k) values plotted for 3, 6, and 9 freeze-thaw (FT)
cycles for Colvin soil with initial soil water content in between permanent wilting point and
field capacity (Omia).

4.5. Conclusion

Three soils of RRB, Colvin silty clay loam, Fargo silty clay, and Hecla sandy loam, were
used in this study. An easy handling, field-oriented, and portable instrument, the Minidisk
infiltrometer, was used to measure hydraulic conductivity. Hydraulic conductivity was measured
in frozen and unfrozen soils with five initial soil water contents of oven dry, permanent wilting
point, halfway between permanent wilting point and field capacity, field capacity, and saturation

(Bovendry, Opwp, Omid, Ofc, and Bsat, respectively). Soil water release curve (SWRC) and soil freezing
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curve (SFC) were constructed for each soil to obtain related values of soil hydraulic properties in
frozen and unfrozen conditions.

Fargo soil had low hydraulic conductivity and Hecla soil had higher hydraulic
conductivity among the three soils, irrespective of frozen/unfrozen condition, and Oinitial.
Hydraulic conductivity of both frozen and unfrozen Fargo soils for soil water content at field
capacity (0«) was lower than those of the other two soils. Generally, k values varied from higher
to lower with the increment of Oinitial. The higher clay content of Fargo soil might hold more
water than other soils, and produced more ice in the soil pores, which restricted the water
movement in frozen soil, i.e. reduced the hydraulic conductivity. The frozen saturated soil
reduced the pore space with blocked ice contents, and might result in lower k than other Oinitial
conditions. Hecla soil had higher sand percentage compared to other soils, which contributed to
greater k values than other two soils. Due to higher sand content, it had low water holding
capacity, which actually resulted high k value in dry frozen soil and even in saturated unfrozen
soil. The measured k values were fitted with three nonlinear regression equations for three

different soils. The equations were: Kpyedictea=0-4399*eC318127%) for Colvin soil,

k

predicted=0.2790%e(208253™% for Fargo soil, and Kpregictea=0.3131*e2!3948™% for Hecla soil with a

considerable agreement between predicted and measured k values (R? values were 0.67, 0.79 and
0.43, respectively). The frozen soil k values were also estimated by using Motivilov model and
compared to measured k values. The RMSE between measured and predicted values by fitted
models were obtained 0.013, 0.022, and 0.063 cm/min for Colvin soil, Fargo soil, and Hecla soil,
respectively. On the other hand, the RMESE were 0.017, 0.031, and 0.036 cm/min for Colvin,
Fargo and Hecla soil, respectively. The fitted models were simple in terms of parameters, could

predict better k values compared to Motivilov model for Colvin and Fargo soils, though both
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models had limitation to predict k values perfectly close to measured k values. The k value
measurements of increasing FT cycles showed a decrease in hydraulic conductivity, agreed with
the previous study findings where it was indicated that k decreased with increased frequent FT
cycles. Also the k variation with different FT cycles gave evident observation that soil properties
changed with increased FT cycles, supported earlier research study remarks.
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5. GENERAL CONCLUSIONS

The combined HYPROP and WP4 produced good quality data over the entire wet and
dry soil moisture range and constructed a better SWRC because of the improved measurement
ranges for estimating van Genuchten fitting parameters. Glyndon silty loam and Hecla sandy
loam soils had the best fitted SWRCs by combined HYPROP and WP4 method in terms of shape
and slope. Fargo soil did not produce a good SWRC due to the presence of clay and its swelling
and shrinkage nature in the Red River Valley. It saves at least half the time, applies simpler
procedures, and could be considered as an acceptable approach for replacing the traditional
laboratory method.

For the initial water contents of Opwp, Omid, and B¢, the infiltration rates in a frozen silty
clay loam soil of RRB were measured. The soil with 0,w, was comparatively drier that resulted in
a higher initial infiltration rate, the initial infiltration rate was comparatively lower in the soil
with the initial water content of Omia, and the soil with the initial water content of 6 reached
saturation quickly. The infiltration curves over time shifted downwards from dry soil to wet soil
before the infiltration rate became steady. The average final infiltration rate was close to the
predicted rate for the dry soil with 8,wp, higher than the predicted rate for the soil with Omiq, and
lower than the predicted rate for soil with O¢. In the soil with Opwp, the 6y changed with
temperature gradually, the 6, changed rapidly in the soil with Omiq, and the 6y in the soil with O
did not change with temperature due to the limited pore space.

In this study, the average temperature and electrical conductivity (EC) of the water, used
in the infiltration experiment, were 18°C and 985 us/cm. In future research, variation of

temperature and EC of infiltrating water into frozen soil could be investigated. The outcomes
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might help to understand the changes in frozen soil hydraulic properties due to temperature and
EC difference.

Three soils of RRB, Colvin silty clay loam, Fargo silty clay, and Hecla sandy loam, in
frozen and unfrozen conditions with initial soil water contents of Oovendry, Opwp, Omid, Bfc, and Bsat
were used to measure hydraulic conductivity (k) by minidisk infiltrometer. The k values were
varied from higher to lower with the increment of Oinitial. Higher clay content of Fargo soil might
hold more water, produced more ice, and reduced the hydraulic conductivity. Due to higher sand
content of Hecla soil, high hydraulic conductivity values, in dry frozen soil and even in saturated
unfrozen soil, were found. The frozen soil k values were also estimated by using Motivilov
model and compared to measured k values. The fitted models were simple in terms of
parameters. Those equations could predict better k values compared to Motivilov model for
Colvin and Fargo soils, though the predicted k values were somewhat off from the measured k
values.

Multiple soil packing and freeze-thaw cycles destroy the soil aggregates, resulting in
fewer macropores, may result in reduced infiltration rate and expedite the saturation process in
the soil with the initial water content of O¢. The k variation with different FT cycle might

indicate that soil hydraulic properties changed with increased FT cycles.
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APPENDIX. INFILTRATION MEASUREMENT IN FROZEN AND UNFROZEN SOILS

Total 20 field experiments were conducted by using Cornel Sprinkler infiltrometer at two

locations of the Red River of North Basin (RRB): (1) North Moorhead, Morken Township, Clay

County, MN, and (2) Fairmount, Richland County, ND. The infiltration rates were measured in

both frozen and unfrozen conditions of the soils in fall, spring and summer of 2014, 2015, and

2016. All field test results were summarized according to soil frozen/unfrozen conditions and

time of the year when the experiments were executed. These measured datasets can be used as

reference for future frozen soil studies such as infiltration modeling, simulated or measured

results validation, and comparison.
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Figure A1l. Field tests in frozen condition (North Moorhead, spring 2014).
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Figure A2. Field tests in unfrozen condition (North Moorhead, fall 2014).
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Figure A3. Field tests in frozen condition (North Moorhead, spring 2015).
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Figure A4. Field tests in unfrozen condition (North Moorhead, summer 2015).
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Figure A6. Field tests in frozen condition (North Moorhead, spring 2016).
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Figure A7. Field tests in frozen condition (Fairmount, fall 2014).
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Figure A8. Field tests in frozen condition (Fairmount, spring 2016).
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Figure A9. Field experiments: unfrozen vs frozen condition (North Moorhead, all years).
128



