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ABSTRACT. Extreme weather conditions govern the hydraulic and thermal properties of glacial clay deposits under the cold climate of
the Canadian Prairies. The prediction of time-dependent soil behavior over the entire year and under extreme weather conditions is
required for the design and construction of buried infrastructure. The main contributions of this research are the development and
validation of a coupled soil-atmosphere interaction model to predict transient water and heat movement under mean, extreme dry, and
extreme wet weather scenarios. Results indicated that the hydraulic properties are governed by the net water flux that resulted in the
shifting of the seasons as follows: mean that comprises winter (3% months), spring (1 month), summer (5% months), and fall (2 months);
dry that includes spring (4 months), summer (4 months), and fall (4 months); and wet that has winter (4 months), inseparable spring-
summer (5 months), and fall (3 months). The thermal properties are governed by air temperature for the investigated soil. Identical values
of thermal gradient during spring-summer (April to October) in all scenarios indicate that the soil gains more heat compared with the
heat loss during fall-winter (November to March), especially for mean and dry conditions. Furthermore, the inflection points in heat flux
show that the soil gains heat from May to August and loses heat from September to April. Finally, the active depth of soil was found to

be 4 + 1 m for hydraulic properties and 3 m for heat flux.
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1. Introduction

The Canadian Prairies provide a challenging environment
in terms of glacially evolved clay deposits in a predominantly
cold climate with extensive seasonal variations (Azam et al.,
2013; Paranthaman and Azam, 2021a). These soils support
buried pipelines (for water, oil, gas, or heat) that are generally
installed within a few meters from the ground surface. Failure
of such pipeline networks is routinely reported from across the
region. For example, water main breaks of 6,381 in 2,692 km
during 2005 ~ 2015 in Winnipeg (City of Winnipeg, 2022),
2,430 in 900 km during 1995 ~ 2004 in Regina (Hu et al., 2008;
City of Regina, 2022), and 4,400 in 3,800 km during 2005 ~
2015 in Edmonton (Teslak, 2018). Such damages occur in all
pipe sizes (12 to 200 mm) and all pipe materials (ashestos ce-
ment, cast iron, and polyvinyl chloride) (Hu and Vu, 2006,
2011; City of Winnipeg, 2022). Distress in the linear infrastruc-
ture systems is derived from coupled hydraulic and thermal
processes in the surface soils (Newport, 1981; Rajani et al.,
2012). Cyclic precipitation-evaporation during spring-summer-
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fall as well as freeze-thaw during the fall-winter-spring result in
ground deformation and slope instability. Furthermore, ex-
treme weather events such as flash-floods and long-droughts
have been observed throughout the region and are attributed to
the adverse effects of climate change (Bonsal et al., 2017;
Akhter and Azam, 2019). Such uncertainties of seasonal weather
impose serious concerns on the efficiency of buried utilities
(Kleiner and Rajani, 2002; Yang and Wang, 2019).

Failures in buried pipelines are due to increased stresses
derived from two distinct soil-atmosphere interaction mecha-
nisms: saturation-desaturation, due to alternate precipitation and
evaporation, which results in swelling and shrinkage in clayey
soils (Kleiner and Rajani, 2002) and freeze-thaw, due to sea-
sonal temperature variations, that results in 10% volume expan-
sion during ice lens formation and localized shear strength re-
duction during ice melt (Hu and Vu, 2011). Over time, these
hydraulic and thermal processes occur repeatedly and increase
the size of pore spaces within the clay matrix (Tripathy and
Subba Rao, 2009) as well as micro-level cracks in the bulk soil
(Ito et al., 2022). These features facilitate the flow of air, water,
heat, and contaminants through the soil thereby further aggra-
vating the integrity of buried pipes. Clearly, such transient
mechanisms are related to both hydraulic and thermal flows
and, in turn, are governed by soil properties and regional cli-
matic conditions.
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Figure 1. Modeling procedure for coupled hydraulic-thermal model.

Water and heat flows through soils are derived from com-
plex soil-atmospheric interactions. During evaporation, the hy-
draulic flow is upwards in a soil profile because of soil suction
due to capillary action at the air-water interface within the soil
pores (Hillel, 1998). When the soil is significantly dry, the ad-
sorbed water on clay minerals can also be removed through va-
porization (Mitchell and Soga, 2005). In contrast, hydraulic
flow is downwards during precipitation as water replaces air
within the soil pores (Lu and Likos, 2004). In this case, the soil
depth up to the advancing water front is considered to be satu-
rated, that is, all soil pores are filled with water (Green and
Ampt, 1911). Likewise, periodic freeze-thaw is related to tem-
poral heat changes in the atmosphere that are gradually trans-
ferred through the surface layer during saturation and desatura-
tion (Nowamooz et al., 2016; Le et al., 2020). Thermal recharge
is provided by solar radiation from the surface downwards and
deeper soil layers in the upward direction (Tissen et al., 2019).
Heat flow primarily occurs by conduction through clay parti-
cles when the soil is completely dry and through the particles,
pore water, and pore ice when the soil is fully saturated (New-
man and Wilson, 1997; C6té and Konrad, 2005).

The hydraulic and thermal behaviors of soils in cold regions
have been widely investigated using coupled flow models. The
initial mathematical formulations were developed by account-
ing for latent heat during phase changes and water migration
from the soil matrix to the freezing front (Harlan, 1973; Taylor
and Luthin, 1978; Fukuda et al., 1980). The analytical equa-
tions were subsequently improved to include the volume of water
and ice (Konrad and Morgenstern, 1984; Nixon, 1991). The use
of the finite element method in computer codes increased the
utility of such models by reducing processing time and increas-
ing mathematical accuracy (Padilla and Villeneuve, 1992; Qin
et al., 2021). These models were further upgraded to include
soil property functions (Newman and Wilson, 1997; Dall’ Amico
etal., 2011), temperature variations through the profile (Tan et

al., 2011; Qin et al., 2021), and vapor flow during saturation-
desaturation (Vitel et al., 2016; Huang et al., 2018). Generally,
the numerical models are used to mimic routine atmospheric
conditions during fall-winter. To the authors’ knowledge, the
prediction of transient soil behavior over the entire year and
under extreme weather conditions is not investigated.

The main objective of this paper is to assess the transient
hydraulic and thermal properties of soils under extreme weather
in cold climates. A coupled hydraulic-thermal model was de-
veloped using a typical clayey soil and the atmospheric para-
meters from Saskatchewan, Canada. Results were validated with
measured mean soil temperature from a monitoring station (lat-
itude of 52°09°N, longitude of 106°36’W and elevation of 497
m above sea level). The variation of hydraulic and thermal prop-
erties at shallow depths was predicted under mean and extreme
weather.

2. Governing Equations

Fluid flow (water and vapor migration) occurs through
soil pores due to water flux. Considering an incompressible
water phase and negligible soil volume changes, transient volu-
metric water content (06, / ot, 1/day) is determined by com-
bining Darcy’s law (water gradient) and Fick’s law (vapor gra-
dient), as shown in the following equation (Geostudio, 2020):

%zk—”[ v +1]+
ot dyl goypy

In the above equation, k, is hydraulic conductivity (m/day),
g is the gravitational acceleration (m/s?), y is soil suction (kPa),
owis water density (kg/m®), Dy is vapor diffusivity (day), M is
vapor molar mass (kg/mol), R is the universal gas constant
(8.314 J/(K-mol), T is soil temperature (K), py is vapor pressure
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(kPa), and &, is volumetric air content.

For use in Equation 1, the net water flux (gi, m/day) is
derived from measured precipitation (g, m/day) and actual
evaporation (qag, m/day) that, in turn, is estimated using the
following equation (Wilson et al., 1997):

_ Tgyhih, +0.1746 9,5 (1+0.146U,,)(h, —h,)
h, (Th, +0.0665)

@)
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In the above equation, I"is the slope of the saturation vapor
pressure versus temperature curve (kPa/°C), gn is net radiation
(m/day), U, is wind speed (m/day), pus is saturated vapor pres-
sure (mm Hg), h, is relative humidity of air, and hs is relative
humidity of soil. Details on the determination of 7" and pys are
given in Lowe (1977) and of hs in Bittelli et al. (2015). Finally,
the surface runoff (gr, m/day) is calculated from mass balance.

Thermal flow (heat conduction) occurs through solid par-
ticles, pore water, and pore ice due to heat flux. The transient
temperature (67 / ot, K/day) is determined by the following
form of the Fourier’s law (Geostudio, 2020):

o [af, ar) , om, 86,
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In the above equation, Ky is the thermal conductivity of
soil (J/(s:m-K)), hy is the latent heat of vaporization (kJ/kg),
(6my | o¢) is the vapor mass flow rate per area (kg/(m?day)), C,
is the volumetric heat capacity (J/(m3-K)), hy is the latent heat
of condensation (kJ/kg), and (06y / OT) is the slope of volu-
metric water content and temperature (1/K).

For use in Equation 3, the net heat flux (qq, m/day) is de-
rived from measured net radiation, estimated sensible heat (g,
m/day), and estimated latent heat (qi, m/day). The energy balance
is determined by integrating the atmospheric parameters and soil
properties, as shown in the following equation (Wilson, 1990;
Geostudio, 2020):

w
o

g = Oy —[ 3.142(1+0.146U, (T, —Ta)]—(MJ )
1000
In the above relationship, Ts is soil temperature (°C) and
Ta is air temperature (°C). For use in the equation, the units of
gy Were converted from m/day to kd/(m?-day) by multiplying
the gq with hy, and pw (Wilson, 1990).

3. Model Development

Figure 1 describes the modeling procedure of the coupled
hydraulic-thermal model. A one-dimensional model was devel-
oped to simplify calculations and reduce computational time.
An 8 m deep soil column with 10 mm vertical elements was used
to minimize water balance error. Each element was assigned the
soil properties: water retention curve (WRC), hydraulic conduc-
tivity curve (HCC), normalized volumetric water content, ther-
mal conductivity curve, and volumetric heat capacity. The initial
condition of the soil column was selected to be at the optimum
state: w = 14% and y = 18.3 kN/m?® that corresponded to &y =
33% and S = 80% (Paranthaman and Azam, 2021b). At the sur-
face of the soil column, the following atmospheric parameters
were assigned: precipitation, air temperature, wind speed, rela-
tive humidity, and net radiation. In contrast, only the soil tem-
perature was assigned at the bottom of the soil column.

As described later in this paper, atmospheric conditions
pertaining to extreme dry, mean, and extreme wet weather were
simulated over a one-year period. The partial differential equa-
tions were solved by the finite element method using a comer-
cial software (GEO Studio - Seep/W module). The water content
values obtained from the hydraulic equation (1) were used in
the thermal equation (3) thereby accounting for the effect of soil
partial saturation on thermal movement into the soil column.
The model results were plotted in the form of degree of satura-
tion (S) and soil suction () as well as soil temperature and heat
flux as functions with respect to both time and depth.
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Figure 2. Soil properties: (a) water retention curve; (b) hydraulic conductivity curve; (c) normalized volumetric water content;
and (d) thermal conductivity curve.
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3.1. Soil Properties

A typical clay with a specific gravity of 2.72 and contain-
ing 18% clay size fraction (material finer than 0.002 mm) was
used. According to Paranthaman and Azam (2021a), this mate-
rial constitutes quartz (82%), clays minerals (9%), and carbon-
ate minerals (9%). Figure 2 gives the soil properties of the in-
vestigated clay. The laboratory determined WRC (Figure 2a)
by Paranthaman and Azam (2021b) was fitted using the follow-
ing equation (Fredlund and Xing, 1994):

. 5.812—|n[1+3(‘)”mj
(5)

nm 5.812
In[2.718+(u;j 1

In the above equation, & (39%) is saturated volumetric
water content and a (1,550 kPa), n (0.4), and m (2.3) are fitting
parameters. The investigated sample showed an air entry value
(AEV) of 300 kPa and a residual suction value (RSV) of 3 x
10% kPa. The mild slope up to AEV is due to drainage of water
from relatively bigger pores whereas the steep slope thereafter
is due to water removal from comparatively smaller pores. This
behavior is typical of compacted clays showing a wide range
of pore sizes (Leroueil and Hight, 2013; Chen et al., 2019). Be-
yond RSV, the curve gradually reached complete desaturation
(6= 0%) at 10° kPa. Furthermore, the measured saturated hy-
draulic conductivity (ks= 1071° m/s) along with WRC was used
to estimate the HCC (Figure 2b) using the following equation
(Leong and Rahardjo, 1997):

p

. 5.812—|n(1+3(‘)”mj
(6)

nm 5.812
In{2.718+(l//j }
a

In the above equation, p (5.5) is a new fitting parameter
along with a, n, and m carried forward from WRC. Similar to
WRC, the HCC consisted of three zones (Chen et al., 2019; Ito
and Azam, 2020): saturated flow up to AEV; unsaturated flow
occurs between AEV and RSV; and vapor flow beyond RSV
(Ebrahimi-Birang et al., 2004).

The volumetric water content curve for unfrozen water in
clays (Flerchinger et al., 2006) was normalized (Figure 2c¢) and
the data were found to best the following hyperbolic equation:

ku :ks

—0.154
0w:05

x100% @

Likewise, the values of thermal conductivity for frozen
conditions (4.53 W/(m-°C)) and unfrozen conditions (2.97
W/(m-°C)) were obtained from the mineral composition of the
investigated clay using the procedure given in C6té and Konrad

(2005). The thermal conductivity function (Figure 2d) was
drawn between the extreme values using the estimation method
of Johansen (1975), and the data were found to best fit the fol-
lowing hyperbolic equation:

Ky = —0'?7 +4.55 ®)

Finally, the volumetric heat capacity values under frozen
conditions (2050 kJ/(m3.°C)) and unfrozen conditions (2850
kJ/(m?3-°C)) for clay were obtained from Pavon (2018).

3.2. Atmospheric Parameters

Figure 3 presents the annual average atmospheric param-
eters based on 2011 ~ 2020 data for Saskatoon, Canada (Cana-
da Weather Stats, 2021; Saskatchewan Research Council, 2021).
The daily data were statistically analyzed to obtain mean values.
Based on the mean data, the daily standard deviation was calcu-
lated to obtain the 95% confidence interval for each parameter
of the five parameters. This means that the dry condition corre-
sponded to the combined atmospheric parameters of low g,
high Ta, low h,, high U, and high g, and the wet condition
matched with the reverse of dry conditions. Other possible
combinations resulting in dry and wet conditions were not
considered. The one-year period was divided into two seasons
based on the mean soil temperature at the surface (given later
in this paper): spring-summer (April to October) corresponding
to more than 0 °C and fall-winter (November to March) with
less than 0 °C. Furthermore, the relevant parameters were used
to compute daily evaporation as per Equation 2. The cumulative
monthly precipitation and evaporation were used to compute
the standardized precipitation evapotranspiration index (SPEI)
in R software following the method described in Pei et al.
(2020). The SPEI values were used to classify weather condi-
tions as follows: dry (between —1.07 and —1.25), mean (be-
tween —0.16 and 0.12), and wet (between 1.10 and 1.24). Ac-
cording to Nam et al. (2015), the SPEI values are less than —1
for dry conditions, between —1 and 1 for mean conditions, and
more than 1 for wet conditions.

The daily precipitation (Figure 3a) indicates that spring-
summer rainfall occurs for 27 days (122 mm or 79% of the
total) in dry conditions, 61 days (268 mm or 80% of the total)
for mean conditions, and 118 days (482 mm or 93% of the total)
for wet conditions. The remainder of the precipitation is in the
form of snow that accumulates during fall-winter and melts
during spring-summer when the air temperature is above 0 °C.
Likewise, Figure 3b shows that the daily air temperature is
above 0 °C for 350, 210, and 143 days for the above conditions.
The high number of days with above 0 °C temperature cor-
relates well with the semi-arid regional climate (Akhter and
Azam, 2019; Shook and Pomeroy, 2016). Using the Kdppen-
Geiger climate classification system (Kottek et al., 2006), the
atmospheric parameters for dry and mean conditions were
found to be cold desert climate (BWk) whereas the wet condi-
tion was classified as cold arctic climate (Dfc).
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Figure 3. Daily variation of the atmospheric parameter in
Saskatoon, Canada: (a) precipitation; (b) air temperature; (c)
relative humidity; (d) wind speed; and (e) net radiation.

The daily relative humidity (Figure 3c) during spring-
summer showed an average value of 57% for dry condition,
67% for mean condition, and 76% for wet condition. These av-
erage values increase during fall-winter to 73, 81, and 86%,
respectively. The daily wind speed (Figure 3d) for the same
conditions fluctuates irrespective of the seasons and shows an
annual average of 22, 17, and 11 km/h, respectively. The daily
net radiation (Figure 3e) shows a spring-summer average of 22
MJ/(m?-day) for dry condition, 17 MJ/(m?-day) for mean con-
dition, and 12 MJ/(m2.day) for wet condition whereas the cor-
responding fall-winter averages were 7, 4, and 3 MJ/(m?-day).
These daily atmospheric parameters corresponding to each con-
dition were applied directly to the model whereas the snow ac-
cumulation or melting was estimated based on precipitation
and air temperature.
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3.3. Soil Temperature

A constant soil temperature of 7 °C at 8 m was used. This
was based on 2011 ~ 2020 data of measured soil temperature
profile for the Saskatoon area (Saskatchewan Research Coun-
cil, 2021). According to Lebeau and Konrad (2009), the fluctu-
ations of air temperature on glacial clay deposits do not affect
soil temperature beyond 6 m depth.

4. Results and Discussion

To determine the effectiveness of prediction, the coupled
thermal-hydraulic model was validated by comparing the pre-
dicted and measured daily temperature profiles. Figure 4 com-
pares the monthly predicted and measured soil temperature.
The predicted temperatures were almost equal to the measured
temperatures with a coefficient of determination (R?) higher
than 0.97, mean absolute error (MAE) between 0.95 and 1.80,
and root mean squared error (RMSE) between 1.10 and 1.95
for all depths. The data are plotted on both sides of the equality
line and entirely fell within one standard deviation. This con-
firms that the model is appropriately calibrated for the regional
soil properties and climatic conditions. This validation is based
on field data at a specific station, which is the only one in the
region with soil properties similar to the investigated clay. Such
soils are widely found across the Canadian Prairies with the fol-
lowing conductivities: ks ranges from 10° m/s to 107! m/s
(Vanapalli et al., 1997; Ferris et al., 2020; Paranthaman and
Azam, 2021b) and Ky varies from 2 to 5 W/(m-°C) (Cété and
Konrad, 2005; Lebeau and Konrad, 2009; Pavon, 2018). Given
that the investigated soil properties fall within these ranges
along with the capture of a wide range of climatic conditions,
the model is applicable for the entire region.

Figure 5 shows the variation of soil temperature with re-
spect to time. To obtain continuous data, daily predictions are
plotted versus monthly measurement at 0.05, 0.5, 1.5, and 3 m
depths. Following air temperature, soil temperature exhibited a
cyclic trend for all depths such that daily fluctuations decreased
with depth. Soil temperature at 0.05 m depth closely matched
the air temperature during spring-summer and was found to be
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half of the latter during fall-winter. This is because heat flow
from soil to air makes the ground surface warmer than air under
sub-zero temperature (Cinar et al., 2020; Zhang et al., 2020).
Furthermore, the curves shift towards the right side with each
depth increment. This time lag is attributed to the transient pro-
cess of thermal conduction and isolation of the deeper layers
from the atmosphere (Le et al., 2020).
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Figure 5. Variation of predicted and measured soil
temperatures with time.

Figure 6 shows the variation of cumulative fluxes at the
soil-atmosphere interface with the negative sign for outflow
and the positive sign for inflow. Under mean conditions (Figure
6a), the net flux was found to be negative because of a net water
deficit due to the semi-arid climate of the region. The average
annual precipitation (based on Figure 3) was found to be 342
mm compared to the average annual pan evaporation of 377
mm (Golder associates, 2013). The variation in net flux was
found to comprise the following: no change from January to
mid-April (due to 35 mm of snow accumulation and frozen soil
surface); a decrease from mid-April to mid-May (due to 133
mm of actual evaporation despite melting of snow); a gradual
decrease from mid-May to October (since actual evaporation
(290 mm) exceeded rainfall (240 mm)); and no change from
November to December (due to snow cover of 38 mm and
frozen soil surface). The runoff was found to be negligible be-
cause of a water deficit prevalent throughout the year. Based
on hydraulic flow, four distinct seasons of winter (3%2 months),
spring (1 month), summer (5% months), and fall (2 months)
were observed. This correction of the seasons (based on water
fluxes) is more relevant to shallow geothermal energy assess-
ment, as opposed to that based on air temperature only.

Under dry conditions (Figure 6b), net flux was found to
be negative due to high actual evaporation (annual total of 408
mm or 133% of the mean conditions) and low precipitation
(annual total of 153 mm or 45% of the mean conditions). Such
long-term droughts are common in the region, for example,
early 1970s, 1980s and from 1999 to 2005 (Bonsal et al., 2011;

Mood et al., 2021). In contrast to the mean conditions, the net
flux decreased from January to April because under above-zero
air temperature precipitation occurred as rainfall (27 mm)
which is almost one order of magnitude lower than actual evap-
oration (252 mm). This is followed by a slight increase from
May to August (because rainfall of 109 mm significantly exceeds
actual evaporation of 10 mm) and a subsequent gradual decrease
from September to December (because actual evaporation (152
mm) was almost ten times more than precipitation (16 mm)).
As expected, the runoff was found to be zero owing to a net
water deficit. In contrast to the mean conditions, this figure
shows that the margins of the seasons are shifted to the left
showing no winter, longer spring (4 months), shorter summer
(4 months), and longer fall (4 months).
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Figure 6. Cumulative water fluxes under various climatic
conditions: (a) mean; (b) dry; and (c) wet.

Under wet conditions (Figure 6c), net flux remained
mostly positive because precipitation (annual total of 605 mm
or 178% of the mean conditions) exceeds actual evaporation
(annual total of 215 mm). Such conditions can be brought about
by flash floods, for example, in 2011, 2013, and 2014 (Shook
and Pomeroy, 2016). The net flux exhibited no change from
January to April because of a thick snow cover (due to high
precipitation of 107 mm) and frozen soil surface (due to sub-
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zero air temperature). This is followed by a gradual increase
from May to September (because rainfall (425 mm) was more
than twice the actual evaporation (211 mm)) and then by a neg-
ligible change from October to December (due to freezing of
soil surface and snow cover under sub-zero air temperature).
The runoff exhibited a low decrease because high water infil-
tration into the ground despite of high meltwater and high rain-
fall. In relation to the mean conditions, this figure shows three
seasons of winter (4 months), inseparable spring-summer (5
months), and a longer fall (3 months).

Figure 7 presents the variation of hydraulic properties with
respect to time in the form of degree of saturation and soil
suction from the surface to 8 m depth at 1 m increments. All
plots start from the initial values (S = 80% and w = 100 kPa)
corresponding to optimum compaction and follow the net flux
trends given in Figure 6 such that the fluctuations were high
close to the surface and decreased with depth. This is because
the ground surface is directly exposed to the atmosphere and
water movement in successive soil layers is governed by the
variations in unsaturated hydraulic conductivity. Under mean
conditions (Figures 7a and 7d), both S and y remained constant
(80% and 40 kPa) from January to mid-April, varied between
20 and 80% corresponding to 7 x 10* and 40kPa from mid-May
to October, and converged to 70% (400 kPa) during November

to December. Under dry conditions (Figures 7b and 7e), these
parameters varied between 76 and 18% (100 to 10° kPa) from
January to August and converged at S = 60% and y = 10° kPa
from September to December. Under wet conditions (Figures
7c and 7f), both S and y remained constant (80% and 40 kPa)
from January to April, fluctuated between 95% (10 kPa) and
60% (700 kPa) from May to September, and bounced back to
constant values of S = 80% and w = 40 kPa from October to
December.

During fall and winter, unsaturated hydraulic flow is pri-
marily driven by soil suction and is further restricted because
of frozen soil and snow cover. With the downward migration
of sub-zero temperature, the hydraulic flow is further reduced
due to the formation of ice by attracting pore water from the
soil (Konrad and Samson, 2000). During spring and summer,
water is in the form of liquid and vapor within the soil pores
and, as such, unsaturated hydraulic flow is governed by alter-
nate evaporation and infiltration. When the soil is desiccated
(that is, more than RSV of 3 x 10* kPa), vapor flow is the do-
minant mechanism of hydraulic transport (Ebrahimi-Birang et
al., 2004). Given the unsaturated condition of the soil along
with freezing in fall and winter and extreme dryness during
summer, heat conduction is expected to be hindered.
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Figure 8. Variation of thermal properties: soil temperture under various conditions: (a) mean; (b) dry; and (c) wet as well as heat
flux under various conditions: (d) mean; (e) dry; and (f) wet.

Figure 8 shows the variation of thermal properties with
respect to time in the form of soil temperature and heat flux
from the surface to 8 m depth at 1 m increments. The soil tem-
perature plots followed the cyclic trend of air temperature (Fig-
ure 3b) with high fluctuations at the surface that gradually di-
minished with depth. The Ts was found to be above 0 °C
throughout the year at and beyond 3.0 m depth. This coincides
with the frost depth of 1.8 m (Clifton Associates, 2009) in re-
gional soils validates the model and the use of seasonal bound-
aries in Figure 3b. During fall-winter, the Ts values varied by
14 degrees for the mean (=7 to 7 °C) and the dry (=2 to 12 °C)
conditions and by 19 degrees (—12 to 7 °C) for the wet weather.
These values indicate that the soil loses heat during fall-winter
such that this loss is more predominant under wet conditions.
During spring-summer, the Ts values varied by 20 + 2 degrees
for all scenarios (0 to 20 °C for mean, 7 to 25 °C for dry, and
—7 to 15 °C for wet weather). These identical values of thermal
gradient (soil temperature change divided by soil depth) sug-
gest that the soil gains heat during spring-summer irrespective
of the weather scenarios. Such a heat gain is expected to be more
than the heat loss during fall-winter because of the lower gra-
dients during this time.

The daily heat flux (qg) plots showed high fluctuations of

heat dissipation (positive) and heat recharge (negative) at the
surface. The surface variations were found to be low for mean

conditions (4,300 to —6,050 kJ/(day-m?)) and wet conditions
(7,780 to —6,050 kJ/(day-m?)) when compared with dry condi-
tions (11,200 to —12,100 kJ/(day-m?)). Such fluctuations gradu-
ally decreased with depth because of a decrease in the thermal
gradient over the soil profile. Irrespective of the seasonal
boundaries, the heat flux showed an initial inflection point from
positive to negative in April (that is, soil loses heat from Sep-
tember to April) and a final inflection point from negative to
positive in August (that is, soil gains heat from May to August).
These inflection points were found to be distinct under mean
and wet conditions and fuzzy under dry conditions.

During fall and winter, the ice front grows from the top
downwards because of high values of Ky (4.5 W/(m-°C)) and
Ay (10 £ 5%) thereby resulting in heat loss through soil particles
and ice crystals (Newman and Wilson, 1997). Furthermore, the
development of ice front facilitates an upward movement of pore
water from the remainder of the soil. This further decreases the
degree of saturation such that heat loss primarily occurs
through soil particles (Konrad and Samson, 2000). During
spring and summer, heat flow takes place at and above 0 °C for
which Kt (3.0 W/(m-°C)) and &, (100%). According to Coté
and Konrad (2005), heat flow under such conditions is driven
by alternate saturation (soil particles and water-filled pores)
and desaturation (soil particles and partially water-filled pores).

97



R. Paranthaman and S. Azam / Journal of Environmental Informatics Letters 7(2) 90-102 (2022)

Table 1. Summary of Hydraulic and Thermal Band Boundaries during the Investigated Year

Depth (m) S (-%) Y FkPa) Ts .(°C) Qg _(kJ/(day-mZ))

Min Max Min Max Min Max Min Max
Mean conditions
0 18 80 40 70,000 -7 21 —-3,700 3,700
1 28 80 40 20,000 -3 17 -1,900 1,900
2 40 80 40 7,000 0 14 —780 780
3 54 80 40 2,000 2 12 -520 520
4 58 80 40 1,000 3 10 —400 400
5 62 80 40 700 4 10 —260 260
6 64 80 40 300 5 89 —260 260
7 65 80 40 200 6 8 —260 260
8 66 80 40 200 7 7 —260 260
Dry Conditions
0 8 76 100 400,000 -2 26 -8,600 6,900
1 16 76 100 80,000 0 22 1,700 1,000
2 26 76 100 20,000 3 19 —860 520
3 35 76 100 7,000 4 17 -690 390
4 46 76 100 3,000 5 14 -520 260
5 56 76 100 2,000 6 13 -520 260
6 57 76 100 1,000 6 11 -520 260
7 58 76 100 1,000 7 9 -520 260
8 58 76 100 1,000 7 7 -520 260
Wet Conditions
0 62 90 4 500 -12 16 —4,800 5,200
1 68 87 6 190 -6 10 —2,400 3,500
2 73 85 7 150 -2 7 —1,000 1,800
3 75 82 10 110 0 6 —260 780
4 76 81 11 100 2 6 0 520
5 76 81 11 100 3 6 0 520
6 76 81 11 100 4 6 0 520
7 76 81 11 100 6 7 0 520
8 76 81 11 100 7 7 0 520

Table 1 summarizes the hydraulic and thermal properties
through the soil profile with Figure 9 showing the hydraulic
properties and Figure 10 illustrating the thermal properties. The
S and y plots (Figure 9) show bands between the minimum and
the maximum values with a larger range at the exposed surface
that gradually narrowed down with depth due to the increasing
soil cover. Under mean conditions, the plots showed a half
funnel-shaped trend with the maximum S (minimum ) of 80%
(40 kPa) throughout the soil column. The minimum S (maxi-
mum ) was found to be 18% (70,000 kPa) at the surface, fol-
lowed by a gradual increase to 58% (1,000 kPa) at 4 m, and
then remained constant at about 65% (200 kPa). Under dry con-
ditions, the trend was found to be similar to the mean with the
maximum S (minimum y) of 76% (100 kPa) over 8 m depth. The
corresponding values for the minimum S (maximum ) were
8% (400,000 kPa) at the surface, 56% (2,000 kPa) at 5 m, and
58% (1,000 kPa) thereafter. In contrast, the trend was found to
be funnel-shaped under wet conditions with S of 90% (4 kPa)
to 62% (500 kPa) at the surface, gradually decreasing to 82%
(10 kPa) and 75% (110 kPa) at 3 m and remained constant
thereafter. These data indicate that 4 + 1 m is the active depth
(showing significant variation in behavior) of soil where hy-
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draulic properties are governed by soil-atmosphere interactions.

The Ts and qq (Figure 10) show funnel-shaped bands with
broad ranges near the exposed surface that gradually decreased
with depth due to increasing soil cover. Under mean conditions,
symmetrical trends were observed with T, ranging from —7 °C
to 21 °C at the surface and gradually decreased to 7 °C at 8 m.
Likewise, qq varied over + 3,700 kJ/(day-m?) at the surface and
steadily reached +400 kJ/(day-m?) at 4 m, and remained con-
stant subsequently. Under dry conditions, the trend of T; shifted
towards the right with Ts varying from —2 to 26 °C at the sur-
face and reaching 7 °C at 8 m depth. The corresponding qq trend
was much wider with a range of —8,600 to 6,900 kJ/(day-m?) at
the surface that narrowed down to varied between —690 and 390
kJ/(day-m?) at 3 m and remained constant thereafter. Under wet
conditions, the trend of T, shifted to the left with T range of 16
to —12 °C at the surface that progressively decreased to 7 °C
over 8 m depth. The g4 was found to be between —4,800 and
5,200 kJ/(day-m?) at the surface and consistently approached to
range from —260 to 780 kJ/(day-m?) at 3 m and remained
constant afterward. These data indicate that 3 m is the active
depth of soil where heat flux is governed by soil-atmosphere
interactions.
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The coupled model provides a baseline for understanding
the hydraulic and thermal properties of soils under extreme
weather in cold regions. The model demonstrates that 5 m is
the active depth for buried infrastructure under all climatic con-
ditions including mean, extreme dry, and extreme wet. The fol-
lowing areas need to be further explored to ensure the success-
ful installation and operation of buried facilities: (i) heat dissi-
pation and absorption through the soil from the pipeline; (ii)
system insulation due to vegetation and/or structural cover; (iii)
impact of frozen water and built-up of pressure inside the pipes;
(iv) applied stress by traffic and structural loads; and (v) long-
term durability of the pipelines under climate changes.

5. Summary and Conclusion

The unique regional features of glacial geology (resulting
in clay deposits) and extreme weather conditions (resulting in
flash-floods and long-droughts) in southern Saskatchewan
(Canada) govern the hydraulic and thermal properties of soil
deposits. A coupled soil-atmospheric model was developed to
predict transient water and heat movement under mean, ex-
treme dry, and extreme wet weather scenarios. The primary
achievement of this research is that the proposed numerical
model is capable of determining soil behavior with respect to
both time and depth. The main conclusions of this research are
summarized as follows:

e The hydraulic properties are governed by the net flux
between precipitation and evaporation that resulted in the
shifting of the seasons under various scenarios: mean com-
prising winter (3% months), spring (1 month), summer
(5% months), and fall (2 months); dry comprising spring
(4 months), summer (4 months), and fall (4 months); and
wet comprising winter (4 months), inseparable spring-
summer (5 months), and fall (3 months). The active depth
of soil was found to be 4 + 1 m, where hydraulic properties
are governed by soil-atmosphere interactions.

e  The thermal properties are governed by air temperature for
the investigated soil. Identical values of thermal gradient
during longer spring-summer (April to October) in all sce-
narios indicate that the soil gains more heat compared with
the heat lose during shorter fall-winter (November to
March), especially for mean and dry conditions. The in-
flection points in heat flux showed that the soil gains heat
from May to August and loses heat from September to
April. A 3 m depth was found to be the active soil zone
where heat flux is affected by soil-atmosphere interactions.
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