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ABSTRACT

Snow/ice critically affects the safety, mobility, and durability of roads and bridges in cold regions. In 2020 alone, the City
of Toronto reported 250 collisions due to snow accumulation. Bridge decks are vital components of a transportation
network, also the most vulnerable to preferential icing due to more rapid heat loss compared to the bridge approaches.
Conventional snow/ice removal methods include mechanical plowing and usage of salt, sand, and/or chemical freezing-
point depressants. These methods are often expensive (e.g., the City of Toronto uses approximately 127,000 tonnes of
road salt yearly, at an average cost of $11.3 million), temporary, could affect traffic mobility, and extensively damage the
infrastructure through surface scaling, corrosion of reinforcement, and rust in conduit pipes. Additionally, conventional
deicing methods negatively impact surrounding vegetation and cause salification of freshwater.

A sustainable alternative practice for snow/ice removal is to heat the bridge deck surface using embedded hydronic pipes,
utilizing the shallow geothermal energy underground. This is achieved by employing ground loop heat exchangers and
heat pumps. Our study is aimed at evaluating the feasibility of utilizing the geothermal energy for de-icing the Gardiner
Expressway, a pivotal transportation corridor in Toronto which has been rapidly corroding due to the use of road salt. Novel
thermo-mechanical numerical models are developed in this study using COMSOL and FLAC3D to: 1) simulate the thermo-
mechanical performance of a proposed geothermal borehole incorporating local environmental conditions and in-situ soil
characteristics. Results provide valuable insight regarding the applicability of such systems for snow melting/de-icing
transportation networks in Canada.

RESUME —

La neige/glace affecte de maniére critique la sécurité, la mobilité et la durabilité des routes et des ponts dans les régions
froides. Rien qu'en 2020, la ville de Toronto a signalé 250 collisions dues a I'accumulation de neige. Les tabliers de pont
sont des éléments vitaux d'un réseau de transport, également les plus vulnérables au givrage préférentiel en raison d'une
perte de chaleur plus rapide par rapport aux approches du pont. Les méthodes conventionnelles de déneigement et de
déglacage comprennent le déneigement mécanique et l'utilisation de sel, de sable et/ou de dépresseurs chimiques du
point de congélation. Ces méthodes sont souvent colteuses (par exemple, la ville de Toronto utilise environ 127 000
tonnes de sel de voirie par an, pour un colt moyen de 11,3 millions de dollars), temporaires, elles peuvent affecter la
mobilité de la circulation et endommager considérablement l'infrastructure par I'écaillage de la surface, la corrosion des
armatures et la rouille dans les conduites. En outre, les méthodes conventionnelles de déglacage ont un impact négatif
sur la végétation environnante et entrainent la salification de I'eau douce.

Une pratique alternative durable pour le déneigement et le déglacage consiste a chauffer la surface du tablier du pont a
l'aide de tuyaux hydroniques encastrés, en utilisant I'énergie géothermique souterraine peu profonde. Pour ce faire, on
utilise des échangeurs de chaleur a boucle souterraine et des pompes a chaleur. Notre étude vise a évaluer la faisabilité
d'utiliser I'énergie géothermique pour le dégivrage de l'autoroute Gardiner, un corridor de transport essentiel a Toronto qui
s'est rapidement corrodé en raison de l'utilisation de sel de voirie. De nouveaux modéles humériques thermo-mécaniques
sont développés dans cette étude en utilisant COMSOL et FLAC3D pour : 1) simuler la performance thermo-mécanique
d'un forage géothermique proposé en incorporant les conditions environnementales locales et les caractéristiques du sol
in situ. Les résultats fournissent des indications précieuses sur I'applicabilité de tels systemes pour la fonte de la neige et
le dégivrage des réseaux de transport au Canada.
1 INTRODUCTION impact the traffic and are environmentally damaging. The
City of Toronto has been using approximately 127,000
tonnes of road salt annually (Gray, 2020). Chemical
freezing-point depressants such as sodium chloride (road

Snow and ice accumulation on transportation
infrastructure is extremely hazardous, in addition to

critically affecting its safety, utility, and durability. In 2020
alone, the City of Toronto experienced 152 cm of snowfall
according to Environment and Climate Canada, and over
250 collisions were reported during one snowstorm due to
snow accumulation (Gilson, 2020). The traditional methods
for snow/ice removal across the city involves application of
mechanical plowing and/or road salt conjunctively, which

salt) lower the freezing point of water, eliminating snow
accumulation during a typical snowfall event. However,
road salt usage has significant implications on the
environment as well as on the life cycle of infrastructure,
particularly that of the roads and bridges. Heated bridge
technology is a long-term  economically and
environmentally sustainable alternative to traditional de-



icing (or snow-removal) techniques, where the temperature
of the bridge deck surface is maintained above freezing
temperatures utilizing internal or external heating
elements. This study is aimed at evaluating the feasibility
of utilizing the heated bridge technology using sustainable
geothermal energy for de-icing of the Gardiner
Expressway, a critical transportation corridor within
Toronto which is rapidly deteriorating due to corrosion — a
direct consequence of excessive road salt usage. A key
aspect is to assess the potential of the shallow geothermal
energy of the area under the given climate.

First, we present key challenges involving the use of
traditional de-icing techniques adopted for bridges and
roads, namely, the consequences of excess use of road
salt. Next, the current condition of the Gardiner
Expressway due to the use of road salt is presented. We
then briefly introduce the heated bridge technology. Finally,
a novel numerical model is presented where we evaluate
the feasibility of utilizing the local geothermal energy near
the Gardiner Expressway based on the in-situ solil
conditions and local climatic loads.

1.1 Environmental Impacts of Road Salt

Chemical deicers, such as road sault, have been proven to
have devastating impacts on the environment. The
aforementioned enter into environmental systems through
two main pathways (Ramakrishna et al. 2005):

1. Salt dissolution into snow and direct run off.

2. Splashing into roadside environment caused by
traffic leading to percolation through the soil,
exposed to underlying plant roots and water
resources.

Excessive road salt usage during the winter can result in
sustained yearlong elevated chloride concentrations within
watercourses (Mackie et al., 2021). Lawson and Jackson
(2021) sampled 214 locations across four watersheds in
Toronto during the warmer months and found 89% of the
samples to exceed the federal chronic limit chloride
concentrations (120 mg/L CI); while 13% of the samples
had chloride concentrations above the federal acute limits
(640 mg/L). Multiple other groundwater studies (e.g.,
Pollock and Toler, 1973; and O'Brien and Majewski, 1975)
have reported unsafe chloride concentration levels,
increased hardness, alkalinity, and total dissolved solids
due to highway salting. These findings are concerning,
both for the wildlife as well as regarding drinking water.
Many endangered wildlife species, such as freshwater
mussels, reproduce in the spring and summer. The juvenile
stages of species exhibit greater sensitivity to chloride than
adults (Lawson and Jackson, 2021). Excessive chloride
concentrations within the soil also result in decreased soil
permeability, aeration, increased overland flow, surface
runoff, and erosion. Increased erosion can lead to
ecological collapses. An environmental impact study
published as part of the City of Toronto's 2020 Salt
Management Plan (Gray, 2020) reported the following
adverse effects on the environment due to existing salt
management practices in Toronto:

e Aguatic Habitat — Increased chloride
concentrations  during spring runoff and
continuous levels of chloride present in the

groundwater are adversely impacting aquatic
habitats.

e Vegetation — Roadside vegetation is damaged
from high salt concentrations in soil, groundwater,
and salt spray from roadways.

e Soil Impacts — Soils are experiencing increased
hardness, pH, and reduced permeability for some
soil types. These characteristics in the roadside
soils adversely affect the fertility of the soils.

e Wetlands — Where runoff is directed to the
surrounding natural vegetation features, swamps,
marshes, and other forms of wetlands. Runoff
may enter the marsh via a natural stream or a
roadside ditch. There is also a risk that excessive
chloride levels reduce the overall diversity of the
wetland.

1.2 Infrastructural Impacts of Road Salt

Deicing chemicals have several detrimental effects on
concrete materials, including (Wang et al., 2005):

e Frost Damage — Deicing chemicals increase the
degree of saturation in the concrete and keep
concrete pores at or near-maximum fluid
saturation, increasing the risk of frost damage.

e Scaling - The salts in deicing solutions decrease
the concrete pore solution's freezing point.
Varying ice formation under the concrete surface
results in the deformation of the concrete layers
and generates significant hydraulic pressure
between the layers. Hydraulic pressure is one of
the factors contributing to the scaling of the
concrete.

e Damage From Chemical Reactions — Chemical
interactions between the deicing salt and
concrete  materials cause leaching and
decomposition of cement hydration products,
leading to concrete deterioration.

1.3 The State of the Gardiner Expressway

The Gardiner Expressway, built in segments from 1955
until 1964 (Dixon et al., 2014), spans 18 km from Highway
427 to Logan Avenue. It is divided into at-grade and
elevated sections. The elevated section of the Expressway
comprises 17 ramps and three bridge structures that
support a steel-reinforced concrete deck (City of Toronto,
2022). Excessive salt usage has corroded and deteriorated
the condition of the Gardiner Expressway significantly. A
rehabilitation plan of the Gardiner Expressway prepared for
the City of Toronto analyzed the existing conditions of the
infrastructure in 2014. According to the study, chlorides
have penetrated to the bottom layer of reinforcement within
the bridge deck in various areas. The bridge deck has
experienced asphalt deterioration, concrete spalling, and a
heightened potential for localized failures. The bridge
demonstrates a high risk in maintaining its serviceability,
and a complete deck replacement was identified to be an
appropriate long-term solution (Dixon et al., 2014).
According to the revised rehabilitation plan from 2015, the
concrete deck and barrier walls in certain sections of the
expressway were near the end of their service life



(D'Andrea, 2015). These findings corroborate with a 2013
Detailed Deck Condition Survey (DDCS) conducted on 4%
of the bridge span which indicated that 28.4% of the
westbound deck area and 19.9% of the eastbound deck
area are actively corroding due to chloride concentration.
Test results indicated that the chloride concentration at the
top layer of the embedded steel rebar exceeded the
allowable threshold: 0.025% by mass of concrete in 73%
of the westbound and in 74% of the eastbound spans.
There have been numerous incidents reported of falling
concrete pieces from the bridge deck by CBC and the
Global News, including: in May 2012 alone, three incidents
of concrete pieces falling at separate locations along the
expressway; in June 2012 and February 2015, two
incidents were reported that caused extensive damage to
vehicles. The most recent incident dates to 2021 (Mosleh,
2021). To alleviate the dangerous conditions of the
Gardiner Expressway, the City of Toronto spends $10
million annually for maintenance and repairs (Piattelli, n.d.).
1.4  Heated Bridge Technology

A long-term sustainable alternative technique for snow/ice
removal is to heat the bridge deck surface using embedded
hydronic pipes, cables, and rebar utilizing the shallow
geothermal energy of the ground (Mehrabi et al., 2022).
Thermo-mechanical assessments suggest that heating
pipes are the most practical and efficient in terms of the
thermal as well as the mechanical performance of the
bridge deck (Mehrabi et al., 2022).

A potential sustainable source for heating is the geothermal
energy which can be utilized through energy pile (GEP), a
dual-function structural element that aids in supporting
structural loads while acting as a heat exchanger.
Utilization of geothermal energy can be a long-term
solution as it is a sustainable and renewable resource that
is vastly abundant in nature. The energy pile system
performs conductive and convective heat transfer through
the heat carrier fluid, which circulates through the piping
network embedded within the energy pile.

Heated bridges/pavements have been widely implemented
all over the world (e.g., Habibzadeh-Bigdarvish et al., 2020;
Kong et al., 2019; Balbay et al., 2010; Arndt et al., n.d). The
authors are not aware of implementation of this technology
in Canada (Liu et al., 2019). In depth analysis of the
feasibility of such technique for Toronto is nonexistent. The
application of geothermal energy for deicing the Fredrick
G. Gardiner expressway will benefit the Canadian
economy by reducing maintenance costs and preserving
the surrounding environment, such as the salinity of
freshwater and surrounding soil media from potential salt
and metal contaminations.

2 METHODOLOGY

The objective of this study is to evaluate the potential of the
geothermal energy near the Gardiner expressway. An
energy pile is therefore modeled to evaluate the extraction
heat, as well as the spatiotemporal changes in the in-situ
thermal regime after utilization of the geothermal energy
during 3 winter months. Next, the impact of this 3-month
heating cycle is assessed on the bearing capacity of the

pile. We have adopted COMSOL Multiphysics to simulate
the thermal behavior of the energy pile. The FLAC3D
software from Itasca is also adopted to assess the
mechanical behavior and bearing capacity of the energy
pile during a typical winter season.

2.1 In-Situ Soil Profile

The local soil profile for the study area is illustrated in Fig.
1. The borehole data was adopted from Shaheen & Peaker
Ltd. (2001), published as part of an environmental study
conducted 1km from the east end of the Gardiner
Expressway.
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Figure 1. Soil Profile of the Study Area

2.2 Input Parameters

The following section outlines the soil, pile, and climate
input properties used for modeling.

2.1.1  Soil & Pile Material Properties

The thermal and mechanical input parameters utilized for
the numerical modeling of the energy pile are summarized
in Table 1 and Table 2. Soil properties were calculated
using the following empirical correlations adapted from
(Kumar et al., 2016). We adopted the SPT values reported
by Shaheen & Peaker Ltd. (2001). Elastic modulus values
and thermal properties were obtained from published
literature (e.g., Samtani et al., 2006; Rajaei et al., 2015;
Abu-Hamdeh. 2003; Delage, 2013).

Cohesion, C (kPa):

C =-2.2049 + 6.484 N, 4, [1]
Poisson’s ratio, v:

v =0.15+ 0.0167N, ¢y (Ny¢o range O to 6) [2]
v =0.125 + 0.0125N; 5 (N160 range 6 to 30) [3]

Friction Angle, ¢ (°):




() = 7N1,60 (N1,60 I’ange O to 4) [4]
Q= 27.12 + 0.2857N1'60 (N1,60 range 4 to 50) [5]

Table 1. Input Thermal Properties

Linear Thermal

Expansion Specific Thermal
Material Coeffici Heat Conductivity
oefficient o A
[10—5/oc] [‘]/Kg C] [VV/m C]
Concrete 1 880 0.57
Fill 3.40 1710 2.49
Organic Silt  3.40 1710 1.1
Clayey Silt  3.40 1710 1.75
Table 2. Input Mechanical Properties
Material EMPa] v DS 1 clkPal
[kg/m®]
Concrete 25,000 0.20 2,500 - -
Fill 18.4 0.34 2,040 33.25 299
Organic Silt  1.63 0.22 1,600 24.5 25.5
Clayey Silt  6.29 0.35 1,480 32.3 105.7
2.1.2  Climate & Initial In-situ Temperatures

The temperature period utilized for numerical simulations
is February 2019 to February 2020. Air temperature data
has been retrieved from Environment and Climate Canada.
Ground surface temperature data was retrieved from
NASA Earth Observations (NEO) database. Figure 2
illustrates variations of the air temperatures as well as
ground surface temperature during the period of interest.

Ground surface temperature variations with depth were
derived using Eq. 6.(Andersland et al., 2003) Heat flow
through the soil is determined by the soil's thermal
properties. The equation utilizes the mean annual ground
surface temperature (T,,), obtained from the NEO
database, and the surface temperature amplitude (4;) to
estimate the sinusoidal fluctuation in temperature with
depth. Figure 3 depicts the variation in ground temperature
with depth.

Ty = T+ Asexp (—z\/:lp) sin (% - z\/:lp) [6]
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Figure 3. Ground Temperature vs Depth during the 3
Months of Interest

2.2 Numerical Modeling Using COMSOL Multiphysics

A 3D model has been developed to simulate the thermal
performance of a 25 m long geothermal energy pile
embedded into a soil stratum that is a simplification of the
stratigraphy provided in Figure 1. The input parameters are
those of the Fredrick G. Gardiner Expressway. The model
consists of 3 soil layers, and a 25m geothermal energy pile
with a diameter of 4m. The pile is equipped with a helix pipe
within with a diameter of 20 mm. The working fluid is taken
to be water. Temporal ground surface temperatures were
assigned to the model. Water was injected into the helix
pipe over a duration of three cold months of the season
(Dec, Jan, Feb). Changes in the fluid temperature, pile, as
well as temperatures changes in the ground were
recorded. The model development consisted of the
following steps: (1) development of 3D geometry, (2)
assignment of material properties, (3) addition of the
physics settings; heat transfer in solids and non-isothermal
pipe-flow, (4) assignment of initial and boundary
conditions, (5) mesh generation, (6) defining input-output
times, (7) simulation for both heat transfer in solids and
non-isothermal pipe-flow. Materials were assigned using
input parameters from Table 1 and Table 2. Initial
temperatures within the ground were assigned using
temperature data from December presented in Figure 3.
The thermal boundary at the ground surface was time
dependent, where we used ground surface temperature
data during the 3 months of interest. Boundaries were set
far enough to avoid inducing boundary effects.

Free tetrahedral elements were used for the mesh. The
mesh was set to be finer in transition zones, including the
pile and pipe, to ensure accurate replication of the heat
transfer. Figures 4 and 5 present the geometry mesh. All
together the model consisted of 70,976 domain elements,
4,686 boundary elements, and 2,346 edge elements.



Figure 4. Schematic of Pile in the Soil Media
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Figure 5. Arial View of Pile, Pipe and Ground Surface

For the non-isothermal pipe flow, water was assigned as
the working fluid with an initial temperature of 10°C. The
temperatures of the exit fluid were monitored and plotted
after running the model for a 3-month period during the cold
season based on the Gardiner Expressway in-situ and
climate conditions.

2.3 Numerical Modeling using FLAC3D

The finite difference based FLAC3D software from Itasca
was used to simulate coupled thermo-mechanical
response of the energy pile adopting in-situ and climate
conditions of the Gardiner Expressway. The objective of
this component of the numerical modeling has been to
investigate the effects of thermal loads generated within
the pile-soil system on the bearing capacity of the pile
during a typical winter period. We utilized the “interface”
feature to replicate the pile interaction with the surrounding
soil. The model development consisted of the following
steps: (1) mesh generation, (2) assignment of mechanical
and thermal properties, as well as constitutive models to
various zones, (3) assignment of boundary and initial
conditions, (4) creation of interface elements, (5) setting
the model to mechanical equilibrium, (6) simulate pile
installation, (7) setting the model to mechanical equilibrium,
(8) assignment of initial ground temperatures, and
temperature-dependent mechanical properties, and (10)

simulation of thermal equilibrium and vertical loading to
observe variations in bearing capacity.

The mesh was discretized finely near the pile’s immediate
vicinity, as that was the area of interest for this study. The
model was then assigned the respective soil properties and
brought to an equilibrium stress-state state under
gravitational conditions. Figure 6 illustrates the model
geometry and boundary conditions.

GP Fixity
Color Index:
Fixed inlocal X
Fixed inlocal Y
Fixed inlocal Z
Scale: 0.539074
Zone Group
Default=Clayey Silt
Default=Fill
Default=Organic Silt
Default=Pile
Default=Top

Figure 6. FLAC3D Model
Conditions

Geometry and Boundary

The bearing capacity of the pile was determined by axially
loading the pile cap over 50,000 steps to accurately
capture the pile’s failure response. A significant number of
steps were assigned to implement the loading as sudden
loading allows the pile’s inertial effects to govern, and
failure identification becomes complex.

The behavior of the soil was modeled using Mohr-Coulomb
criterion, while the concrete energy pile was modeled
based on the linear elastic failure criterion. The soil was
assumed to be isotropic, and a coefficient of horizontal
stress Ko = 1 was adopted. We did not incorporate the
water table in this study.

After determining the bearing capacity of the pile without
incorporation of temperature effects, the pile was restored
to its original in-situ state. Thermal properties from there
were then assigned to the model. Isotropic heat conduction
is assumed to be the primary heat transfer mechanism.
Fourier’s law defines the relationship between heat flux and
temperature gradient using Eq. 7.

q; = —kT; [7]

where qi[%] is the heat-flux vector; k is the thermal

conductivity matrix utilizing the three properties from Error!
Reference source not found. and T [°C] is temperature.
Next, the climatic temperature loads, which varies with
time, was applied at the ground surface on top of the



model. Temperature variations with depth were derived
using Eq. 6.

Certain material properties can be temperature dependent.
The soil cohesion has been taken as a temperature
dependent parameter in this study. Numerous studies have
documented the change in soil cohesion with temperature
(Maghsoodi et al., 2019, Hoseinimighani et al., 2021, Li et
al., 2018). Varying cohesion could result in changes in the
bearing capacity of the pile. In this study, we approximated
the changes in soil cohesion as a function of temperature
using a first-order linear function, adapted from the findings
presented by Yavari et al. (2015). Once thermal equilibrium
was reached in the model, the pile cap was axially loaded
over 50,000 steps to estimate bearing capacity.

3 RESULTS

The following sections highlights the results obtained from
the two numerical models simulated in this study.

3.1 COMSOL Multiphysics
Figure 7 illustrates the initial temperature contour while

Figure 8 depicts the final temperature contour at the end of
3 months utilization of the energy pile.

Y\I/x

Figure 7. COMSOL Initial Temperature Contour

The results suggest a rather rapid increase in the exit fluid
temperature of ~ 5°C. For better assessment of
temperature evolutions during 3 months utilization of the
energy pile, we plotted the initial ground temperature
distribution, the ground temperature distribution at the end
of 3 months without utilization of the energy pile; as well as
temperature variations at the centre of the energy pile,
along the pile-soil interface, and 2m away from the pile, all
at the end of 3 months of utilization of the energy pile
(Figure 9).

The results reveal an increase in pile temperature
specifically at shallower depths, and a decrease in the
ground temperature due to the active energy pile
specifically in zones near the pile

Figure 8. Temperature Contour at the End of 3 Months
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Figure 9. Temperature Distributions with Depth

3.2 FLAC3D

Figure 10 depicts the contour plot of initial in-situ vertical
stresses. Figure 11 illustrates the temperature distribution
within the ground incorporating the thermal loads imported
from COMSOL and applied in the heated pile. Figure 12
presents plots of the bearing capacity of the energy pile in-
situ and after being utilized for thermal extraction for a 3-
month period. As anticipated, results show a significant
increase in the bearing capacity due to increased



temperatures. Similar findings have been reported in the
literature.
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Figure 10. In-situ Vertical Stresses
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Figure 11. Temperature Contour Plot with Heated Pile
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3.3 Conclusion

The goal of this study was to evaluate the feasibility of
utilizing the geothermal energy for de-icing the Gardener
Expressway through utilizing energy pile systems. Two
numerical models were developed using COMSOL and
FLAC3D to evaluate thermal evolutions in the ground,
incorporating in-situ soil conditions, and local climatic
loads. We also evaluated the thermo-mechanical response
of the soil-pile system and assessed how the bearing
capacity could be affected if the pile remained thermally
active over 3 consecutive months in the cold season. A
rapid increase in the exit fluid temperature detected in this
study suggests a potential for this system in the area of
interest. Further comprehensive analysis will be conducted
using the developed models in this study to further evaluate
the efficiency of the energy pile, incorporating the water
table, as well as the pile performance during cooling
periods.
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