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Abstract
Winter roads are economical and effective means of providing reliable transportation links to remote regions. Operators 
establishing ice crossings over rivers and lakes have been facing increased pressure to deliver higher volumes of goods, 
larger loads, in challenging climatic conditions. A question arose from industry: “is there a way to safely provide addi-
tional bearing capacity in ice covers and assist with extending operating seasons, possibly through reinforcing the ice?” 
This study investigated this operational challenge by developing a model to simulate ice reinforcement theories using 
ANSYS computer modeling techniques. ANSYS 18.0 was utilized to successfully model reinforced ice covers and estimate 
the ice deflection under a centrally concentrated load. ANSYS computer models allow us to learn complex behaviours 
of materials and provide a more accurate estimation of deflection compared to the analytical method, which provides 
a closed-form solution to a given problem. The results show that the reinforcing material is able to stiffen the ice cover 
which enables a larger surface area to carry the load; a higher percentage of the reinforcement by volume further reduces 
ice deflection. The test results also indicate that the reinforcing material must be considerably stiffer than the ice so that 
the load can be more efficiently transferred from the ice to the reinforcing material. The results highlight a successful 
modelling of reinforced ice covers and discuss the feasibility of installing the reinforcing material, through an example 
using wood as a possible reinforcing material because it is readily available on site and meets a number of pre-determined 
criteria. While the creation of an ice reinforcement modeling tool was a success, further research is needed to verify the 
feasibility of using a variety of materials as reinforcement to increase the safe bearing capacity of ice covers as well as 
evaluate different applications and orientations of the reinforcement to achieve the best outcome. All of this bearing 
in mind that the reinforcement must be able to be safely installed in situ within the ice cover. Moreover, a collection of 
actual ice deflections in the field is recommended to further assist in calibrating the ANSYS model. The simulations serve 
as an initial step in evaluating different reinforcement materials and methodologies. Subsequent research will need to 
evaluate the modelling in controlled, full-scale field applications prior to providing a tested solution for commercial use.
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1  Introduction

1.1 � Background

There are remote communities and vast resource explo-
ration regions in Canada that lack basic all-weather road 
access. The transportation lifelines to these regions are 
connected sections of ice infrastructure within winter 
road networks that are rebuilt each year. Winter roads 
rely upon viable crossings on lakes and rivers to com-
plete the road network between land portages. The min-
imum ice thickness on these lakes and rivers determine 
the safe bearing capacity of the entire winter road net-
work. Although ice covers are an economical and effec-
tive means of supporting loads, resource extraction, and 
moving people and goods every winter, they are highly 
dependent on adequate weather conditions. Research 
indicates that, in the next 25 years, Canada will see a 
13% reduction in winter road accessible land area. This 
translates to almost 400,000 square kilometres of Cana-
dian real estate losing winter road accessibility in some 
of the most remote regions in the country [1]. Members 
of Canada’s Federal Government recognize the loss of 
winter road access and the long-term impact on remote 
Northern communities [2].

There are trends of increasingly warmer winters 
occurring more frequently. For instance in the winter 
of 2005/2006, Environment Canada reports show the 
winter temperatures were significantly above normal 
in northern Canada, and they directly impacted numer-
ous winter roads causing most of them to fall dramati-
cally short of transportation goals [3]. These operational 
pressures on ice operators continue as they are being 
challenged to deliver heavier goods and higher traf-
fic volumes in frequently shorter winter ice seasons. 
The ice construction industry seeks solutions to these 
operational challenges and ponders the introduction of 
a reinforcing material into ice covers to increase the safe 
bearing capacity of ice crossings.

The purpose of this study is to implement ANSYS 
computer models to determine whether ice reinforce-
ment is a viable concept and whether it is worthwhile to 
implement the result in full-scale field tests. This study 
includes an ice reinforcement literature review and sug-
gests screening criteria for reinforcing materials. Next, an 
ice plate model was built and analyzed using the finite 
element analysis (FEA) in ANSYS with a viable reinforcing 
material. The results of the analyses are presented for 
discussion. This report also includes recommendations 
for further modelling to evaluate additional reinforcing 
materials and suggestions for further investigations to 
compare ANSYS results with field tests.

2 � Literature review and proposed 
reinforcement material screening criteria

2.1 � Historic reinforcing materials

Based on the literature review and results from experimen-
tal research, a wide variety of materials have been frozen 
into the ice to reinforce the ice over the years. In general, 
it appears that most research determined that the bearing 
capacity of ice can be improved primarily by changing the 
thermal and/or the mechanical properties of the ice cover.

In 1942, Geoffrey Pyke proposed a project that was 
known as Project Habakkuk which was to add wood pulp 
to ice as a floating platform for aircraft (ice aircraft carrier) 
during World War II [4]. The reinforced ice was tested to be 
stronger and more durable compared to solid ice due to 
the low thermal conductivity of wood pulp, which greatly 
slows down the melting process. In addition, it was dis-
covered that wood pulp can increase the tensile strength 
of the ice covers. Another test was conducted by Kingery 
[5] by adding both sawdust and fiberglass to the ice. It 
was shown that with 15% fiberglass by volume added to 
ice, the strength was increased about 10 times. Ohstrom 
and DenHartog [6] reported laboratory tests performed 
using branches, wooden dowels and steel cables as ice 
reinforcement. The ice reinforcement improved the flex-
ural strength, but it could not reach the highest tensile 
strength of reinforcing materials due to limited bonding 
with ice.

In 1980, Jarrett and Biggar [7] discovered that the appli-
cation of geotechnical fabrics can increase the flexural 
strength by up to 31%. Fransson and Elfgren [8] conducted 
a field test on freshwater ice reinforced with either sand, 
birch branches or sawn timber. The test results indicate 
that the reinforcement materials should be considerably 
stiffer than the ice so the load can be transferred from the 
ice to reinforcing materials. In 1989, Haynes and Martinson 
[9] found that Geogrid bonded well with ice and it was 
able to increase the bearing capacity of ice by up to 300%. 
In the same year, Nixon and Weber [10] reported that allu-
vium-reinforced ice could also increase the bearing capac-
ity of ice. Later, a variety of lab studies on soil-reinforced 
ice were conducted and reported by [11–13]. It was proven 
from lab results that there was a clear increase in values 
of bending strength, flexural strength, as the percentage 
of reinforcement increases. Alluvium includes silts, sands 
or gravels, and all the materials are readily available in the 
remote Arctic locations and environmentally-friendly dur-
ing the melting stage.

In summary, historical research has demonstrated 
that ice could be reinforced by fibers such as wood 
pulp, sawdust, branches and wooden dowels, structural 
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materials such as steel cables, geosynthetic materials such 
as Geogrid and alluvium, including sand, gravels and more. 
Each material can reinforce ice covers to varying degrees, 
depending on the percentage of reinforcing material by 
volume, the bonding between reinforcing material and ice, 
and inherent properties of the reinforcing material itself. 
However, each material also has its own vulnerabilities, 
which are important to take into consideration during the 
selection process. For instance, Geogrid has a higher sus-
ceptibility to shear failure, concluded from extensive field 
tests performed by manufacturers [14]. Also, the addition 
of alluvium in the ice has negative effects on ice thickness, 
particularly in late season applications, due to the Albedo 
effect increasing the rate of ice melt. According to Light 
et al. [15]; see his Fig. 13 on page 27,749), the Albedo value 
for sediments is always larger than for clean ice, which 
indicates that solar radiation absorption by the sediments 
remains higher than ice throughout the whole late-winter 
season.

It appears that previous researchers focused more on 
incorporating reinforcing materials to either reduce the 
thermal conductivity of ice covers, or to increase the bend-
ing strength or tensile strength of ice covers. The idea of 
stiffening ice covers to enlarge the surface area for ice 
bearing the load has not been tested and implemented 
yet. This is the idea that was chosen as the focus of this 
study, which is to create a computer model that would 
assist in determining the feasibility of using continuous, 
stiff materials for reinforcement while increasing the safe 
bearing capacity of an ice cover.

2.2 � Proposed screening criteria for reinforcement 
material

To evaluate materials for suitability in ice reinforcement, 
the following criteria were used for this study:

•	 Environmentally friendly and bio-degradable
•	 Ability to stiffen an ice cover to bring a larger ice sur-

face area into bearing a given load, at low temperatures
•	 The raw reinforcing materials are readily available and 

easy to process on site
•	 Ability to be safely and easily installed and maintained.

3 � Building the model

3.1 � Field methods for measuring ice deflection

Ice deflection monitoring plays an important role in 
investigating ice behaviors and understanding the 
characteristics of ice covers. To begin to construct a 
computer model and calibrate it, the measured ice 

deflection under a given load in field conditions is used 
to compare with the modeled ice deflection. For the 
purposes of this study, NOR-EX’s field study provided 
the field data to be used to build and calibrate our 
model.

3.1.1 � NOR‑EX field testing site description

A 100 m long and 30 m wide section of the ice crossing on 
Dome Lake of the Tibbitt to Contwoyto Winter Road was 
chosen to perform the ice deflection test. Dome Lake is 
located about 2.5 h drive northeast from Yellowknife and 
is in proximity to the TCWR JV Dome Lake winter road con-
struction camp. Figure 1 shows the location of Dome Lake.

3.1.2 � Static vehicle load ice deflection measurement 
in the field

Ground-penetrating radar (GPR) ice profiling, laser scan-
ner, land survey equipment, and processing software were 
used to collect ice deflection data and produce data maps. 
The ice profiling of the test area was conducting by run-
ning transverse and longitudinal profiling lines, shown 
in Fig. 2. Survey level and rod system were set on the ice 
surface to measure a series of station elevations. Ice eleva-
tions are measured before vehicle loading, (with a vehicle 
as a test load on the ice) as well as after vehicle unload-
ing. Each set of elevation measurements was repeated 
four times for a total of 80 measurements. Different test 
vehicles were deployed on the ice in the field test to allow 
a better investigation of the ice behaviors and ice deflec-
tions under static loads.

The deflection experiments were carried out on 13 
December 2013. Maximum air temperatures recorded at 
Yellowknife (≈ 67 km southeast of the study site) on 12, 13 
and 14 December 2013 were − 34.5, − 38.1 and − 23.7 °C, 
respectively. Air temperatures recorded at Pensive Lake 
(≈ 5 km south-southeast of the study site) correlate well 
with Yellowknife recordings (r2 = 0.95).

3.2 � Modeling calibration

Elastic modulus, E, is a key variable closely related to ice 
deflections and stresses in an ice cover. It is used to cali-
brate computer modelling of ice cover behaviour. Sinha 
and Cai [16] pointed out that the value of E can vary from 
0.1 to 6.9 GPa. There are many factors which can result 
in this high variation in E, such as ice type, temperature 
and rate of loading. Gold [17] suggested an elasticity of 
6.9 GPa is common for freshwater ice, and Masterson [18] 
suggested 5 GPa for a continuous ice sheet. The effect of 
the modulus of elasticity is noticeable on the deflection, 
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which will be discussed further in the next section. Hence, 
selecting an appropriate effective elastic modulus is piv-
otal in predicting ice deflections accurately.

Our industry partner provided recent field ice deflec-
tion data for the purposes of calibrating the study’s com-
puter model. ANSYS simulations were compared to the 
2014 Winter Program results collected by NOR-EX Ice 
Engineering Inc, demonstrated in Figs. 1 and 2. A two-axle, 
12,000 kg water truck was used as a test vehicle providing 
a stationary load, which produced the deflection bowl of 
ice covers shown in Figs. 3 and 4. Our ANSYS model was 
deployed to generate deflection curves using different E 

value of 0.1 GPa, 1 GPa, 4 GPa and 7 GPa. The results pro-
vided in Figs. 3 and 4 show that an effective elastic modu-
lus around 0.7 GPa was adopted to produce the best fit 
for the field deflection data collected in December 2013. 
Similarly, the same modeling calibration was conducted 
using field deflection data from the 2015 Winter Program. 
An effective modulus of elasticity between 5 and 6 GPa 
was more appropriate to predict actual field deflections 
for the 2015 field data. NOR-EX’s data is a good example 
showing that the effective elastic modulus changes each 
year. Additionally, the effective elastic modulus is depend-
ent upon temperature, ice cover type (in our case, lake ice 

Fig. 1   Plan view of Dome Lake 
test site
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or river ice), water body and several other factors. Different 
water bodies such as sea water and fresh water provide 
different elastic support which is directly proportional to 
the density of water, which will be explained in the next 
section. 

Therefore, increasing the accuracy of ice reinforcement 
models requires in situ measured ice deflections to pro-
vide the data for calculation of an effective elastic modu-
lus. For the purposes of this study, an effective modulus of 
elasticity value of 1 GPa was chosen. Further explanation 
is provided in Sect. 3.

3.3 � ANSYS modeling

ANSYS is a feasible and versatile tool for solving this com-
plicated case study because it not only is able to provide 
a valid 3D model to demonstrate how ice covers respond 

under loads, but also achieve computational efficiency. 
FEA has been widely adopted in various engineering appli-
cations such as structural, fluid, and thermal analysis. The 
theory behind FEA includes a discretization strategy, a 
series of algorithms and data post-processing. This analysis 
can create a desirable number of mesh points of the object 
so that each specific point can be studied depending on 
our needs. FEA allows the visualization of the subtle details 
of the structures and the accurate calculation of stress 
and strain distributions of bodies, which can be utilized 
to analyze deflection of ice covers. With the advancement 
of computer hardware and software technology, it is an 
application to make more complex case studies compu-
tationally efficient.

3.3.1 � Model set up

A continuous, non-reinforced ice cover with a point load 
was created to compare with a reinforced ice cover. The 
non-reinforced cover is shown in Fig. 5, with a width of 
60 m, length of 100 m and 0.4 m thickness. The ice cover is 
assumed to be constrained by surrounding ice. By testing 
different sizes of ice covers, this model is deemed large 
enough to capture the entire deflection bowl under a 
static load, which ensures that there are no edge effects 
exerted by simulated land edges of the water body.

The ice cover is considered to be a homogeneous and 
isotropic elastic material. The point load is assumed to be 
static (to match the field measured conditions and nor-
mally the maximum measured deflection). Ice properties 
are listed as follow:

•	 Ice density: 918 kg/m3

•	 Elastic modulus: 1 GPa
•	 Poisson’s ratio: ν = 0.35
•	 Boundary condition: fixed supported at both ends 

along the width of the ice cover
•	 Elastic support (lakes or rivers) = ρwg = 9800 N/m3

•	 Centrally applied point load: 100,000 N = 100 kN

As discussed previously, the E values commonly range 
from 0.7 to 7  GPa. For the purposes of this study, E is 
assumed to be 1 GPa and Poisson’s ratio equals 0.35. Note 
that selecting a small value for E can better evaluate how 
the reinforcing material will affect relatively stiffer ice cov-
ers, and it is more conservative to predict ice deflections 
of reinforced ice covers.

Due to transverse and longitudinal symmetry, a quar-
ter of the ice cover was discretized. Figure 6 shows the 
geometry of the ice cover with reinforcing material. The 
analysis of the reinforced ice cover model focuses on wood 
as the reinforcing material, because of its light weight and 
high workability. Timber is also readily available, cheap 

Fig. 2   Dome Lake test site and GPS profiling tracks
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and accessible. This research gives a preliminary look at 
whether or not reinforcement could be modelled and, 
as a first step, we selected timber as being a reasonable 

material which meets the environmental impact crite-
ria. Pulp would have been difficult to start with as a first 
model, however, in the future we wish to model a selectin 
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of viable options and pulp could be an option that merits 
investigation in the future.

Deflections of the ice with and without wood are com-
pared in order to determine the ability of wood to stiffen 
ice covers under given boundary conditions. The thickness 
of the wood boards is assumed to be 0.04 m. The spacing 
between wood boards varies from 0.25 to 2.0 m, which 
allows to determine the optimal spacing of reinforcement 
from a practical standpoint. The volume fractions of wood 
to ice are provided in Fig. 7. Models with different spac-
ing will be described later in detail. Since the reinforcing 
material remains frozen within the ice covers, the connec-
tion between reinforcing material and the ice was consid-
ered completely bonded, which ensures there is no gap 
between the ice and reinforcing materials throughout the 
domain. Boundary conditions will be the same as in the 
ice-only cover model.

The reinforcing material should be considerably stiffer 
than the ice so the load can be transferred from the ice 
to the reinforcing material. Wood generally has an elastic 
modulus between 8 and 12 GPa [19]. The average elastic-
ity of wood is approximately 10 GPa, which is 10 times 
stronger than ice, and Poisson’s ratio is generally around 
0.42.

The extent of the reinforcement was seen as critical 
to improve bearing capacity, captured by two models. 
Wood is installed halfway through the ice thickness, 
shown in Fig. 8, and the wood inserted through the full 
thickness of the covers, shown in Fig. 9. However, it is 
worth noting that installation through the full thickness 
is not feasible from an operational point of view. The 
model is only used for comparison and demonstrates a 
range of the effect that reinforcement has on deflection 
reduction.

Fig. 5   Continuous ice cover without reinforcing material

Fig. 6   Reinforced ice cover 
model
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3.4 � Analytic methods

3.4.1 � Ice cover model

Elastic theory is used to assess and verify the results 
obtained from ANSYS. Deflections of ice with and with-
out wood boards are compared, together, in order to 
determine the ability of wood to reinforce the ice cover 
in order to investigate to what extent wood can reinforce 
the ice cover and determine the optimal percentage 
reinforcement. Wyman [20] developed a linear elastic 
plate model of ice floating on water. The response of an 
infinite, homogenous and isotropic elastic plate resting 
on a liquid and subjected to a static vertical load q can 
be described by in the following equation

where D =
Eh3

12(1−v2)
, flexural rigidity of the plate, E, Young’s 

modulus; h, ice thickness; v, Poisson’s ratio; w, deflection; 
ρw, density of water; q, a static vertical load.

3.4.2 � Mechanical properties of composite materials

To verify the results obtained from ANSYS, it is important 
to know the properties of the composite or reinforced 
ice, such as elastic modulus, Poisson’s ratio and thermal 
conductivity. The ice composite consists of the reinforce-
ment and matrix materials. In general, the upper-bound 
for elastic modulus, E, in the direction parallel to the rein-
forcement can be as high as Ec = Ef f + Em(1 − f ) . Once 
the results are obtained from ANSYS, the composite elas-
tic modulus can be used to evaluate the validity of 
ANSYS results. f = Vf

Vf+Vm
 is the volume fraction of the 

D∇4w + �wg = q.

reinforcement, Ef is the elastic modulus of the reinforce-
ment, and Em is the elastic modulus of the matrix.

The Poisson’s ratio of ice composites can be calculated 
using � = �f Vf + �m

(

1 − Vf
)

.

3.5 � Simulation scenarios

The first scenario was set to insert wood boards from the 
surface of the ice cover into half its thickness, which equals 
0.2 m. The second scenario is with wood boards through 
the full thickness of the ice. A point load of 100 kN acts on 
the center of the ice cover. Four side faces of ice covers 
are assumed to be fixed to resist vertical and horizontal 
forces as well as moments. Different spacings were stud-
ied, including 0.25 m, 0.3 m, 0.4, 0.5, 1, 1.25, 1.5, 1.75 and 
2 m. Different types of wood, represented by using differ-
ent elastic moduli, were also tested for each scenario.

Wood can be categorized into two groups, softwood 
(coniferous) and hardwood (deciduous). However, hard-
wood is not necessarily stronger or stiffer than softwood. 
Therefore, in the current stage of this study, instead of 
specifying which type of wood is being used, the elastic 
moduli of 8 GPa, 10 GPa and 12 GPa were used to estimate 
relative reductions in deflection. A range of values can bet-
ter allow the client to make a decision about which type of 
wood to use based on the desired deflection characteris-
tics informing ice bearing capacity design.

4 � ANSYS model results

In any FEA model, the accuracy of results is directly related 
to the finite element mesh that has been used. In general, 
with the finer mesh, the computed solution will approach 
higher levels of accuracy. However, the higher accuracy 

Fig. 8   Side view of the ice 
cover with reinforcing material 
half through thickness

Fig. 9   Side view of the ice 
cover with reinforcing material 
through full thickness
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means more computational resources such as longer solve 
times and more usage of CPU and memory are required. 
Therefore, a mesh sensitivity test is a necessary step to 
make sure to obtain the desirable accuracy of the results 
while achieving computational efficiency.

A mesh sensitivity study was carried out on a model that 
has the most complex geometry, which is an ice cover rein-
forced by wood planks with a spacing of 0.25 m through 
half the thickness of the ice cover. The results of eight runs 
were used to plot a curve demonstrated in Fig. 10, which 
indicates when the mesh number approximately falls 
between 125,000 and 225,000 and convergence can be 
achieved. In this range, it can be observed that by increas-
ing and decreasing the mesh number, roughly by 20%, the 
difference in the results is less than 1%. Moreover, all 8 runs 
of the model have good quality of each mesh and over-
all mesh distribution by evaluating the mesh metric. All 
meshes are in a regular hexahedra shape, and the stand-
ard deviation of the mesh distribution remains from 0.1 to 
0. A low standard deviation indicates that the majority of 
meshes have similar size and good element quality. This 
independency study eliminates the influence of the mesh 
on the computational results. Therefore, we can ensure 
that our results will not depend on neither the mesh size, 
nor the mesh number when we selected the case with the 
mesh number of 193,284 to conduct FEA in order to avoid 
inefficient computations. Our numerical result is indicated 
with a red point in Fig. 10.

As mentioned above, the distribution of the wood 
boards is important when evaluating the reinforcing 
effects. The results for wood boards inserted halfway 
through ice thickness are compared with the full thickness 
application ice in Fig. 11. It is noted that Fig. 11 only shows 
the result for the reinforcing material with an elasticity 

equal to 8 GPa. Tests for elasticity equal to 10 GPa and 
12 GPa were also conducted, and both of them exhibit 
the same pattern as the curve for 8 GPa.

The deflections of ice covers with reinforcement 
through the ice cover’s full thickness are about half that of 
reinforcement only halfway through. There are two main 
reasons for this. First, when wood boards are installed 
through its full thickness, the reinforcement in the ten-
sion zone can withstand more tensile stress and contrib-
ute to resisting bending stress. The second reason is that 
the reinforcing effect depends on the percentage of wood 
reinforcement by volume. The greater percentage by vol-
ume of reinforcement results in stiffer reinforced ice covers 
and less deflection.

The curves in Fig.  12 demonstrate the deflection 
reduction for reinforcing material with elasticity of 8, 10 
and 12 GPa. Wood boards are installed halfway through 
the ice thickness. Similarly, Fig. 12 shows the deflection 
reduction when wood boards are installed through the 
full ice thickness with elasticities of 8, 10 and 12 GPa for 
the reinforcing material. According to both Figs. 12 and 13, 
there is an exponential relationship between deflection 
reduction and spacing. Using the curves, the deflection 
reduction under certain spacing can be easily determined. 
The exponential curves show that the closer the spacing 
is between wood boards, the less ice covers deflect. This 
confirms that the stiffer reinforcing material performs bet-
ter to reduce deflection in the ice cover under load. The 
exponential curves also help to demonstrate the optimal 
spacing of wood boards. Designers can determine the 
usage of reinforcing materials based on the curves to their 
desirable level. 

To determine if the ANSYS model predictions comply 
with the analytical solution, the same set of numbers in 

Fig. 10   Mesh sensitivity 
analysis
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the ANSYS simulation were used for the analytical solu-
tion. Analytical solutions were derived by using elastic 
plate theory and the composite materials mentioned in 
the Analytical Methods Section. A good agreement was 
found between the finite element solution produced by 
ANSYS and exact elasticity solution derived by the ana-
lytical method in terms of the same order of magnitude. 

Moreover, both analytical and ANSYS curves exhibit an 
exponential relationship between deflection reduction 
and spacing. The difference between analytical results and 
ANSYS results varies from 0.04 to 3.73%, which is deemed 
acceptable.

Based on the theory behind the  two methods, the 
results obtained from FEA using ANSYS are deemed to 
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Fig. 12   Ice deflection reduc-
tion vs different spacing for 
reinforcing materials with 
different elastic modulus with 
wood boards halfway through 
the thickness

0.0%

2.0%

4.0%

6.0%

8.0%

10.0%

12.0%

0 0.5 1 1.5 2 2.5

De
fle

c�
on

 re
du

c�
on

Spacing (m)

Ice deflec�on reduc�on Vs. different spacing for reinforcing materials
with different elas�c moduli

8 GPa
10 GPa
12 GPa



Vol.:(0123456789)

SN Applied Sciences (2019) 1:371 | https://doi.org/10.1007/s42452-019-0381-z	 Research Article

be more reliable. There are many factors that can lead to 
the difference between analytical and ANSYS results. The 
main one is non-linear strain and stress distribution within 
reinforced ice covers, either in the reinforcing materials 
or in the ice covers. However, in the analytical model, the 
reinforced ice cover is considered to be a homogenous 
and linearly elastic material. In reality, each material has a 
unique material structure, Poisson’s ratio and elastic mod-
ulus. The strain and stress distributions cannot be perfectly 
linear as is assumed in the analytical model. In ANSYS, a 
non-linear strain distribution is reflected in Fig. 14 show-
ing that using ANSYS models to estimate ice deflection 
will provide a more realistic representation of actual field 
conditions. A mesh sensitivity analysis was carried out to 
make sure that large errors do not arise from the meshing 
process when applying Finite Element Analysis. Overall, 
the analytical method verifies the results and increases 
our confidence in the ANSYS computer model simulations.

The beginning and end of the ice road season can be 
crucial due to potentially warmer air temperatures at the 
beginning and increasing air temperatures and solar radia-
tion at the end of the season. Design requirements pre-
scribe a minimum thickness of good integrity ice which 
governs the opening of the road. The length of the season 
is then limited by the ability to maintain high confidence in 
the ice integrity and thickness. As air temperatures warm, 
industry best practice generally accepts that if air tempera-
tures rise above freezing and remain so continuously for 
48 h then the bearing capacity needs to be reduced by half 
until the ice re-freezes with cold temperatures. That said, 
it is noteworthy to mention that ambient air temperature 
is the primary driver. At the beginning of the season snow 
cover, as an insulator retarding growth, impacts the ice 

cover, there are minimal if any sun effects in December 
when the days are shortest of the year. At the end of the 
season sun may play a factor but sunny and − 30 °C is a lot 
different than sunny and − 2 °C. Ambient air temperature 
plays the most significance and as the ice cover warms 
it becomes more flexible. Reinforcement stiffens the ice 
cover and counters that temperature effect. We are not 
saying the sun does not have effects but in most cases it 
does not become a significant factor as compared to ambi-
ent air temperature.

5 � Discussion and conclusion

There appears to be two main methods available to 
improve the bearing capacity of ice covers by using ice 
reinforcement. One method is to focus on lowering its 
thermal conductivity by adding other materials into the ice 
such as sawdust and alluvium. The second method is to 
increase the elastic modulus of the ice cover by inserting 
reinforcing materials into the ice cover as was conducted 
in this study.

In terms of specific results from this study, an expo-
nential relationship was found between the deflection 
reduction of an ice cover and the spacing of the wood 
board reinforcement. The reduced ice deflection can be 
explained by the stiffening effect of the reinforcement, 
which draws into effect a larger surface area to support 
the load. In other words, the deflection bowl has a larger 
surface area and will have a lower maximum deflection 
under the same load in a reinforced ice scenario. It is also 
shown that an ice cover with a higher percentage of wood 
reinforcement by volume will deflect less.

Fig. 13   Ice deflection reduc-
tion versus different spacing 
for reinforcing materials with 
different elastic modulus with 
wood boards through full 
thickness of the ice
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(a) strain distribution for the ice cover in ANSYS 

(b) strain distribution for the ice cover in ANSYS from 1 m to 50 m 
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The ANSYS 18.0 Program was successfully utilized to 
simulate a small variety of scenarios. Some conclusions 
can be drawn from the analysis, as follows:

(1)	 Model calibration is critical to accurately predict ice 
cover deflection because of the significant influence 
of an effective elastic modulus.

(2)	 Properly calibrated ANSYS models have the ability to 
accurately estimate ice cover deflections.

(3)	 The ANSYS results show that reinforced ice behav-
iour is stiffer than plain ice. The reinforcing material is 
able to stiffen the ice cover and allows a larger surface 
area to carry the load, which helps to reduce the ice 
deflection.

(4)	 The test scenarios indicate that the reinforcement 
materials must be considerably stiffer than the ice so 
the load can be better transferred from the ice to the 
reinforcing materials. A higher percentage of rein-
forcement by volume was more effective in reducing 
ice deflections.

(5)	 In this preliminary study stage, we assumed a per-
fect bonded relationship between wood planks and 
ice covers. If other materials were to be investigated, 
such as those that are less adhesive to ice (e.g. fiber-
glass composite), we would suggest using a partial 
bonding setup between materials in the ANSYS set-
tings.

(6)	 ANSYS simulations can provide more realistic estima-
tions of ice deflections compared to simple analytical 
methods due to their ability to realistically calculate 
non-linear stresses and strains.

(7)	 Wood appears to be a feasible reinforcement mate-
rial. However, further study and field experiments are 
required to determine the feasibility, effectiveness 
and safety of other potential materials for reinforce-
ment.

(8)	 From a theoretical point of view, more wood by vol-
ume makes ice covers stronger, but it is very impor-
tant to understand the threshold limitations of imple-
menting such a modeling result. The actions required 
to install a large amount of wood beams will reduce 
the ice cover integrity making it unsafe during the 
application of reinforcing material. There must be a 
balance between volume of reinforcement and ice 
integrity associated with installation. Note that at this 
preliminary study stage, it is assumed that the integ-
rity of ice covers will be reduced only under the cir-
cumstance that the spacing between reinforcement 
is too small.

In the past, deflection experiments have cost between 
$125,000 and $160,000 (Canadian dollars) depending on 
the scope and number of experiments being conducted 

(days in the field). This does not include accommoda-
tion expenses since facilities at clients’ camps are often 
made available. With material, equipment and construc-
tion labour costs, we expect a field experiment with a 
season of trips to monitor the test site and review two 
reinforcement methods to cost a minimum of $250,000 
(Canadian dollars).

Table 1 shows some rough estimates of costs of the 
reinforcing material, for both full and half ice cover thick-
nesses, and the approximate minimum total cost for the 
deflection experiment ($250,000), as stated in the previ-
ous paragraph. The cost for the lumber was assumed to 
be approximately $1/m. The total costs for the material 
is for each km of road with the width of the road taken 
to be 30 m. The “wood to ice volume” values are those 
shown in Fig. 7 and the “deflection reduction” used for 
the calculations are those provided in Fig. 11. The calcu-
lations show that the reinforcing material can add about 
3 to 6% to the cost of the deflection experiment for wide 
spacing of the reinforcing material (every 2 m) but climb 
up to 19 to 32% for a narrow spacing (0.25 m).

Based on the findings in this study, the following rec-
ommendations are made:

(1)	 Reinforcement materials including branches, saw-
dust, wood pulp, wood boards, and other geosyn-
thetic materials can contribute to increased bear-
ing capacity of ice covers. Further modelling should 
be completed to provide a theoretical sampling of 
results for materials in order to inform about an effec-
tive, full-scale field test.

(2)	 In future research, tests on bending, tensile, and com-
pressive stress and failure mechanisms of ice covers 
should be investigated for incorporation into the 
model.

(3)	 Further study and experiments are planned to 
investigate the orientation of reinforcing materials, 
behaviors and properties of ice covers under multiple 
points of load at the same time and the resilience to 
impact. In addition, further study on alternative rein-
forcing materials to wood is also suggested. Consider-
ing the restrictions in terms of local availability and 
environmental friendliness, bamboo, cork, straw and 
wood composite should be investigated.

(4)	 Calibration can improve ice cover modelling. Back-
calculations from field deflection measurements for 
determining the effective elastic modulus is helpful 
and necessary. However, it is not feasible to measure 
field deflections on every winter road, so it makes 
more sense to analyze available data with an aim to 
validate confidence intervals for selecting an elastic 
modulus for ice and providing a reasonable value to 
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close the current gap between predicted and field 
recorded deflections.

(5)	 Field testing is strongly recommended in order to 
definitively evaluate and validate the modeling 
results for operational application.

(6)	 Wood planks with a cross-section of 5 by 10 cm or 5 
by 25 cm are suggested to be used. For the areas with 
thinner ice covers, we recommend that the reinforc-
ing materials should be installed with a spacing of 
1 m. For the rest of the ice cover, the spacing can be 
larger.

In conclusion, this study provides a proof of concept for 
an ANSYS computer model investigation of reinforced ice. 
We have highlighted the confidence level in the develop-
ment and stress analysis of reinforced ice covers, which 
can lead to improved safe bearing capacity on a given ice 
thickness. Increased predictability in the ability to support 
loading can also result in operational efficiencies and a 
better ability to counter the effect of climate change by 
applying appropriate measures to optimize operations on 
available ice.

6 � Considerations for future work

In our model setup, only the reinforcing material in the ice 
cover was modelled, which provided reasonable results 
of a first assessment on the feasibility of implementing 
a reinforcing material to strengthen ice covers. However, 
for greater accuracy, the forces at the water–ice interface 
at the bottom of the ice cover should also be taken into 
account. This requires a coupling of ANSYS’ transient struc-
tural analysis module to its computational fluid dynam-
ics module, CFX, available in ANSYS version 18.0 and 
higher [21]. The solids-fluids coupling involves a much 
higher modelling complexity and steps have been taken 
to study the interactions of propagating water waves on 
continuous solid ice covers [21, 22]. Amendments to the 
coupled model setup can be made to incorporate reinforc-
ing materials to these ice covers, a topic of future work.

An important extension of this work in the future is to 
model the reinforcing potential of other materials such as 
wood chips and pulp. Once several methods have been 
determined to be suitable for reinforcement and are oper-
ationally applicable, then a cost/benefit analysis can be 
carried out. Such an analysis is required to determine if 
the effort is worth the gain in regards to reinforcing ice 
crossings. Experimental work to test the reinforcement in 
the field is also planned.

Another consideration for further feasibility studies is 
the distribution of truck loads over additional axes.Ta
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