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Abstract: The sliding of roof snow may result in surcharges of snow load on lower roofs or the
injury of pedestrians on the ground. It is therefore of great significance to study the mechanism of
roof snow sliding, such that prevention or control measures can be developed to manage the risk.
Considering four commonly used roofing materials, glass, steel, membrane, and concrete, two types
of experiments were carried out in this study to possibly reveal the influence of roofing materials on
the shear strength of the roof–snow interface: one is the critical angle tests where the angle at which
the snow starts to slide off from the roof is tested, and the other is the shearing tests which aim to test
the shear strength of the roof–snow interfaces at specific temperatures. The results showed that the
critical angle for roof snow sliding, as well as the shear strength of the roof–snow interface for the four
considered roofing materials, show a U-shape trend with the increase in surface roughness and that
the shear strength of the roof–snow surface ranges from 0.15 kPa to 2 kPa for the cases considered,
while the strength reaches its maximum at certain temperatures near −5 ◦C for a specific roofing
material and snow thickness. These findings could be a useful reference for future experimental or
simulation studies on roof snow sliding.

Keywords: roof snow sliding; roofing materials; critical angle; shear strength; roof–snow interface

1. Introduction

The sliding of roof snow has frequently been observed in snowy regions, which may
result in surcharges of snow load on lower roofs or the injury of pedestrians on the ground.
Consequently, it is significant to study the mechanism of roof snow sliding, such that
prevention or control measures can be developed to manage the risk. From this perspective,
it is essential to investigate the shear strength of the roof–snow interface.

Influenced by factors such as temperature, humidity, and building heating, the phys-
ical properties of the roof–snow interface start to evolve from the moment when snow
accumulates on the roof [1–3]. Snow particles on the interface begin to melt and transform
after receiving energy from the environment, and this process is called “sintering”, a term
referenced from the field of metallurgy. Study [4] indicated that snow sintering not only
occurs above 0 ◦C but also at temperatures as low as −15 ◦C, while the degree of sintering
increases when the temperature rises. Initially, the type of contact between snow particles
and that between the snow and the roof is point contact. With the occurrence of the sinter-
ing, the point contact is converted to face contact. As the sintering intensifies, the bonding
force between snow particles (cohesion) and that between the snow and roof (adhesion)
increases. It was indicated by De Biagi et al. [5] that the snow specimen is able to carry
a shear load even at low normal stress with almost instantaneous sintering. However, if
the temperature continues to rise, the snow particles will start to melt, which will reduce
the bonding force on the roof–snow interface. Finally, the downhill force caused by the
gravity of snow on the sloped roof surpasses the bonding force and friction force between
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the roof and the snow layer, causing the sliding of the roof snow. In fact, it was indicated
by Tayler [6] that snow slides from the roof when the 0 ◦C isotherm reaches the roof–snow
interface, which causes the snow to melt and further lubricates the roof surface, destroying
the bonding and friction forces between the roof and snow.

The sliding of roof snow is a very complex process that is affected by many factors. Fac-
tors such as roof materials, snow thickness, air temperature, indoor heating, and the deposit
history of snow particles could all affect the occurrence or behavior of roof snow sliding.
For example, it was pointed out by Williams et al. [7] that factors such as roofing materials
and roof surface temperature have a significant impact on ice/snow sliding. The increase in
atmospheric temperature promotes the melting of ice/snow on roofs, reducing the bonding
and friction forces between ice/snow and roof materials and leading to the sliding of
roof ice/snow. Similarly, it was stated by Mellor [8] that the bond strength of the snow–
solid surface usually increases with decreasing temperature and varies with the surface
properties of the solid material, such as roughness and hydrophobicity. Takakura et al. [9]
further indicated that snow sliding is not only influenced by the roof slope but also by the
atmospheric temperature in different regions, with a positive correlation between ambient
temperature and the occurrence probability of roof snow sliding. This was also verified by
Vallero et al. [10], who pointed out that during the loading process, the friction coefficient of
the snow-mortar interface decreases when the room temperature increases. By using field
test data of snow sliding on metal roofs that are associated with different slopes and taking
into account the effects of snow characteristics and atmospheric temperature, Sack et al. [2]
established a statistical model to describe the occurrence of snow sliding on roofs and
pointed out that the essential forces resisting snow sliding from unobstructed shed roofs are
the bonding force and friction force. Jelle [11] found that snow/ice can adhere vertically to
glass surfaces under certain specific climatic conditions, indicating the significant influence
of bonding force on roof snow sliding. More specifically, it was Heil et al.’s [12] opinion
that the snow adheres to a solid surface strongly when the liquid water content is around
20%. By considering certain typical commercial roofing materials such as membranes made
of polyvinyl chloride and modified bitumen and painted industrial metal sheets, Bartko
and Baskaran [13] found that the average sliding angle of snow on these surfaces ranges
from 6◦ to 57◦. Jamieson and Johnston [3] used a shear frame to measure the shear strength
of thin, weak snowpack layers that is critical for slab avalanche release and found that the
shear strength of the weak layers ranges from 0.1 to 2 kPa, indicating the large variability
of shear strength of snow layers. Some scholars have studied the shear strength of ice–ice
interfaces and indicated that the strength is 550 ± 120 kPa [14–16], which is much higher
than the shear strength of snow layers.

The complexity of the roof–snow interface makes it difficult to predict the sliding of
roof snow. As a compromise, some simple assumptions need to be made when studying
the sliding of roof snow. For example, in a study that focused on the frequency of roof
snow sliding on sloped roofs, Isyumov and Mikitiuk [17] took the atmospheric temperature
of 0 ◦C as the condition for roof snow sliding. The same criterion for temperature was
adopted by Zhou et al. [18,19] while another condition was applied: the amount of liquid
water included in the snow layer exceeds the maximum water-holding capacity of the
snow layer (taken as 3% of the snow layer’s volume). Both assumptions were too simple
and could not reflect the actual condition of the roof–snow interface. This illustrates the
challenge of the study on roof snow sliding.

To possibly reveal the influence of roofing materials on the shear strength of the
roof–snow interface, which is essential for deciding the criterion for the occurrence of
snow sliding on building roofs, this paper investigates the shear strength of the roof–snow
interface by considering four commonly used roofing materials: glass, steel, membrane, and
concrete. Two types of experiments are conducted: one is designed to test the critical angle
at which the snow starts to slide off from the roof, and the other is the shearing test, which
is aimed to test the shear strength of the roof–snow interfaces at specific temperatures. It
should be noted that the results presented in this study should be regarded as comparative
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since the snow and test conditions may vary on other occasions. The remaining part of
the paper is organized as follows: the details and results of the critical angle tests and the
shearing tests are presented in Sections 2 and 3, respectively, and the conclusions are given
in Section 4 based on the findings of the experiments.

2. Critical Angle Tests

The direct influence of roofing materials on the roof snow sliding is that the critical
angle at which the snow starts to slide off from the roof is different. This is because different
roofing materials are associated with different roughness lengths. The actual contact area
between the snow particles and the roof surface is then different among different materials,
which will further result in different adhesion and friction coefficients on the roof–snow
interface. It is therefore interesting and essential to quantify such differences.

2.1. Test Setup

The tests are carried out by slightly changing the slope of the roof model until the
snow block slides off. For this purpose, by referring to the 2013 ASTM (American Society
for Testing and Materials) standard guide for measuring the coefficient of friction [20], an
apparatus capable of lifting the roof model is designed and fabricated, which is shown in
Figure 1. The main structure of the apparatus includes a steel frame that supports all related
devices and a test platform that is used to place the roof model. The size of the steel frame
is 1.1 m in width and 1.5 m in height, and the platform has a width of 0.8 m and a length
of 1.2 m. The test platform and the steel frame are connected by roller axles, allowing for
the free rotation of the test platform along the rounded corners, and the rotation of the test
platform is made by a wire rope that is fixed at the end of the platform and connected to the
electric winch that is installed at the top of the steel frame. The motor of the electric winch
is 1.1 kW or 1.4 hp in power, and the transmission mode is planetary gear transmission,
providing a rated pulling force of about 1350 kg and a gear ratio of 150:1. The winch is
powered by a 12 V, 18 Ah lithium battery which could work at temperatures as low as
−20 ◦C. To reduce the vibration caused by lifting the test platform, a speed control switch
is installed to ensure the test platform is lifted evenly and slowly.
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Figure 1. Diagram and photo of the roof lifting apparatus used in the critical sliding angle tests:
(a) the diagram; (b) the photo.

2.2. Specimen Preparation

In the current study, four types of roofing materials are considered, i.e., concrete,
membrane, steel, and glass. The roughness lengths of the materials are 5.535 µm, 3.913 µm,
3.179 µm, and 0.051 µm, respectively, for these four types of roofing materials [16]. Concrete
is the roughest, while glass is the smoothest among the four materials. The membrane and
the steel are moderate and close to each other. To carry out the critical angle tests for roof
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snow sliding, specimens with dimensions of 0.5 m × 0.5 m of the roofing materials are
prepared. Considering that the stiffnesses of the specimens are quite low, they are pasted
to a plywood board that is 8 mm in thickness by glass adhesive.

Before snow blocks are presented on the roof model, a wooden frame of 0.3 m × 0.3 m
in size is placed on the roof model, and the height of the wooden frame is dependent on
the depth of the snow block. Natural snow is then sifted down onto the roof model until
the area of the wooden frame is fully filled with snow; the top of the snow block is then
leveled using a ruler. The depth of the snow block is attained by changing the height of the
wooden frame. When the snow block is accomplished, the time of the accomplishment is
recorded to make sure that the time duration between the accomplishment of the making
and testing of the snow blocks is the same. The steps for preparing the test specimens are
illustrated in Figure 2.
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Figure 2. Steps for making the snow block used in the tests: (a) make the roof panel; (b) place the
wooden frame; (c) sift the snow; (d) level the top of the snow block (e) remove the wooden frame;
(f) obtain the snow block for tests.

2.3. Test Process

The tests are carried out in an outdoor area that is closely surrounded by buildings so
that no direct sunlight can be received by the specimen, and the wind is greatly weakened.
This is to minimize the impact of solar radiation on the morphological change in the snow
particles and the impact of the wind on the sliding of the snow block. In addition, the
temperature during the tests was consistently below −10 ◦C, and no snow melting occurred.
The test conditions for each test are kept consistent to ensure a reliable comparison of the
test results.

At the start of each test, the test platform of the lifting apparatus is firstly adjusted to
be horizontal; the roof model that is covered with snow block is thereafter placed carefully
on the test platform, making sure that the roof–snow interface is above the upper edge of
the frame of the test platform while the roof panel can be seized by the frame. The electric
winch is switched on to lift the far end of the test platform after the specimen is in position,
and the lifting speed is controlled to be less than 0.01 m/s, so the slope of the platform and
the roof panel are changed evenly and slightly. The lifting is switched off when the snow
block starts to slide off from the roof panel, and the angle of the roof panel is measured and
recorded as the test result. An illustration of the test process is shown in Figure 3.
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test platform; (b) rotate the roof model slowly; (c) stop rotating when the snow slides; (d) measure
the roof angle.

2.4. Test Results

For each type of roofing material, snow thicknesses of 3 cm, 5 cm, and 7 cm are
considered, so there are 12 tests in total in the experiment. The test results are shown
in Figure 4, where Figure 4a depicts the variation in the critical angle with the roofing
materials, and Figure 4b shows the change in the critical angle with snow thickness. It can be
seen from Figure 4a that the critical angle does not monotonically increase or decrease with
the increase in roughness of roofing materials but exhibits a U-shape distribution, i.e., the
smoothest glass is associated with the largest critical angle, and the roughest concrete
takes the second place. The angles for the steel and membrane, which are moderate in
roughness, are relatively small and close to each other. This is interesting and inconsistent
with our prediction that the angle should increase monotonically with the increase in
roughness. This is mainly caused by the fact that the bonding force is positively related to
the actual contact area between the snow particles and the roof surface, and the smoother
the surface is, the larger the contact area is, resulting in a higher bonding force. In other
words, the bonding force is negatively related to the roughness of the surface. In contrast,
the friction force is positively related to the roughness; the opposite trend of the two forces
with the roughness results in the U shape observed in Figure 4a. However, the contribution
of bonding force and friction force in the determination of critical angle is unclear and
deserves further investigation. This is unfortunately outside of the scope of this study and
could not be discussed.
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The results shown in Figure 4b indicate that the critical angle decreases with the
increase in snow thickness except in the case of glass. This is understandable because
for the same roofing material, the shear strength of the roof–snow interface is almost the
same for different snow thicknesses, but the higher snow thickness will result in greater
gravity, which will further accelerate the sliding of the snow. The critical angle for the glass
remains 90◦ for all considered snow thicknesses. This indicates that the shear strength of
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the roof–snow interface for glass is dominated by the bonding force. This is consistent with
the observation made by Jelle [11] who found that snow/ice can adhere vertically to glass
surfaces under certain climatic conditions.

3. Shearing Tests

The critical angle tests presented in Section 2 qualitatively revealed the impact of
the roofing materials on the roof snow sliding. However, a more specific parameter, the
shear strength of the roof–snow interface, is desired for the prediction of roof snow sliding.
For this purpose, an experiment is carried out to test the shear strength of the roof–snow
interface in this section; details of the tests are given below.

3.1. Test Design

The experiment is conducted in the Low-Temperature Laboratory of the School of
Civil Engineering at Harbin Institute of Technology. The lab utilizes the low temperature
in the winter in Harbin, and the indoor temperature is controlled by a heating system
installed on the walls of the lab. Therefore, the indoor temperature of the lab could not be
set to be lower than the outdoor temperature. Considering that the outdoor temperature in
the winter of Harbin could often be lower than −10 ◦C even in the daytime, the lab could
provide a suitable environment for the tests.

The internal size of the lab is 3 m × 3 m, and the structure of the wall is arranged as
follows (from the outside to the inside): enclosure structure → reflective film → electric
heating film → wooden board (Figure 5). The enclosure structure is made of polyethylene
insulation material, while the reflective film is made of aluminum foil and polyethylene
bubble film, which is 6 mm thick. The electric heating film is made of graphene electric
heating material, with a power of 220 W/m2, and the surface temperature can reach up to
40 ◦C. The thickness of the wooden board is 8 mm, which allows for the heat generated
by the electric heating film to be evenly transmitted indoors. In addition, a temperature
control module is installed to control the temperature, which consists of a temperature
controller, an AC contactor, and a temperature sensor; the error of the temperature control
module is within ±0.5%.
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Figure 5. Graphical illustration of the low-temperature laboratory.

Specimens are prepared by following the procedures given in Section 2.2, and the
shearing of the roof–snow interfaces will be conducted by the shearing frame shown in
Figure 6a. The shearing frame is made by following references [3], which is made of
0.6 mm thick stainless steel, and the size for each sub-grid is w = 53 mm, b = 153 mm, and
d = 40 mm.
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Figure 6. The shearing frame used in the shearing tests: (a) photo of the shearing frame; (b) application
of the shearing frame.

The shearing frame is connected with a tension meter before it is embedded into the
bottom of the snow block. The tension meter is a digital push–pull force gauge of HP-500
type with a maximum load of 500 N and a resolution of 0.1 N. When pulling the shearing
frame, the tension force will be indicated by the tension meter (Figure 6b), and the force
when the sampled snow starts to slip on the roof panel is recorded as the ultimate shear
force. The shear strength of the roof–snow interface is then derived by dividing the ultimate
shear force with the area of the shearing frame. Example photos of the shearing tests can
be found in Figure 7. It is worth noting that during the test, the angle and speed of pulling
will have an impact on the measurement results. Therefore, the shearing frame should be
pulled horizontally at a uniform speed to ensure the accuracy of the measurement.
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(c) membrane–snow; (d) concrete–snow.

3.2. Results and Discussion

By considering the four roofing materials mentioned earlier, temperatures of −15 ◦C,
−10 ◦C, −5 ◦C, and 0 ◦C, and snow thicknesses of 5 cm, 10 cm, and 15 cm, a total number
of 48 tests are carried out in the experiment.

The results show that the shear strength of the roof–snow interface ranges from
0.15 kPa to 2 kPa for the considered cases in this study. This is consistent with that found
by Jamieson and Johnston [3], which focused on the shear strength of snow layers. Figure 8
shows the variation in the shear strength of the roof–snow interface with the change in roof
materials. It can be seen from the figure that a trend of a “U” shape similar to Figure 4a
is observed. This further verifies the explanation given in Section 2.4. In addition, it is
interesting to find that the “U” shape is gradually flattened when the temperature changes
from −5 ◦C to −10 ◦C and further to −15 ◦C. By considering that the friction force is
only related to the roughness (when the normal stress remains the same), this observation
implies that the bonding force between snow particles and the roof surface increases with
the increase in temperature in the range of −15 ◦C to −5 ◦C. A possible reason is that as
the temperature rises, the sintering of snow particles reaches a higher level, resulting in a
larger contact area between snow particles and the roof surface.
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Figure 8. Variation in the shear strength of roof–snow interface with roofing materials: (a) 5 cm of
snow; (b) 10 cm of snow; (c) 15 cm of snow.

However, the above-mentioned trend is not applicable to the case of 0 ◦C. The curve
for 0 ◦C is in between those for −5 ◦C and −10 ◦C. This seems to imply that the bonding
force reaches its maximum at a temperature near −5 ◦C when the temperature increases
and starts to decrease as the temperature continues to increase. This trend is more ob-
viously observed in Figure 9, where the shear strengths are plotted versus temperature.
Unfortunately, the critical temperature for the maximum bonding force is not investigated
in the current study.
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Figure 9. Variation of the shear strength of roof–snow interface with temperature: (a) 5 cm of snow;
(b) 10 cm of snow; (c) 15 cm of snow.

Another finding from Figure 9 is that the shear strength of the roof–snow interface at
0 ◦C is higher than that at −10 ◦C and −15 ◦C. This indicates that the shear strength of the
roof–snow interface at 0 ◦C is not negligible and taking the temperature reaching 0 ◦C as
the sole condition for roof snow sliding is not reasonable.

When the shear strengths are plotted versus snow depth (Figure 10), an increasing
trend is observed. This is understandable since the friction force is proportional to the
normal stress, and the deeper the snow, the higher the normal stress.
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4. Conclusions

To possibly reveal the influence of roofing materials on the shear strength of the
roof–snow interface, which is essential for deciding the criterion for the occurrence of
snow sliding on building roofs, this paper investigates the shear strength of the roof–snow
interface by considering four commonly used roofing materials: glass, steel, membrane,
and concrete. Two types of experiments are carried out, including critical angle tests, where
the angle at which the snow starts to slide off from the roof is tested, and the shearing test,
which aims to test the shear strength of the roof–snow interfaces at specific temperatures.
The main findings of the current study are as follows:

1. The critical angle for roof snow sliding, as well as the shear strength of the roof–snow
interface for the four considered roofing materials, show a U-shape trend with an
increase in surface roughness, i.e., the critical angle or the shear strength is higher
when the surface is smoother or rougher, and is relatively lower when the roughness
is in between.

2. For smoother roof surfaces, the shear strength of the roof–snow interface is dominated
by bonding force, while that for rougher roof surfaces is dominated by friction force.

3. The shear strength of the roof–snow surface ranges from 0.15 kPa to 2 kPa for the cases
considered in this study and reaches its maximum at certain temperatures near −5 ◦C
for a specific roofing material and snow thickness. The strength decreases when the
temperature shifts upward or downward from this peak point.
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