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Snow sliding of roofs is a threat to the structural safety of roof structures by causing a surcharge of local snow load on the lower roof and may pose a serious threat to pedestrians and vehicles on the ground. Therefore, it is of great significance to study the mechanism of snow sliding on roofs. Under the action of ambient temperature, solar radiation, internal heating of the building, etc., the bottom layer of roof snow is often presented in the form of porous ice after a complicated phase transition of the snow particles. Under this circumstance, the interface between roof snow and the roof can be seen as the contact between porous ice and the roofing material. In order to investigate the initialization of roof snow sliding from the material point of view, the shear performance of the interface between different roofing materials and ice with different porosities was carried out in this study. The effects of different ambient temperatures (−4, −6, and −8°C), different normal stress (0, 50, and 100 kPa), and different ice porosities (represented by the contact area ratio of 1.0, 0.8, and 0.6) on this shear performance were analyzed by direct shear tests. The test results showed that the shear failure between the ice and the roofing material was brittle, and the interface shear strength was affected by the ambient temperature, normal stress, contact area ratio, as well as the material type: the strength increases with the decrease of ambient temperature, the increase of normal stress, the increase of contact area ratio, and the increase of surface roughness of the material. Based on the test results, a quantitative relationship between the interface shear strength and the related factors was given in the article, which provides a useful reference for future experimental or simulation studies on roof snow sliding.
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INTRODUCTION
Under the action of ambient temperature, solar radiation, and internal heating of the building, snow particles in the bottom layer of roof snow may become ice grains bonding to the roof after the complicated phase transition. In this case, the contact interface between roof snow and the roof can be seen as the contact between ice and the roofing material, where the ice is presented with certain porosity. For sloped roofs, as the temperature rises and/or the roof snow continues to accumulate, the shear strength between the ice and the roof may be gradually overcome by the gravity component that is parallel to the roof. Eventually, the snow slides from the roof and forms a local concentrated snow load on the lower roof, which will increase the risk of collapse of the lower roof (MacKinlay et al., 2000); the slide of roof snow may also be a serious threat to pedestrians and vehicles on the ground. Therefore, it is significant to investigate the mechanism of roof snow sliding so as to predict and control the sliding of roof snow to reduce relevant risks. Sliding of roof snow has been considered in specifying roof snow load coefficients in some design codes such as the Japanese and European codes (AIJ, 2004; BSI, 2003), but has not been considered in the Chinese design code (MOHURD, 2012) due to a lack of understanding of the roof snow sliding.
The process of roof snow sliding is a very complex mechanical process, which is influenced by various factors such as roofing materials, snow depth, atmospheric temperature, internal heating of the building, phase transition of snow particles, etc. Sack et al. (1986) pointed out that the main forces for unshielded roofs to resist snow sliding are bonding force and friction force, and a probability model for the occurrence of roof snow sliding was proposed based on observed snow sliding events on sloped metal roofs with different slopes, where snowpack properties and atmospheric temperature were considered. Two methods to measure the friction coefficient between snow and roof were proposed by SINTEF (2008). Jelle (2013) studied the snow sliding on solar panels and found that snow and ice could be attached to the vertical surface of glass under certain climatic conditions, indicating that the adhesion between the snow and roof has an important impact on the snow sliding on building roofs. The risk of snow and ice sliding on building roofs was studied by Williams et al. (2004), it is indicated that factors such as roofing materials and roof temperature have a great influence on snow/ice sliding on building roofs, the increase of atmospheric temperature results in the melting of roof snow/ice, and the bonding force and friction force between snow/ice and roofing material decreases, leading to snow/ice sliding from roofs. It is also pointed out by Takakura et al. (2000) that snow sliding is not only influenced by the slope of the roofs but also by the atmospheric temperature of the region, and there is a positive correlation between atmospheric temperature and the probability of roof snow sliding. The temperature is then the main factor to be considered in studies of roof snow sliding. For instance, in a study that is focused on the frequency of snow sliding on sloped roofs, Isyumov and Mikitiuk (2008) assumed that the criterion of roof snow sliding is that the atmospheric temperature reaches 0°C. Zhou et al. (2013) also used 0°C as one of the criteria for the snow to slide on roofs.
As can be seen from the aforementioned review, although some previous studies focusing on roof snow sliding have been carried out by various researchers, none of them could fully consider the influence of ambient temperature, the roofing materials, the normal stress, and the porosity of the snow/ice, which will all affect the sliding of the roof snow. As mentioned earlier, the contact between the roof snow and the roofing material may be seen as the contact between porous ice and the roofing material. In this case, the roof snow sliding is actually an interaction between the ice and the roofing material, the forces that need to be overcome for snow sliding are then the bonding force and friction force between the ice and the roofing material. Although some literature has studied the shear strength of sea ice (Frederking and Timco, 1984; Timco and Weeks, 2009)between ice and solid surfaces (Aoyama et al., 2006; Zou et al., 2011; Bharathidasan et al., 2014), it seems that no study has been carried out to investigate the shear strength of the interface between ice and commonly-used roofing materials by fully considering the influences of ambient temperature, normal stress, the porosity of ice, and surface roughness. In order to investigate the mechanism of roof snow sliding in the presence of ice from a material point of view, this article conducts an experimental study on the shear strength between ice and commonly-used roofing materials such as concrete, steel, membrane, and glass. The tests are carried out between ice with different porosities (0, 20, and 40%) and different roof materials under different ambient temperatures (−4, −6, and −8°C) and different normal stresses (0, 50, and 100 kPa), such that the influence of ice porosity, material roughness, temperatures, and normal stresses could all be considered. It should be noted that the roof snow load is typically less than 2 kPa (e.g., in China), the consideration of normal stresses of 50 and 100 kPa is for the purpose of effectively revealing the impact of normal stress on the shear strength. In addition, ice porosity is represented by contact area ratio, A, which is defined as the ratio of the contact area to the gross intersectional area of the interface, so that the porosities of 0, 20, and 40% are represented by contact area ratios of 1.0, 0.8, and 0.6, respectively. In the following sections, the test setup is first described in the Experimental Design Section and then the test results are presented in the Experimental Results Section. Finally, the conclusions and prospects for possible future research are given in the Conclusion Section.
EXPERIMENTAL DESIGN
Test Facility
The interface shear tests between ice and roofing materials were conducted by a low-temperature direct shear apparatus, which consists of a low-temperature water bath system (part 1 in Figure 1A), a motor (part 2 in Figure 1A), a sliding shear box (part 3 in Figure 1A), a proving ring (part 4 in Figure 1A), and a data acquisition system (part 5 in Figure 1A). The low-temperature water bath system uses industrial alcohol to maintain a temperature that is lower than 0°C, and is connected with the shear box through inlet and outlet hoses to keep the shear box at a low temperature. The shear box is composed of the upper and lower halves, both of which are 61.8 mm in diameter and 20 mm in height, the shear force is applied by pushing the lower part of the shear box by the motor, and the normal stress is loaded on the top of the shear box. The stress ring provides rigid support for the upper part of the shear box, and the corresponding shear stress is derived by detecting the deformation of the ring. The data acquisition system records the shear stress and horizontal displacement of the stress ring. The selection of the size for the stress ring should be appropriate such that it could detect the possible lowest stress and could cover the possible highest stress. Considering that the shear strength of freshwater ice is 410 ± 190 kPa as reported in Timco and Frederking (1982), and that the intersection area of the shear box is 3,000 mm2, a stress ring with a maximum load capacity of 3 kN is selected to meet the test requirement.
[image: Figure 1]FIGURE 1 | Schematic diagram of (A) the low-temperature straight shear apparatus and (B) the low-temperature specimen preparation box used in the tests.
Besides the direct shear test system, a low-temperature specimen preparation box (Figure 1B) is designed and fabricated in this study, which is used in the tests to keep the specimen at a pre-selected low temperature. The low-temperature specimen preparation box is a horizontal refrigerator that uses ethylene glycol solution of a 30% concentration to maintain the required low temperature (the freezing point temperature of the solution is −10°C). A temperature controller is placed inside the ethylene glycol solution to control the temperature of the box with the help of a temperature sensor that is ±0.1°C in resolution. In this way, the temperature control of the specimen preparation box is much more precise than traditional refrigerators whose temperature may fluctuate between 3–5°C. Test specimens are placed in an aluminum alloy barrel that is surrounded by the ethylene glycol solution. To avoid corrosion of the aluminum surface by the ethylene glycol solution, a 5–8‰ volume of corrosion inhibitor is put in the ethylene glycol solution.
Another instrument used in the test is the roughness measuring system TR200 as shown in Figure 2. This is used to measure the surface roughness of the roofing materials so that the influence of the materials could be quantitatively measured by considering the roughness height of the material. The TR200 system has a measuring range of 0.005–16.00 μm and can be widely used for the roughness measurement of metal and non-metal surfaces. In the measurement, the probe is gently placed on the surface and driven to run a distance of 2.5 mm, the sensor obtains the surface roughness by converting the fluctuation of the probe into an electrical signal.
[image: Figure 2]FIGURE 2 | The surface roughness-measuring instrument used in the tests.
Specimen Preparation
Roofing Materials
The roofing materials considered in the tests are glass, steel, membrane, and concrete. In order to ensure that the interface is exactly on the shear surface, the overall height of the roofing material specimen is set to 20 mm according to the size of the shear box in the straight shear apparatus. For this purpose, the glass, steel, and membrane materials are pasted on an aluminum circular column that is 61.8 mm in diameter. The height of the aluminum column differs for different materials such that the total height after pasting the material is exactly 20 mm. The concrete roofing material is prepared by pouring well-mixed fine aggregate concrete into a ring knife that is 61.8 mm in diameter and 20 mm in height. The internal wall of the ring knife is coated with petroleum jelly for lubrication. The specimen is then maintained according to the corresponding provisions of concrete maintenance for 21 days before it is taken out for use. Figure 3 shows examples of specimens for the four kinds of roofing materials prepared in the test.
[image: Figure 3]FIGURE 3 | Specimen of the roofing materials.
Surface Roughness of Roofing Materials
Before the shear test, the surface roughness of the roofing materials was measured by the surface roughness measuring system (Figure 2). In order to minimize the possible measurement error, the measurement is repeated three times (at different locations) for each material specimen, and the roughness of the measured material is taken as the average value of the three measurements. The results of the measurement are listed in Table 1.
TABLE 1 | Roughness of the considered roofing materials.
[image: Table 1]It can be seen from Table 1 that the surface roughness for different materials varies significantly: the roughness of glass is close to 0, which is the lowest among the four materials, while that of concrete is the highest with a reading of about 5.5 μm. The roughness of steel and the membrane material is close and is both between 3 and 4 μm. The roughness measurement results are consistent with public perceptions, that is, among the four considered materials, the glass is the smoothest one, and the steel and membrane material take the second position, while the concrete is the roughest. The upcoming shear test results indicate that the surface roughness of the materials will directly affect the shear strength of the ice–material interface.
Combined Ice-Roofing Material Specimens
The mold used for specimen preparation was a steel ring of 61.8 mm in diameter and 40 mm in height. To prepare the specimen, petroleum jelly is first evenly coated on the internal wall of the mold (Figures 4A,B), then roofing material specimens prepared in the Roofing Materials Subsection are placed into the mold, after that, pure water is poured into the mold (Figure 4C), and the whole specimen is placed in the low-temperature specimen preparation box for freezing for 24 h. After 24 h (Figure 4D), the mold is removed and the ice chips on the surface of the specimen are quickly trimmed off (Figure 4E) to make the top smooth, the frozen specimen (Figure 4F) is then placed into the low-temperature specimen preparation box again for storage. The specimen is stored in the preparation box for at least 24 h to allow the internal temperature of the specimen to be evenly distributed and is the same as the designed test temperature. Pure water is used in the specimen preparation to avoid internal air bubbles that could affect the test result.
[image: Figure 4]FIGURE 4 | Illustration of specimen preparation: (A–F) show the sequential steps for making the combined ice-roofing material specimens.
It is noted that the direction of the ice crystal growth would affect the results of the shear tests. Consequently, the crystal growth in the ice samples is not controlled to make them consistent with those naturally grown on roofs. In fact, the ice crystal grows along the direction of the temperature gradient (Dennis and Scott, 1973; Colbeck, 1983), and the temperature gradient of the water body in both the experiment and in nature is vertical, resulting in the vertical growth of ice crystals in both the two cases. Nevertheless, the temperature in nature is time-varying while that in the laboratory is controlled to be constant, which will bring differences in the microstructure of the ice, the effects of this difference in the shear strength deserve further investigation in the future.
Control of Different Contact Areas at the Interface
In the test, the porosity of the ice was simulated by controlling the contact area between the ice and the roofing material. The control method is as follows: prepare an acrylic plate with a diameter of 61.8 mm and a thickness of 1 mm; uniformly open a number of holes with diameters of 6 mm on the plate, the number of openings varies according to the target contact area; then, place the acrylic plate with holes on the roofing material that is prepared in the Roofing Materials Subsection, and then fill the holes with petroleum jelly. After removing the acrylic plate, uniform petroleum jelly dots are left on the roofing material plate. Since petroleum jelly is non-Newtonian and hydrophobic, it can isolate the roof materials from the water where it is presented. After these steps, the roofing material is used to prepare the combined ice–roof material specimen by the method of 2.2.2. Examples of the specimens with different area ratios are given in Figure 5, where the specimen in Figure 5A has a contact area ratio A of 1.0 (porosity of 0%), the one in Figures 5B,C is associated with A of 0.8 and 0.6 (porosity of 20 and 40%), respectively.
[image: Figure 5]FIGURE 5 | Examples of the specimen with different contact area ratios: (A) A = 1.0; (B) A = 0.8; (C) A = 0.6.
Test Design
As has been mentioned previously, the tests consider the influence of temperature, normal stress, contact area ratio, and surface roughness on the shear strength of the ice–material interface, the ranges of the variables considered in the tests are listed in Table 2. It should be noted that the temperature was originally set to be 0, −2, −4, −6, and −8°C by considering that roof snow sliding could hardly occur at lower temperatures; unfortunately, for the two cases of 0°C and −2°C, the combined specimen could be easily cracked in the process of preparing the specimen or when putting the specimen into the shear box, making it difficult to set up the test. Consequently, only three cases for temperature (−4, −6, and −8°C) were considered at the end. The normal stresses considered in the tests are selected by following the suggestions of the Chinese Standard for Geotechnical Testing Method (MWR-PRC, 2019) since no relevant references could be found. In addition, for comparison, a pure ice column is also considered in the test except for the four commonly-used roofing materials of glass, steel, membrane, and concrete. According to the different combinations of parameters, a total number of 135 tests were carried out in the study.
TABLE 2 | Parameters considered in the tests.
[image: Table 2]Test Procedure
The shear tests of the ice–material interface are conducted at the low-temperature straight shear apparatus shown in Figure 1. The test procedure is as follows: 1) start the water bath system to acquire a preset temperature before the test; 2) put the specimen into the shear box; 3) apply a designed normal stress to the specimen; 4) start the low-temperature straight shear instrument and push the lower half of the shear box until shear failure is observed (see Figure 6 for examples of interface failure). At the first stage of the test, due to the presence of bonding force and static friction at the ice–material interface, the shear box moves horizontally as a whole in the direction of the motor push, but the upper and lower halves of the shear box do not have relative displacement. As the overall displacement of the shear box increases, the lateral support provided by the stress ring increases. When the lateral force provided by the stress ring reaches the shear capacity of the specimen (i.e., the shear force reaches the sum of the interface bonding force and maximum static friction), shear failure of the interface occurs and the stress ring restores its original state. The shear stress–displacement curve is recorded automatically by the data acquisition system. Note that the system converts shear force to shear stress by assuming that the two sides of the interface are 100% contacted by default. Consequently, the shear strength of the interface is not necessarily the recorded peak shear stress, but should take the contact area ratio into account.
[image: Figure.. 6]FIGURE. 6 | Specimen after shear failure: (A) ice–ice interface, (B) glass–ice interface, (C) steel–ice interface, (D) membrane–ice interface, and (E) concrete–ice interface.
EXPERIMENT RESULTS
Shear Characteristics of the Ice-Material Interfaces
Using the method described in the previous section, a total number of 135 tests were carried out for the study, and brittle failures were observed for all of the tests during the experiments. As an example, Figure 7 shows the shear stress–shear displacement curve for the case where normal stress σ=0 kPa, temperature T=−4°C, and area ratio A=1.0. It can be seen from Figure 7 that at the first stage of shearing, shear stress increases gradually with the increase of shear displacement, and the relationship between stress and displacement is basically linear until the curve reaches its peak. After the peak point, the displacement increases sharply while the shear stress drops to 0 rapidly, indicating a brittle shear failure of the interface. This observation on the shear stress–shear displacement curve is similar to that made by Zou et al. (2011), where ice adhesion strengths on aluminum surfaces were investigated. The peak point of the shear stress–shear displacement curve is to be taken as the shear strength of the ice–material interface. As mentioned earlier, the test system assumes that the contact area ratio is 1.0 by default. Therefore, when the contact area ratio is less than 1.0, the shear stress obtained in the test should be divided by the contact area ratio to get the actual shear strength of the interface.
[image: Figure 7]FIGURE 7 | An example of the shear stress–shear displacement curve when normal stress σ=0 kPa, temperature T=−4°C, and contact area ratio A=1.0.
It can also be observed from Figure 7 that among the five materials that are considered, the ice–ice interface has the highest shear strength, followed by the ice–concrete interface, and both of them are significantly higher than the other three materials, indicating that roofing materials have an important impact on snow/ice sliding on roofs. Since the ice–ice interface is associated with the highest shear strength, snow/ice sliding on roofs is unlikely to take place between the snow/ice layers but could only occur in the contact interface between snow/ice and the roof. This implies that once the snow/ice sliding occurs, all the snow on the roof will slide off as a whole, which will bring an extraordinary impact on the lower roof or the ground.
In addition, it is noted in Figure 7 that there is no residual stress after the failure of the interface, this indicates that the friction of the two sides in the interface is negligible. This is understandable since the applied normal stress is 0 and the self-weight of the specimen is quite small. By considering the fact that roof snow loads are typically less than 2 kPa in China, friction between the snow layer and the roof could be ignored in the analysis of roof snow sliding, and the sliding of roof snow is dominated by the adhesion force of the snow layer to the roof.
Shear Strength of the Ice-Material Interfaces
Figure 8—Figure 10 respectively show the changes of the interface shear strength with normal stress, temperature, and contact area ratio. It can be seen from Figure 8 that under the same temperature and contact area ratio, the shear strength of the same roofing material increases with the increase of normal stress. This is because the presence of normal stress increases the friction between the ice and the roofing material, and therefore increases the shear strength of the interface. A simple statistic shows that as the normal stress increases from 0 to 100 kPa, the shear strength of the ice–ice interface, ice–concrete interface, ice–membrane interface, ice–steel interface, and ice–glass interface increases by 119 kPa (or 40%), 152 kPa (or 74%), 97 kPa (or 187%), 132 kPa (or 252%), and 64 kPa (or 183%), respectively. This indicates that with the decrease of roughness, the weight of friction in the shear strength increases.
[image: Figure 8]FIGURE 8 | Variation of the shear strength with normal stress: row 1 (A–C) T = −4°C, row 2 (D–F) T = −6°C, row 3 (G–I) T = −8°C, column 1 (A,D,G) A = 0.6, column 2 (B,E,H) A = 0.8, and column 3 (C,F,I) A = 1.
Figure 9 shows the variation of the interface shear strength with temperature. It can be seen from Figure 9 that under the same normal stress and contact area ratio, the interface shear strength decreases with the increase of temperature. This is understandable by considering that as the temperature rises, the molecular activity increases, which is equivalent to the “softening” of the ice at the interface, making it easier for the interface to fail. When the temperature rises to 0°C, the ice starts to melt, the melted water forms a water film at the interface, and the shear strength decreases to 0. This variation trend of the interface shear strength with temperature is consistent with that found in Frederking and Timco (1984) and Timco and Weeks (2009) for sea ice and that in Shi et al. (2020) for frozen soil.
[image: Figure 9]FIGURE 9 | Variation of the shear strength with temperature: row 1 (A–C) σ = 0 kPa, row 2 (D–F) σ = 50 kPa, row 3 (G–I) σ = 100 kPa, column 1 (A,D,G) A = 0.6, column 2 (B,E,H) A = 0.8, and column 3 (C,F,I) A = 1.
Figure 10 indicates that, in general, under the same normal stress and temperature, the interface shear strength increases with the increase of the contact area ratio. As has been mentioned earlier, the contact area ratio has been considered in the determination of shear strength, that is, only the effective contact area is considered in determining the shear strength. In this context, one may believe that the shear strength should be consistent for different contact area ratios. However, Figure 10 tells us that this is not the case. This can be explained by treating the holes at the interface as initial cracks. An increase in the contact area ratio means a decrease in the number of holes at the interface, which means a decrease in initial cracks. This will inevitably lead to an increase in failure stress. Therefore, although the effective contact area is considered in the determination of shear strength, the interface shear strength derived in the test still presents an increase with the increase of the contact area ratio.
[image: Figure 10]FIGURE 10 | Variation of the shear strength with contact area ratio: row 1 (A–C) σ = 0 kPa, row 2 (D–F) σ = 50 kPa, row 3 (G–I) σ = 100 kPa, column 1 (A,D,G) T = −4°C, column 2 (B,E,H) T = −6°C, and column 3 (C,F,I) T = −8°C.
Meanwhile, as has been indicated by Figure 7, Figure 8—Figure 10 again show that the interface shear strength increases with the increase of surface roughness of the roofing materials, although the increase of shear strength is not proportional to the increase of roughness. As can be seen from Table 1, among the four materials considered in this study, glass is the smoothest with its roughness close to 0 μm, steel and the membrane material are similar and have a roughness of between 3 and 4 μm, and the roughness of concrete is 5.5 μm, which is the highest. That is, the roughness of steel and the membrane material is closer to that of concrete than that of glass. However, in terms of shear strength, the shear strength of the ice–concrete interface is obviously higher than that of the other three materials, while the other three materials are quite close in shear strength. This indicates that the shear strength increases rapidly when the roughness reaches a critical value. The value of the critical roughness and the underlying reasons for this phenomenon deserves further studies in the future.
Special attention is paid to the interface shear strengths when normal stress σ is taken as 0 kPa since this situation is closest to the roof snow load in reality among all the three cases of normal stress considered. A simple comparison shows that the shear strength for glass is the lowest among all the materials considered, and the lowest strength is read to be 24.6 kPa, i.e., the shear resistance is 24.6 kN per unit area (1 m2). If we denote the load caused by the roof snow within a unit area as w, then for a roof with a slope of α, the force component parallel to the roof surface, Fp, is estimated to be wsinα, this force should be greater than the shear resistance for the sliding of the roof snow. However, as has been mentioned earlier, roof snow loads are typically less than 2 kPa in China; this implies that Fp is way less than the shear resistance. This emphasizes that the roof snow sliding could hardly occur when the snow on the interface is presented in the form of ice and that the formation of a water film on the interface seems to be the only reason for the occurrence of roof snow sliding. The relatively high shear strength of the ice–roofing material interfaces also explains why snow could be observed on very smooth roofs (such as glass roofs) even when the roof slope is very steep (although snow depth is very low due to the relatively small angle of repose of snow).
In summary, the experiment results indicate that the failure of the ice–roofing material interface is brittle and that the shear strength of the interface increases with the increase of surface roughness, the increase of normal stress, the decrease of ambient temperature, and the increase of contact area ratio. However, due to the limitation of time, cost, and availability of the facilities, very limited cases for each of the variables are considered in the experiment. Consequently, a quantitative relation between the shear strength and the relevant variables could not be guaranteed at present. As a supplement, numerical simulations could be considered to investigate the shear performance of the ice–roofing material interface for more cases, where the numerical model should be validated using the data derived in the tests. The numerical simulation of the shear performance of the interfaces is out of the scope of this study and therefore is not presented in the current study.
Prediction of Shear Strength for the Ice–Roofing Material Interface
As mentioned earlier, parameters that can be considered in the tests are very limited due to time, cost, and other limitations. Therefore, a regression model is desired to predict the shear strength of the ice–material interface under other conditions. In this section, an attempt is made to carry out a multi-dimensional regression model fitting exercise using the experimental results given in the previous section, where the effects of temperature, normal stress, contact area ratio, and roughness should all be considered. Since the values of the parameters considered in the experiment are relatively limited (for example, only −8, −6, and −4°C are considered for the temperature), conventional fitting methods are associated with great uncertainty in the fitting. On the other hand, it is noted that the Back Propagation (BP) neural network method has been successfully applied in many similar studies in the literature (Tang et al., 2012; Chen et al., 2020; Xing et al., 2021, to name a few). It is indicated that the BP neural network is particularly suitable for solving problems with complex internal mechanisms, and is associated with a great nonlinear mapping capability (Zhou and Kang, 2004). Therefore, the BP neural network method is considered in this study for the fitting.
The BP network was proposed by a scientist group headed by Rumelhart and McClelland in 1986. It is a multi-layer feed forward network trained by the error back-propagation algorithm, which is one of the most widely used neural network models (Wen et al., 2000). The BP network can learn and store a large number of input–output mappings without specifying the mathematical equations describing the mappings in advance. The steepest descent method is employed as the learning rule, through back propagation to constantly adjust the weight and threshold of the network, so as to minimize the sum of the squared errors of the network. The topology structure of the BP neural network model includes an input layer, hidden layer, and an output layer (Wen et al., 2000; Gao, 2003; see Figure 11 for a schematic diagram of the model). In essence, the BP neural network obtains a mapping function from the input to the output. The mathematical theory proves that a three-layer neural network is enough to approach any nonlinear continuous function with very high precision.
[image: Figure 11]FIGURE 11 | Schematic diagram of the BP neural network model.
In the current study, the number of nodes in the input layer, hidden layer, and output layer is set to be 4, 3, and 1, respectively. In the training of the BP neural network, all the considered values for temperature, normal stress, contact area ratio, and material surface roughness (as shown in Table 2) are put in the input layer, and the corresponding test results are put in the output layer. Units of normal stress and shear strength are converted from kPa to MPa to make their order of magnitude close to other parameters. Meanwhile, according to the findings made in the experiment, the following constraint condition is applied: the shear strength should be 0 when the temperature is 0°C. The convergence of training is achieved after 337 iterations using a critical value for convergence of 1×10−5.
Leave-one-out cross-validation is carried out to assess the capability of the BP network in predicting the shear strength of the ice–roof material interfaces, i.e., the network is trained iteratively with one of the samples left out as a test, the shear strength of the test sample is predicted using the trained network and further compared with the measured one. The validation result is shown in Figure 12 (the unit of pressure/strength is converted back to kPa in order to be consistent with the previous figures). It is indicated by Figure 12 that the data points follow the diagonal fairly well with a few exceptions. Statistics show that the correlation coefficient between the predicted and tested shear strengths equals 0.96, and the mean and standard deviation of the prediction error equals −2 and 65.5 kPa, respectively; in terms of relative error, the mean and standard deviation is estimated to be 6% and 47%, respectively. This indicates that the prediction made by the BP network is associated with large dispersion under the current condition. However, it must be emphasized that the predictions presented herein are preliminary results since the number of levels for each variable is limited, more reliable predictions could be expected when more samples of the interface shear strength are made available in the future.
[image: Figure 12]FIGURE 12 | Results of the leave-one-out cross validation of the BP neural network.
For the convenience of usage, parameters (weights and thresholds) of the trained neural network are extracted and the following prediction formula is obtained according to the excitation function of the hidden layer and the output layer:
[image: image]
where τ is shear strength (in MPa), [image: image], τ is the temperature (in °C), σ is normal stress (in MPa), A is contact area ratio, [image: image] is the surface roughness of roofing materials (in μm), and ε is a residual term which follows a normal distribution with a mean of 0 and a standard deviation of 1.4 kPa.
Using the formula, the shear strength of the ice–material interface could be easily predicted by substituting the parameters with the desired values. As an example, Figures 13A–C show variation of the predicted interface shear strength with the contact area ratio when T=−2°C and [image: image] =0 kPa, the variation of the predicted interface shear strength with the normal stress when T=-2°C and A=0.2, and the variation of the predicted interface shear strength with the temperature when A=0.2 and [image: image] =0 kPa. It can be seen from the figures that the interface shear strength increases with the increase of the contact area ratio (Figure 13A) but shows no significant change as the normal stress increases (Figure 13B). Considering that the roof snow load is typically less than 2 kPa in China, the effect of normal stress on shear strength could be ignored in future studies of roof snow sliding. Figure 13C shows that the interface shear strength decreases with the increase of temperature, especially for the ice–concrete interface, the temperature has a particularly significant effect. Again, Figure 13 indicates that the shear strength of the ice–concrete interface is significantly higher than that of the other materials, though the roughness does not show such a big difference. The reasons for this need to be explained in future studies.
[image: Figure 13]FIGURE 13 | Examples of the predicted shear strength: (A) variation of the predicted shear strength with contact area ratio when T = −2°C, σ = 0 kPa, (B) variation of the predicted shear strength with normal stress when T = −2°C, A = 0.2, and (C) variation of the predicted shear strength with temperature when A = 0.2, σ = 0 kPa.
CONCLUSION
To reveal the initialization mechanism of roof snow sliding from the material point of view, this study investigates the shear strengths of ice-roofing material interfaces through direct shear tests at low temperatures by considering four commonly-used roofing materials (concrete, steel, membrane, and glass) and different porosities of ice. The effects of the different ambient temperatures (−4, −6, and −8°C) and normal stress (0, 50, and 100 kPa) on the interface shear strength are analyzed, and a prediction formula of the interface shear strength is established based on the test results. The main conclusions of the study are as follows:
1) The shear failure of the interface between ice and roofing materials is brittle. Since there is no ductility development in failure, the risk of roof snow sliding is significantly high.
2) The shear strength of the ice–ice interface is much higher than that of the ice–material interface, this implies that once the roof snow sliding occurs, the sliding is very likely to take place in the interface between snow and the roof, all the snow on the roof will slide off as a whole, which will bring an extraordinary impact on the lower roof or the ground.
3) The interface shear strength increases with the increase of the contact area ratio (or decrease of ice porosity), decreases with the increase of temperature, and increases with the increase of normal stress, but the influence of normal stress is minor since roof snow load (acting as normal stress) is typically quite small.
4) The shear strength of the ice–material interface increases with the increase of roughness, especially after the roughness reaches a critical value, but the magnitude of the critical value and the reason for this phenomenon is not clear at present.
5) The friction force could be ignored when compared to the adhesion between the ice/snow and the roof. Also, since the shear strength between ice and the roofing material is typically at least one magnitude higher than the roof snow load, the roof snow sliding seems to occur only when a water film is formed on the interface due to snowmelt or rainfall, etc.
6) The prediction formula for the interface shear strength obtained by the BP neural network model could predict the shear strength of the ice–material interface appropriately, which provides a theoretical basis for further studies on roof snow sliding in the future.
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