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During windstorm events buildings can represent both wind-borne debris source and target elements. Roof cover can fail and be blown away, impacting the surrounding construction, reaching significant distances. Analytical models to calculate debris trajectories generally consider the flight to occur in uniform flow. These models are, therefore, not considering source building aerodynamics, yielding results that can be significantly overestimated. This paper defines Udebris, the equivalent uniform wind speed that leads to the analytical solutions in roof cover flight assessment that matches the available datasets that considers source building aerodynamics. To calculate Udebris, the concept of response time is introduced: t* is a parameter that physically captures the tendency of debris elements to fly with the wind gust. The identification of these times, typical for each roof cover type, leads to a selection of a gust factor, G, to account for the debris response. Roof/wake factors (FR) are also used for Udebris calculation, based on roof cover type, locations on the roof, neighborhood settings. These last factors are estimated based on t*, on the boundary layer that develops on the source building roof slope, and on considerations about turbulence effects. A Monte Carlo simulation-based approach for estimating roof cover element flight trajectories is, therefore, presented and validated against experimental datasets. The results indicate alignment with experimental observations, underscoring the potential utility of this approach for dealing with wind-borne debris issues in disaster preparedness, building technology, and structural design.
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1 INTRODUCTION
Extreme wind events affect the urban environment, often heavily damaging buildings (Minor et al., 1972). One of the major causes of building damage is due to wind-borne debris impacts (Nishimura et al., 2009), especially on the building envelope (Minor, 1994; Minor, 2005). In extreme storms, roof cover elements, in particular, can be blown away, endangering people and property by impacting surrounding buildings at high speed (Butler and Kareem, 2012; ASCE, 2014). Roof covering elements such as gravel ballast, roof tiles, shingles, and sheathing panels installed on low-rise buildings are frequently observed to fail, transforming them into potentially deadly projectiles that can traverse considerable distances (Kordi and Kopp, 2011). The threat they pose to life and property underscores the urgency of understanding their flight trajectories and speeds.
The first wind-borne debris trajectory analyses (Tachikawa, 1983; Holmes et al., 2006a; Lin et al., 2006) considered debris elements that are free to fly in a uniform flow. Visscher and Kopp (2007) and Kordi and Kopp (2011) studied how the flight of roof components are affected by the source building aerodynamics, the wind field around the building, and turbulence effects. Kordi and Kopp (2011) improved the understanding of the real-world problem by bringing in more accurate boundary and initial conditions. These observations were possible because, instead of simulating the debris flight in a uniform flow from an initial wind angle of attack (Tachikawa, 1983; Holmes et al., 2006a; Lin et al., 2006; Figure 2), these studies included scaled models of buildings using a failure model approach. As such, both the failure from the source building and the debris flight were simulated. The debris elements were located on a gable roof with a slope of 4:12, plan dimensions of 10.38 × 9.14 m, and an eave height of 6.8 m, representative of a typical North American 2-storey house. In the tests, the hold-down forces of these building components were scaled and implemented using magnets. The capacity and the failure mechanism of the objects had to be known prior to testing so they could be modelled (Surry et al., 2005). Through this approach, the gust wind speed causing the failure could be measured. Accordingly, the capacity was deterministic, but the wind loads and the flights were stochastic.
The Visscher and Kopp (2007) and Kordi and Kopp (2011) results highlighted that the distributions and maximum values of the debris flight distances depend on the mode of flight, the initial location of the element on the roof, the wind angle, and the surroundings (neighborhood buildings). For example, roof tiles typically fly at 30%–60% of the 3-s gust failure wind speed, asphalt shingles at 40%–120%, and sheathing panels at 20%–95%. Accordingly, the 3-s gust failure wind speed of the roofing component represents a practical upper-bound wind speed to estimate the upper-bound flight trajectory with a debris flight model, at least for these debris types. However, the 3-s gust speed will overestimate the mean trajectory. Evidently, roofing-element debris can “miss” the wind gust and, consequently, when the failure occurs, they will accelerate and fly in “lower wind speeds environments” (Kordi and Kopp, 2011). Kordi et al. (2010) explained this as the effect of a negative vertical component of the wind velocity, which is not typically considered in the numerical calculations, but which is correlated with peak gust speeds. Additionally, when the source building is in the wake region behind an upstream building, as depicted in Figure 1, there is a tendency to further reduce the trajectory below uniform, smooth flow trajectory results. For these plate-like debris elements (Wills et al., 2002), it has been found (Kordi et al., 2010; Kordi and Kopp, 2011) that the lower bound wind speed to estimate debris trajectories with uniform flow would be the 10-min mean wind speed at the source building roof height ([image: image]).
[image: Figure 1]FIGURE 1 | Schematic representation of streamlines around low-rise buildings.
It is well established that the failure gust speed for a given roof element depends on the strength (capacity), the building shape and size, the location on the roof, the terrain and surroundings, and the wind direction. However, there is little information regarding the flow on the roof and in the wakes of buildings, noting the exceptions of works like Wu et al. (2017), Sengupta and Sarkar (2018), Akon and Kopp (2016); Akon and Kopp (2018). This makes developing models for debris trajectories challenging. For example, Grayson et al. (2012) developed a probabilistic model based on Kordi and Kopp (2011) data. They used a Monte Carlo simulation varying speed over the wide ranges. Use of Computational Fluid Dynamics is also possible (Lyu et al., 2023; Huo et al., 2020; Baker and Sterling, 2017; Hargreaves et al., 2014; Kalimpa et al., 2012); although this is still relatively costly, it has a lot of potential for leading to more general guidance.
Taking inspiration from the use of the simplified uniform model of Peterka et al. (1997) and Cochran et al. (1999), which can work well with probabilistic models (e.g., Grayson et al., 2012), we investigate the use of multiplication factors to capture the local wind field effects above the roofs and in the wakes of source buildings. Additionally, debris elements take time to accelerate from rest to a significant speed. This can be represented as a response time factor, which can capture the difference between heavier and lighter elements when accelerating. The objective of this paper is to develop an equivalent uniform wind speed that will capture the trajectories of debris elements originating on roofs of low-rise buildings considering the factors that affect the flight, viz., the speed of flow near the roof, the wind speed in the wake, the response time of the object. In particular, we examine the possibility of using a model of the form:
[image: image]
where Udebris is the equivalent uniform wind speed that leads to the trajectory, [image: image] is the 10-min mean failure wind speed, G is a gust factor, and FR is the roof/wake factor. The gust factor, G, is used in the usual wind engineering sense, but accounts for the response time of the object, as examined below. The FR is a factor that characterizes specific roof elements, location on the roof, wind direction, and neighborhood settings, as presented in next sections.
2 DEBRIS FLIGHT EQUATIONS IN UNIFORM FLOW
2.1 Roof elements
Three different roof covering types are considered: tiles, asphalt shingles, and sheathing panels. The dimensional characteristics used in the current study are provided in Table 1. These three elements were chosen based on available trajectory data that are used to validate the model. They can all be categorized as “plate-like” under the Wills et al. (2002) classification. Failure wind speeds and trajectories are obtained from the experimental studies developed for these three roof components by Visscher and Kopp (2007) and by Kordi and Kopp (2011). For roof gravel, which is loose-laid on the surface, failures occur under different mechanisms and is not examined further here; the reader is referred to Doddipatla and Kopp (2019) for a recent review. For rod-like debris (Wills et al., 2002) such as 2 × 4s, the flight mechanisms would involve, first, the failure of the building structure (e.g., a roof truss) and then, second, disconnecting of individual 2 × 4s from those elements (e.g., a 2 × 4 from the truss). There are no data available for this process from failure to flight.
TABLE 1 | Roof cover characteristics.
[image: Table 1]2.2 Debris trajectory model
2.2.1 Equations of motion
The first wind-borne debris studies to assess flight and trajectory were developed by Twisdale et al. (1979) and Tachikawa (1983); Tachikawa (1988). Tachikawa demonstrated that plate-like debris trajectories in a smooth, uniform flow depend on the initial angle of attack. Considerable variation is caused by the mode of flight, which can be autorotational, translational, or intermediate between the two. Twisdale et al. (1979) developed debris-flight models for tornado wind fields.
Considering Figure 2, the equations of motion for a general debris object are:
[image: image]
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with the terms defined in the nomenclature section. Baker (2007) proposed a non-dimensional form for the variables and, accordingly, the non-dimensional form of the equations of motion becomes:
[image: image]
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[image: Figure 2]FIGURE 2 | Definition sketch of (A) the wind speed relative to the plate, and (B) the forces acting on the plate.
Tachikawa (1983) offered, as well, non-dimensional versions of the equations of motion and identified the dimensionless parameter that has since been named in his honor (Holmes et al., 2006a): the Tachikawa number, Ta [image: image], is the ratio of aerodynamic force to gravitational force. Low-mass objects with a large surface area have high Ta: these objects tend to fly faster and for longer distances if compared to ones with lower Ta.
Tachikawa (1983) suggested a method to account for turbulence effects by varying the initial angle of attack of the wind, with reference to the plate-like debris axis. Therefore, in the current study, six angles of attack are considered as the initial angles of attack for trajectory calculations. This approach, however, does not simulate the true physics of debris trajectories where case-specific source building aerodynamics and turbulence effects alter the trajectories (Visscher and Kopp, 2007). Rather, these initial angles of attack allow for a simple method to enhance variability.
2.2.2 Aerodynamic model
Lin et al. (2006), Holmes et al. (2006a), Holmes (2015), Richards et al. (2008), and Kordi and Kopp (2011) conducted flight analyses for different wind-borne debris typologies in uniform wind flow, using Equations (2)–(4) with a quasi-steady aerodynamic model. Following Tachikawa’s work (1983), Kordi and Kopp (2011) developed the aerodynamic drag, lift, and moment coefficients for both the static ([image: image]) and the rotational ([image: image]) components:
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with:
[image: image]
defined following Kordi and Kopp (2011) and based on Iversen (1979). The non-dimensional moment of inertia of a plate (I*) is
[image: image]
with the other terms defined in the nomenclature.
To define the static components of drag, lift, and moment coefficients, the definition (Kordi and Kopp, 2011; Hoerner, 1965) of the static normal coefficient on the plate (CN) is:

[image: image]
Accordingly:
[image: image]
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with:
c = center of pressure, which, for plates with AR = 4, follows:
[image: image]
Based on Kordi et al. (2009), through analytical and experimental simulations, the flight of their case-study debris was analyzed assuming S0 = 0.47 (Skews, 1990).
3 MODEL DEVELOPMENT
3.1 Response times and gust factors
Roofing element failures occur because of gust wind speeds. The 3-s gust wind speed is usually adopted since this connects to aerodynamics typically used in design standards such as ASCE, 2022. To perform debris trajectory analysis, it is usually assumed that the wind speed at the initiation of flight remains constant for the duration of the debris flight (e.g., Lin et al., 2006; Grayson et al., 2012). However, the actual duration of failures (e.g., the time for complete nail withdrawal for sheathing panels) is often a fraction of a second for roof covering elements (e.g., Kopp et al., 2012), so gust wind speeds of a shorter duration are of relevance for the failure. Additionally, following the failure, it takes some time for the element to accelerate from an initial speed of zero, during which time the local wind speed near the element changes. The purpose of this section is to examine this issue.
As an example, we use the equations of motion Equations 5–7 together with a typical 3-s gust speed of 40 m/s for three types of debris. Figure 3 presents the results in a non-dimensional form with both the non-dimensional displacement [image: image] and plate velocity [image: image] shown, for a time interval of 3 s. Of importance, the figure indicates that even for these debris elements with rather different sizes and masses, the non-dimensional curves are reasonably similar. The shingles and sheathing panels reach the 80% of their asymptotic speed (u∞) at [image: image]* = 2.1, while for the heavier, smaller tiles this is [image: image] * = 2.5, where [image: image] * is the non-dimensional response time. However, translating these to dimensional values indicates that asphalt shingles accelerate to 80% of u∞ in t* = 0.4 s, the sheathing panels in 0.7 s and the tiles in 3.4 s, where t* is the dimensional response time of the debris element. Based on this, one would expect different gust speeds are required to predict their flight with a uniform flow.
[image: Figure 3]FIGURE 3 | Non-dimensional time [image: image] vs. non-dimensional forms of horizontal displacement [image: image] and non-dimensional horizontal velocity of the plate [image: image], for roof tile, shingle, sheathing panel, considering a wind speed of 40 m/s and an initial θ = 18.43°, a flight time of 3 s. Note that the non-dimensional trajectories for all three elements are essentially identical, which is why the curves overlap.
Figure 4 depicts the dimensional trajectories of roof tiles, sheathing panels, and shingles, for a wind speed of 40 m/s. Even in the first moments of flight, e.g., t = 0–0.1 s, there is a significant difference in terms of the overall displacements. For instance, roof tiles move about 0.1 m, whereas shingles move about 10 times further, for about 1 m. After 3 s of flight, the difference in total distance is equal to 35 m, with the roof tiles moving about 65 m and shingles about 100 m, almost two times further (neglecting the presence of the ground plane). Considering the nature of a failure inducing gust, the likelihood of these elements travelling in the same wind environment is minimal, which will alter the overall trajectories significantly. Physically, examining these roof component behaviors in Figure 4, it can be seen that roof shingles and sheathing panels fly larger distances in the along wind than roof tiles, while also elevating vertically in the initial stage of flight.
[image: Figure 4]FIGURE 4 | Plots of the trajectories for asphalt shingles, tiles, and sheathing in a wind speed of 40 m/s for t = 3 s. Shingles and sheathing panels experience a significant uplift in the initial stage of the flight, whereas roof tiles start immediately a trajectory towards the ground. In the time interval of 3 s, roof tiles are observed to fly for a maximum of 65 m in the along wind direction, whereas sheathing panels and shingles are respectively reaching 98 m and 105 m respectively. Moreover, roof tiles start immediately to fall (z direction), whereas the other roof elements present a significant uplift at flight initialization.
Considering the non-dimensional [image: image]* and dimensional t* response times for each component, it is possible to find a case-specific gust factor (G), based on the debris element characteristics. This factor is used to determine Udebris though Equation 1.
The gust factor G (Equation 18) is the ratio of the expected maximum gust speed within a specified period to the mean wind speed (Holmes et al., 2006b):
[image: image]
where [image: image] is the peak gust, [image: image] is the equivalent 10-min mean wind speed, g is the peak factor, [image: image] is the standard deviation, Iu is the longitudinal turbulence intensity.
Figure 5 depicts G values for synoptic winds, for a sample time of 600 s, plotted against the gust duration, for a value of the ratio of turbulence length scale to mean wind speed of 10 s. Lu/ [image: image] associated with the response times for roof tiles, shingles, and sheathing panels. To find the case-specific G values, the t* values are in this example derived via Durst (1960) curves using a turbulence intensity of 0.175, which is in line with the experimental conditions of the data that are used in the next sections to validate the proposed methodology (Visscher and Kopp, 2007; Kordi and Kopp, 2011). For non-synoptic wind fields, such as tornadoes and downbursts, other gust factors would be required.
[image: Figure 5]FIGURE 5 | Gust factors as a function of turbulence intensity, for Lu/ [image: image] = 10 s. For Durst (1960) data: [image: image] = 0.175.
Using the t* associated with the plate speed of 80% of the asymptotic limit, G values are reported in Table 2 for turbulence intensity Iu = 0.175, relative to a 10-min mean wind speed. The shingles and sheathing panels have similar G values of 1.57 and 1.56, respectively, while tiles have G = 1.42. These values can be used with Equation 1 to estimate the debris flight trajectory, as discussed further below.
TABLE 2 | Gust factors, G, for t* durations for roof elements for [image: image] = 0.175 and Lu/ [image: image] = 10 s, relative to a 10-min wind speed.
[image: Table 2]3.2 Roof boundary layer effects
Wind speeds on roofs of low-rise buildings are generally associated with speed-ups (e.g., Peterka et al., 1997; Cochran et al., 1999). However, this is a simplification, since the flow first decelerates as it approaches the building, leading to positive pressures on windward walls. The flow then accelerates to the roof edge, decreasing the pressure near the top of the wall and on the roof. The flow often separates at the roof edge (unless the slope is high), and then reattaches on the roof, with a boundary layer growing on the surface downstream of reattachment. With all this variation, it is not clear whether a single factor can capture these effects. This point is investigated herein.
To develop factors that account for the wind speed near the roof surface, data are needed in this region for geometries for which debris trajectory data are available. Since Visscher and Kopp (2007) and Kordi and Kopp (2011) data are available from two-story gable roof houses with 4:12 roof slopes, similar roof wind speed data are needed. Such data are limited, although reasonably similar cases are available via data taken from Kopp and Sarathi (2010). However, only one wind direction was measured, orthogonal to the ridge of the roof. A Particle Image Velocimetry (PIV) system was configured to measure the two-dimensional velocity field at the midpoint of the roof, parallel to the flow direction. Kopp and Sarathi (2010) investigated the wind field above a gable roof of a low-rise building roof with a slope of 4:12, plan dimensions of 10.38 × 9.14 m (full-scale), an eave height of 6.8 m. Kopp and Sarathi (2010) measured the boundary layer profiles perpendicular to the roof. The mean wind speeds parallel to the roof surface are depicted in Figure 6 for the 4:12 roof slope, revealing the development of the boundary layer downstream of reattachment point. There is an apparent acceleration in flow speed towards the ridge. It is noteworthy that a distinctive characteristic of converging flow or flow, i.e., with a favorable pressure gradient, due to acceleration of the flow with increasing distance from the eaves. The longitudinal integral length scales were estimated at a position 0.5 m above the roof surface. Using the time correlation of the horizontal component of the velocity and Taylor’s hypothesis these are in the range of 5–15 m, depending on the position on the windward slope of the 4:12 gable roof. These scales indicate that there is a reasonable distance near the windward roof surface that a debris element can accelerate in a reasonably uniform gust. Thus, a single factor may be a practical and reasonable factor for a given roof slope. On the leeward side of the ridge, the large-scale flow separation implies a much lower speed flow in the initial stages of flight, as described by Kordi and Kopp (2011). The leeward roof is affected by turbulence effects, which can be qualitatively visualized in studies such as Sousa and Pereira (2004), who studied a gable roof with a slope equal to 30° (≈7:12). Since the flow in the lee of the ridge is reasonably independent of the slope, a single factor, regardless of roof slope may be appropriate in this part of the roof.
[image: Figure 6]FIGURE 6 | Mean velocity profiles perpendicular to the roof surface (based on Kopp and Sarathi, 2010).
3.3 Wind speeds and determination of FR
Adding further challenge to the problem is the presence of wakes behind all buildings. The length of the trajectory is a key factor in how these flow regions affect the wind acting on the debris element. Figure 1 provides a schematic representation of flow these fields. If one assumes the wake does not grow rapidly such that the bulk of the trajectory is above the wake region, one may assume wake effects can be effectively neglected and the roof flow field governs.
The complexity and variability of the flow above the roof (discussed in the previous section) and both upstream and downstream of the building implies that a single factor to account for these may be a challenge. However, the objective is to find an equivalent uniform wind speed that yields approximately equivalent trajectories. Here, we examine this approach using the data of Visscher and Kopp (2007) and Kordi and Kopp (2011). Hence, it is proposed to use a factor, FR (Table 3), in Equation 1, which is dependent on roof slope, roof position, wind direction, and surrounding building setting.
TABLE 3 | FR values for roof elements as a function of position on the roof, surrounding buildings, and wind direction.
[image: Table 3]A Monte Carlo simulation is used to estimate flight trajectories from the roof elements using various uniform wind speeds in order to identify FR values. Thus, FR is calculated by trial and error and for each roof element, position, neighborhood configuration, and wind direction. The steps of the Monte Carlo analysis are as follows.
1. Sample the failure wind speed ([image: image]), based on the 3-s failure wind speeds that were recorded by Visscher and Kopp (2007) and Kordi and Kopp (2011).
2. Identification of G factors (Table 2) for each roof cover element, based on the dimensional response time, t*.
3. Estimate FR and calculate Udebris, using Equation 1.
4. Calculate the analytical flight trajectory by solving Equations 2–4 via a fourth-order Runge-Kutta scheme. The aerodynamic coefficients required for the trajectory calculation, including lift, drag, and moment coefficients, were computed dynamically at each time step using the formulations provided in Equations 8–17.
5. Step 4 is repeated with six different initial angles of attack (θ = 0°, 30°, 60°, 90°, 120°, 150°), to account for local turbulence effects, based on the concept developed by Tachikawa (1983).
6. Repeat steps 1 to 5 for Ntotal times (in the analytical results presented herein Ntotal = 1000).
7. Experimental and analytical flight trajectory probability distributions are created.
8. Best values of FR are identified from the simulation data, for which the analytical trajectory distributions are the best match to the experimental ones (for each roof cover element, roof position, neighborhood configuration, and wind direction).
In step 1, the distribution for the failure wind speeds comes from Visscher and Kopp (2007) and Kordi and Kopp (2011) which form a Gaussian distribution and a coefficient of variation of 25%. FR was varied, between values of 0.29 and 1.18 in steps of 0.01, linearly, for each configuration. Figure 7 depicts the positions on the roof for each isolated building, while Figure 8 depicts the surrounding buildings’ configurations.
[image: Figure 7]FIGURE 7 | Sketch of the plan configuration and the roof element positions for the isolated buildings configurations.
[image: Figure 8]FIGURE 8 | Sketch of the plan configuration and the roof element positions for the surrounding buildings configurations.
4 RESULTS AND LIMITATIONS
Table 4 depicts the results from the nine available configurations (Configs. 1–9), with the results graphically reported in Figures 9–17, for the optimum FR values (Table 3). Included in each figure are “analytical results with [image: image]”, which depict the results derived using the recorded 3-s gust failure wind speeds for the specific configurations, as documented in Visscher and Kopp (2007) and Kordi and Kopp (2011). These results are reported with a red line. “Analytical Results with Udebris” are the results incorporating Udebris as the flight wind speed, as expressed by Equation 1. These results are reported with a green line. “Experimental Results” are those reported directly by Visscher and Kopp (2007) and Kordi and Kopp (2011), which are reported with a gray histogram. In this section, the comparative analysis, assess the accuracy and reliability of the proposed approach.
TABLE 4 | Experimental, analytical (Equation 1), and analytical (3-s gust) flight trajectories for various roof element configurations (Config. 1 – Config. 9).
[image: Table 4][image: Figure 9]FIGURE 9 | (A) PDF of flight distance of roof tiles and (B) plan configuration 1. [image: image] = 50 m/s; G = 1.42; FR (BIB) = 0.74; Udebris = 35 m/s.
[image: Figure 10]FIGURE 10 | (A) PDF of flight distance of roof tiles and (B) plan configuration 2. [image: image] = 67 m/s; G = 1.42; FR (BSB) = 0.74; Udebris = 48 m/s.
[image: Figure 11]FIGURE 11 | (A) PDF of flight distance of roof shingles and (B) plan configuration 3. [image: image] = 27 m/s; G = 1.57; FR (BIB) = 0.87; Udebris = 27 m/s.
[image: Figure 12]FIGURE 12 | (A) PDF of flight distance of roof shingles and (B) plan configuration 4. [image: image] = 30 m/s; G = 1.57; FR (BSB) = 0.87; Udebris = 30 m/s.
[image: Figure 13]FIGURE 13 | (A) PDF of flight distance of roof shingles and (B) plan configuration 5. [image: image] = 45 m/s; G = 1.57; FR (DIB) = 0.41; Udebris = 14 m/s.
[image: Figure 14]FIGURE 14 | (A) PDF of flight distance of roof shingles and (B) plan configuration 6. [image: image] = 45 m/s; G = 1.57; FR (DSB) = 0.29; Udebris = 14 m/s.
[image: Figure 15]FIGURE 15 | (A) PDF of flight distance of roof shingles and (B) plan configuration 7. [image: image] = 58 m/s; G = 1.57; FR (AIB) = 1.18; Udebris = 64 m/s.
[image: Figure 16]FIGURE 16 | (A) PDF of flight distance of roof shingles and (B) plan configuration 8. [image: image] = 36 m/s; G = 1.57; FR (ASB) = 0.57; Udebris = 20 m/s.
[image: Figure 17]FIGURE 17 | (A) PDF of flight distance of roof sheathing panel and (B) plan configuration 9. [image: image] = 56 m/s; G = 1.56; FR (CIB) = 0.46; Udebris = 17 m/s.
Figures 9, 10 depict the trajectory distributions for roof tiles located on the central windward ridge area of the 4:12 gable roof, in settings with one (BIB, Figure 9) or two rows (BSB, Figure 10) of buildings. Both G and FR factors used in Equation 1 to calculate the trajectories are the same ones (reported in Table 2, 3). Several observations can be made. The experimentally-observed flight distances increase because of the significantly increased failure wind speed when a row of houses is placed upstream. The estimated factors with variation induced by the variation in the failure wind speeds and initial angle of attack allow a reasonable distribution to be obtained, as indicated by Table 4. Using Udebris the minimum, mean, and maximum trajectories are within 17.82%, −2.90%, and −32.40%, respectively of the experimental values for Config. 1. The COV was within −68.75%. Whereas, comparing the experimental data with the analytical results obtained using [image: image], the errors are within 79.60%, 97.57%, and 230.72% for the same parameters. Clearly, the new parameters and the use of Equation 1 to calculate Udebris are a significant improvement for all aspects of the flight trajectories compared to the simple use of the 3-s failure wind speed, which tends to lead to significant overestimation of both the mean and maximum trajectories for roof tiles. The trajectory results for Config.2 confirm the improvements driven by the adoption of Udebris for debris flight assessment. In this case, the errors in the mean and maximum flight trajectory are respectively reduced from 106.48% to −0.52% and from 109.57% to −11.83%.
Configs. 3–8 (Figures 11–16) report six case-studies for roof shingles in various configurations. Config. 3 and Config. 4 (Figures 11, 12) are examples of the same building configurations and cover element locations discussed for roof tiles (i.e., Config. 1 and Config. 2, in Figures 9, 10). As for the roof tiles, the use of constant factors, G and FR, work for the two surrounding neighborhood configurations. However, because the shingles respond so much faster, FR is 18% larger, which we attribute to it moving away from the roof surface much rapidly.
In Configs. 5 and 6 (Figures 13, 14), the results for shingles positioned on the leeward side of the ridge are presented. Kordi and Kopp (2011) discuss this configuration, where the shingles are on the leeward side of the ridge, in a region of separated flow with the local flow direction opposite to the bulk wind direction. This clearly lends to a higher likelihood of the shingle “missing the gust”, which leads to a significantly reduced factor, FR. A range of FR values between 0.29 and 0.41 appears to work well with this data. The building setting of Config. 5 is less disturbed from the construction positioned in front of the windward side of the building and this drives to higher values of FR for trajectory calculation (FR = 0.41). However, the observed range of values is too low such that maximum trajectories are missed relying on Equation 1 for the Monte Carlo simulation. Thus, to capture the worst case (i.e., longest) flights, a higher value of FR would be required. This also points to limitations in relying on angle-of-attack variations to estimate trajectory variation.
In Config. 7 and Config. 8 (Figures 15, 16), the results for shingles positioned on the windward side of the two case-study settings are presented. These roof elements’ locations are close to the gable roof eave, in which there a speed-up effect is observed. For roof building elements with a short response time t* = 0.4 s such as, in these cases, shingles, the speed-up effect is affecting the flight behavior of these building components (Peterka et al., 1997; Cochran et al., 1999). For Config. 7, a factor FR (AIB) = 1.18 results appropriate to capture the mean experimental trajectory results. Also in this case, maximum trajectories are missed and the error is −55.68%. For shingle Config. 8, the adequate FR factor to capture mean trajectory results, and be used in Equation 1, is smaller than the. In fact, for the windward eave side of the roof, when the setting has two rows of buildings (Figure 16), the roof cover element is highly affected by the presence of the upwind buildings and by the consequent creation of a wake region in between the two building rows. Accordingly, the FR used to calculate the flight distances, is in this case FR (ASB) = 0.57. Also in this case, the analytical results that match the mean values, are missing maximum experimental results (the error is −38.59%).
In Figure 17, Config. 9 is the only one reporting the trajectory for a roof sheathing panel positioned on the leeward roof slope (position CIB) of an isolated source building, due to limited experimental data for this roof cover typology. The panel is, moreover, located towards the ridge of the leeward slope of the gable roof, introducing complexity to the problem for the lack of symmetry in the system. We notice that, also for this case, the roofing component element placed on the leeward side of the roof has flight distances that are overestimated for one order of magnitude if [image: image] is used to solve Equations 2–4. Whereas, using factors G = 1.56 and FR (CIB) = 0.46 in Equation 1, the analytical results calculated using Udebris are in good agreement with the experimental benchmark for mean trajectory values, containing the error at −0.43%, instead of the 197.58% that is recorded when the trajectory is calculated for [image: image]. Config. 9 confirms the limitations of the model related to the evaluation of maximum flight distances, that present an error of −53.66% (Equation 1) versus the overestimation of 59.23% in the maximum flight trajectory based on if [image: image].
5 CONCLUSION
Wind-borne trajectories can be calculated using the second order equations of motions combined with an aerodynamic model. These equations are often used to estimate debris flight with the assumption of uniform flow (Tachikawa, 1983; Holmes et al., 2006a; Lin et al., 2006); however, real scenarios are influenced by the source building aerodynamics and turbulence in the wind. In this paper, the use of adjustment factors to account for the debris element characteristics and the effects of the source building are examined with the uniform flow model. A gust factor (G) is used to account for the response time of a specific roof cover element. This is defined as the time for the debris element to reach 80% of the 3-s gust failure wind speed. Based on t*, typical gust factor for the roof cover types is identified, for each case-study. The second factor (FR) is to account for the local flow above the roof and in the wake. This factor is found to depend on roof position, most importantly whether the source position is in attached flow or in separated flow, and on the surroundings, whether the position is in a wake region or not. The use of these factors with trajectory variation enabled by variations in the failure gust speed and initial angle of attack lead to reasonable estimation of trajectory statistics for mean values. This model, however, has some limitations for the results of maximum trajectories.
It is recommended that further experimental campaigns are necessary to refine and enhance the accuracy of the analytical model and to implement FR datasets. Such campaigns would contribute to a more comprehensive understanding of debris trajectories, based on debris characteristics and source building aerodynamics. Currently, there are FR coefficients for only a few locations on the roof and for only one wind direction. An extensive campaign for various wind directions and roofing component types would be beneficial to enable and/or ensure generality of the method.
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NOMENCLATURE
CD= D/q A drag coefficient
CL= L/q A lift coefficient
CM= M/q A ch moment coefficient
CN= N/q A static normal coefficient on the plate
q = ½[image: image]U2 dynamic wind pressure
ch plate chord
A plate area
D = ½[image: image]U2CDA drag force
L = ½[image: image]U2CLA lift force
M = ½[image: image]U2CMA ch pitching moment
N = ½[image: image]U2CNA normal force
g gravity acceleration
I = m (l2+ h2)/12 moment of inertia of the plate
B B is the maximum overall dimension of the debris in the direction of the flow
l side dimension of the plate
h plate thickness
L lift force
m mass of the debris
S ω l/(2 Urel) = spin parameter of the plate
S0 ω0 l/(2 Urel) = spin parameter of the plate at the point of stable autorotation
u horizontal velocity of the plate
U horizontal wind velocity
w vertical velocity of the plate
x horizontal distance of the debris element
z vertical distance of the debris element
[image: image] angle of attack of the relative wind velocity to the plate
[image: image] angle of rotation of the debris element
[image: image] air density
[image: image] density of the debris element
[image: image] non-dimensional horizontal displacement of the debris element
[image: image] non-dimensional vertical displacement of the debris element
[image: image] non-dimensional angular rotation of the debris element
[image: image] non-dimensional time
[image: image] non-dimensional horizontal velocity of the plate
[image: image] non-dimensional vertical velocity of the plate
[image: image] non-dimensional vertical wind velocity
[image: image] non-dimensional relative wind velocity
with: [image: image] non-dimensional plate inertia
[image: image] buoyancy parameter
[image: image] dimensionless parameter
u∞ asinthotic debris speed limit in the wind direction
t time
t * dimensional response time [image: image]
[image: image]* [image: image] = non-dimensional response time
ω angular velocity of the plate
ω0 angular velocity of the plate at the point of stable autorotation
[image: image]h/l thickness ratio of the plate
AR = B/l aspect ratio of the plate
Iu turbulence intensity
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