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ABSTRACT 
 
The performance of cladding, connections, and other building components is critical for reducing 
losses due to severe storms. Design wind loads for cladding and building components are typically 
obtained via the wind tunnel method or from codes and standards, which rely on wind tunnel data in 
their development. The determination of design wind loads for these systems is challenging, 
particularly for systems that are air permeable. Small air gaps between adjacent components and 
layers cannot be modeled at the typical scales used in boundary layer wind tunnels, which requires 
relaxation of the usual wind tunnel scaling laws for accuracy. The paper reviews recent advances in the 
understanding of building aerodynamics in regions of separated reattaching flow near building edges, 
focussing on the roofs of low-rise buildings as an illustrative example. Based on this, existing design 
standards and wind tunnel test methods are examined, with recommendations for developments to 
ensure both improved performance-based design and disaster resilience of these systems. 
 
1. Introduction 
 
It is now well known that economic losses in disasters caused by wind storms are closely related to the 
performance of cladding systems and the connections used with various building components. For 
single-family residential structures, which are often the driver for losses in severe storms, modern 
building codes have eliminated many of the structural performance issues (Gurley and Masters, 2014). 
However, cladding performance remains a significant source of losses, which are often amplified by 
rainwater entry (Sparks et al., 1994). 
 
Cladding systems are often complex with multiple layers, many of which are air permeable. They are 
typically designed to control heat and moisture flows, with architectural considerations 
understandably given priority. Actual performance, of course, depends on both the loads and the 
resistance, and building codes and design standards cover both aspects. Because of the complexity, 
wind loading standards, such as ASCE 7-22 (2022), tend to treat cladding as being of a single, air-tight 
layer with external and internal pressure coefficients provided for a range of building shapes and 
openings. Details of the load sharing and pressure equalization through the multiple layers are usually 
dealt with in product testing standards (e.g., ASTM D3679, 2013; ASTM D5206, 2013). This approach 
is rational, since the particular details for different systems can be handled systematically, and usually 
leads to conservative (i.e., safe) results (although there are sometimes inconsistencies in how different 
products are treated in different standards). 
 
With the rise of performance-based design on the one hand, and the need to mitigate the ever-rising 
losses caused by severe storms on the other, there are many issues that need to be addressed with 
respect to the design and performance of cladding systems. Performance-based design relates to the 
optimization of the performance goals and is, in essence, related to customizing both the design loads 
and resistance. This usually implies reducing the wind loads from those in codes and standards by 
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specialized analysis. Wind engineering consulting firms have been involved with this for decades 
through the wind tunnel method for determining wind loads on high-rise buildings. More recently, this 
has been through applying the wind tunnel method for the determination of wind loads on products, 
such as roof-mounted solar arrays (Banks, 2013). In contrast, there is a societal need to reduce the 
losses from wind-related disasters. While rising losses are often associated with rising populations in 
risk-prone areas and changing climatic patterns and intensity of storms, there are also detailed 
knowledge gaps that need to be addressed with respect to performance of cladding and building 
components in wind storms. There is need to ensure that product design and implementation is 
optimized to keep costs in check as society adapts to these changing circumstances. 
 
Knowledge gaps related to the performance of cladding systems and building components include 
issues relate to (i) wind load standards (e.g., ASCE 7-22), (ii) product test standards (e.g., ASTM D5206), 
and (iii) wind tunnel test methods. The objective of the paper is to review the methods for the 
development of design values of the aerodynamic (i.e., area-averaged pressure) coefficients for 
cladding and component (C&C) systems. Due to space limitations and noting that wind tunnel data is 
the primary method for setting design loads, this presentation will only consider issues related to wind 
load standards and wind tunnel test methods. The paper will not examine the emerging issues 
associated with considerations of non-synoptic storms, such as tornadoes, although some of the 
methods discussed here are relevant for such storms. Only suctions near the edges of low-rise building 
roofs will be discussed. The large loads in these zones highlight the important issues, and it is noted 
that there is a clear analog in the separated flows causing the suctions on low-rise roofs and near the 
edges of high-rise building walls (as discussed in Liu et al., 2019; Wang and Kopp, 2022). 
 
2. Review of Building Aerodynamics in Regions of Separated Reattaching Flow 
 
Low-rise buildings are defined as having a roof height that is less than the least horizontal (plan) 
dimension. The flow field near roof edges of low-rise buildings is dominated by the separated flow, 
which tends to reattach onto the roof surface for these shapes (for nearly flat roofs). The largest 
suctions on the roof occur near the corner of the roof but are also high along all edges in the region of 
separated flow near the edge. There are two forms of the vortices in the flow field: one being the 
“corner” (also called “delta wing”) vortices that originate from the corner for oblique wind directions, 
the other being the separation bubble for winds normal to the wall (when the flow reattaches). Peak 
pressures are closely related to these vortices (Saathoff and Melbourne, 1997; Banks and Meroney, 
2001; Pratt and Kopp, 2014). The size of these vortices depends on the wall size, primarily the building 
height, as discussed in Lin and Surry (1998), Akon and Kopp (2016), and Kopp and Morrison (2018). 
Thus, the reattachment length, Xr, is a good proxy for the size of these vortices (Pratt and Kopp, 2014; 
Akon and Kopp, 2016), while the reattachment length depends on the height of the building, in 
particular the vertical distance on the windward wall from the stagnation point to the roof edge, hf (Lin 
and Surry, 1998; Akon and Kopp, 2016). Hence, the region of high suction depends primarily on the 
height, H, of the low-rise building. In fact, the roof height is dominant geometric parameter for defining 
wind loads on low-rise buildings (Wang and Kopp, 2021). 
 
Turbulence also plays an important role on the pressures in the region of separated flow. For simplicity, 
we will discuss the role of turbulence in terms of its scale, using the integral length scale of the 
longitudinal component (i.e., horizontal component in the nominal wind direction), Lx, and intensity, 
Iu. The reattachment length depends on both the scale and intensity of the turbulence (Saathoff and 
Melbourne, 1997). For low turbulence levels, the reattachment length is relatively large, being 
approximately 10hf (Akon and Kopp, 2016). At the turbulence intensities and scales typical of open and 
suburban terrains, for typical low-rise building sizes, the reattachment length is fairly constant at about 
4hf, which translates to about 1.0 to 1.5H for typical low-rise building shapes (Akon and Kopp, 2016). 
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In addition to altering the reattachment length, the turbulence alters the nature of the pressure 
fluctuations (and peak suctions) within the region of separated flow. For low turbulence upstream, the 
highest fluctuations are near the reattachment point due to impinging separated shear layer (SSL) at 
reattachment (Cherry et al., 1984; Saathoff and Melbourne, 1997). Turbulence grows as the flow 
moves downstream within the SSL, primarily due to the Kelvin-Helmholtz instability (Lander et al., 
2018). The upstream turbulence alters the transition to turbulence in the separated shear layer, 
causing a bypass transition, which alters the nature of vortices and instabilities in the separated shear 
layer (Lander et al., 2016). For turbulence levels in typical open or suburban terrains, and typical low-
rise building sizes, the separated shear layer is essentially fully turbulent right from separation, after 
which it immediately starts to decay (Akon and Kopp, 2018). For these turbulence levels, the 
aerodynamic mechanisms are essentially fixed and constant, such that the aerodynamic coefficients 
for area-averaged roof pressures do not change significantly with the terrain (Wu and Kopp, 2018). 
 
Of some importance is the turbulence energy levels and critical frequencies that lead to the change of 
location of peak pressure fluctuations from the reattachment point to the roof edge. Melbourne (1979) 
identified that the critical frequencies should be related to the thickness of the SSL, which is on the 
order of 1/10 the height of the building, H. Putting this into a non-dimensional form implies that the 
critical frequency, f* = fH/V ~ 10. Recent experiments with a low-rise building at H = 4m and Re = 
3.2x106 led Morrison and Kopp (2018) to the conclusion that the range of frequencies, 0.1 < f* < 2, are 
active in controlling the SSL and the high fluctuations immediately adjacent to the roof edge. Thus, to 
obtain pressure coefficients that accurately represent those in full scale, matching the power spectral 
densities within this range is critical. 
 
3. External Pressure Coefficients for C&C Design in ASCE 7 
 
In 2016, ASCE 7 had a significant update of the pressure coefficients for roofs of low-rise buildings 
using the wind tunnel in Ho et al. (2005) and Vickery et al. (2011). The update considered about 60 
building geometries ranging in size from those of single-family residential structures (i.e., houses) to 
reasonably large industrial buildings (i.e., warehouses), in two terrain conditions. Figure 1 shows the 
spatial layout of worst pressure coefficients, enveloped over wind direction for two buildings of the 
same plan dimensions but with different heights. The results show that the same patterns occur, 
although the spatial extent of the patterns clearly depends on the roof height. Based on this, Morrison 
and Kopp (2018) recommended zone sizes as a function of H, which are shown in Figure 2. Scaling the 
zones with H implies that the relative areas of the zones change as a function of the plan dimensions 
of the roof. So, for buildings that are close to a cube shape, there are only 2 zones, defined by the 
corner (zone 3) and edge (zone 2). For buildings with plan dimensions that are large relative to height, 
there are 4 zones. The detailed analysis for low-slope roofs can be found in Kopp and Morrison (2018). 
 
To develop the pressure coefficients in 2016 version of ASCE 7, an enveloping procedure, whereby the 
worst values in a particular roof zone, regardless of wind direction, was used. In other words, using the 
pressure coefficients in Figure 1, the worst values in each zone for each building were obtained. These 
values were then plotted for each building and each zone and a curve fit was developed. Figure 3 
depicts the results for the corner (zone 3), which show the peak area-averaged pressure coefficients, 
GCp, as a function of dimensional area, Ae, along with the code values. The figure shows that while all 
of the data show similar trends, there is a range of scatter. Given that the peak pressures are functions 
of the vortices in the separated reattaching flow above the roof, which scales with the height of the 
building, one might expect that the size of the building should alter area-averaged pressures in such a 
way that, for a fixed dimensional area, larger suctions should be observed for buildings with larger H. 
In fact, Lin and Surry (1998) suggested that the there may be a single curve for pressure coefficients 
plotted as a function of Ae/H2. To examine this further, Doddipatla et al. (2022) tested a building with 
dimensions, H x W x L = 50m x 196m x 400m in the low-speed side of Western’s Boundary Layer Wind 
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Tunnel 2. These authors confirmed the finding of Lin and Surry (1998) for this large low-rise-shaped 
building, with results for the roof corner (zone 3) shown in Figure 4. 
 

 

 
Figure 1. Spatial variation of worst peak pressure coefficients for area averages of 9ft2 on buildings with plan 

dimensions of 40 ft x 62.5 and roof heights of (top) 24 ft and (bottom) 40 ft, in open terrain. 
 

 
Figure 2. (Left) Roof zones for low-rise buildings with low-slope roofs used in ASCE 7-16. (Left-center) L/H > 2.4, 

(center) 1.2 < L/H < 2.4, (right-center) L/H < 1.2 and W/H > 1.2, and (right) L/H < 1.2 and W/H < 1.2. 
 
Given the exponential drop in the design pressure coefficients as a function of Ae, along with the 
dependence on building size, development of non-dimensional pressure coefficients would seem 
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reasonable, particularly for elements with small tributary areas. Since most cladding systems have 
multiple fasteners per panel, neglecting load sharing and using geometric tributary areas typically 
ensures a conservative design, (perhaps) offseting the under-estimated peak coefficients for relatively 
small areas on larger buildings. For example, for wood roof sheathing panels, Szilagyi (2022) found an 
effective area of about 24ft2 for fasteners with geometric tributary areas of between 0.5 and 2ft2 such 
that many fasteners participated in the failure at the limit state rather than the single fastener that is 
typically assumed for design. This is a concept that needs further investigation because it implies over-
design on some buildings and under-design on others and is panel and fastener dependent. The use of 
non-dimensional effective wind areas, Ae, has been implemented for roof-mounted solar arrays in 
ASCE 7 (see Kopp, 2014, for a discussion), although methods for the determination of the correct value 
of Ae to use with racking systems have not yet been agreed on. 
 

 
Figure 3. Peak enveloped pressure coefficients, GCp, as a function of area (ft2) in the roof corner of ASCE 7. 

 

 
      Ae/H2 

Figure 4. Peak enveloped pressure coefficients, GCp, as a function of non-dimensional area (Ae/H2) in the roof 
corner zone of ASCE 7 with data from Kopp and Morrison (2018), Lin and Surry (1998), and a building with plan 

dimensions of 400m x 196m and a roof height of 50m (Doddipatla et al., 2022). 
 
4. Wind Tunnel Method for Determining C&C Design Coefficients 
 
While the wind tunnel method is well established for determining wind loads on complete structures, 
determining wind loads on relatively small building elements, especially when they have multiple 
layers is still an area of active research. There are challenges with determining wind loads on small 
cladding elements that are air permeable, since small gaps, which are critical to setting the net wind 
load, cannot be manufactured at typical the model scales of 1/200 to 1/500 used in boundary layer 
wind tunnels. Some of these, like discrete metal roofs (Miller et al., 2020), clay and concrete tiles 
(Smith, 2014), asphalt shingles, or wall siding products (Miller et al., 2017), may not even be able to be 
modelled at relatively large scales, e.g., 1/10, and may require full-scale experiments to determine 
wind loads. Figure 5 depicts the issue of gap size for concrete tiles from Smith (2014). The most 
common method to determine wind loads in this situation is called Partial Turbulence Simulation (PTS). 
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PTS is based on the aerodynamic concepts reviewed earlier, particularly that the relatively small scales 
(high frequencies) of turbulence control the flow patterns and aerodynamic loads. It is these scales 
that are required to accurately model the flow so that the aerodynamic coefficients can be obtained 
(Irwin, 2008; Banks, 2011; Morrison and Kopp, 2018). Essentially, the requirements are to simulate the 
turbulence spectrum is accurate over the range of frequencies that control the flow patterns around 
the building, which are usually given as f* > ~0.1. One example is depicted in Figure 6, from the 
experiments reported by Stenabaugh et al. (2015) at a length scale of 1/20, using the direct 
measurement approach (Banks, 2011). ASCE 49-21 (2021), which governs the requirements for wind 
tunnel testing in ASCE 7, provides the detailed requirements. These are also discussed in Kopp (2023). 
There are a few approaches available, and more research is needed to understand the differences 
between them. The distinction between the aerodynamic coefficients obtained by direct 
measurements (see, e.g., Banks, 2011, 2013) and the loads obtained via correction of the wind speeds 
should be emphasized. For example, Asghari-Mooneghi et al. (2016) developed a method to 
probabilistically account for changes in the aerodynamic loads caused by changes in turbulence scale 
while Guo et al. (2021) developed a method to account for changes in turbulence intensity and scale.  
 

 

 
Figure 5. (Top) Small gaps between roof tiles that are important for new wind loads (from Smith, 2014). 

(Bottom) Photo of an air-permeable, multiplayer, discontinuous metal roof system (from Miller et al., 2020). 
 

 
Figure 6. Velocity spectra used in a Partial Turbulence Simulation with a length scale of 1/20. The vertical red 

lines indicate approximately the bounds required by PTS (adapted from Stenabaugh et al., 2015). 
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At its core, PTS also relies on quasi-steady theory (QST) being able to account for the effects of the 
large-scale turbulence fluctuations. It essentially implies that the pressure fluctuations follow the 
upstream velocity fluctuations with a linear relationship (Holmes, 2015). When this occurs, the 
aerodynamic admittance function, 

𝜒!(𝑓) = 4
𝑈!

𝑝̅!
𝑆"(𝑓)
𝑆#(𝑓)

 

has a value of unity. When this is the case, the aerodynamic load can be obtained by adjusting the wind 
speeds to account for changes in scale. QST tends to hold for area-averages in regions of separated 
flow (see the discussion in Wu and Kopp, 2019, and analysis by Wang and Kopp, 2022). While QST does 
not tend to hold for point pressures (e.g., Wang and Kopp, 2022), it tends to work well for area-
averages (Wu and Kopp, 2016; Guo et al., 2021). However, the boundaries for appropriate areas have 
not yet been established. Based on the discussion above, this should consider relative areas, i.e., Ae/H2. 
 
For areas and spatial positions on the roof where QST holds, Guo et al. (2021) developed a method to 
take advantage that the fact that for turbulence levels typical of open and suburban terrains, the 
aerodynamic mechanisms and resulting quasi-steady coefficients are constant (Akon and Kopp, 2018; 
Wu and Kopp, 2018). For this, Guo et al. (2021) split the pressure coefficient fluctuations into two 
parts: a quasi-steady portion and the local portion, which is due to the body-generated turbulence 
effects, i.e., 

𝛥𝑝(𝑡) =
1
2
𝜌𝑉$(𝑡)!𝐶𝑝(𝜃, 𝛽) + 𝑝%&'(%  

where plocal is normalized based on the turbulence intensity in the PTS range, i.e., 

𝑅 =
𝑝%&'(%

0.5𝜌 × |𝐶𝑝(𝜃, 𝛽)|(𝑘)∗ + 𝑘+∗)|𝑉|!=====  

The distribution of the normalized local pressure coefficient is reasonably independent of terrain, as 
shown in Figure 7, area, wind direction, and position on the roof within the region the separated flow 
(Guo et al., 2021). 
 

 
Figure 7. Cumulative distribution function of non-dimensional local pressure coefficient, R (Guo et al., 2021). 

 
Using the quasi-steady coefficients and the statistical model for the local pressure coefficients, Guo et 
al. (2021) use a Monte-Carlo simulation approach to estimate the peak area-averaged pressures for 
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other terrains with different values of integral scale and turbulence intensity. Figure 8 shows one 
example, for one particular area on the roof for one wind direction is one terrain. Further work is 
needed to examine how this method works on buildings with other shapes and, particularly, how the 
local pressure coefficient, R, changes in these environments. While Guo (2021) has shown that the 
model is robust for hip and gable roofs, such models have not been attempted for air-permeable 
cladding systems. 
 

 
Figure 8. Comparison of the cumulative distribution functions of the area-averaged pressure coefficients, Cp, 
for C-16 from the measured data, the QS model, and the combined Monte-Carlo model in a suburban terrain 

with a nominal direction of 85o (from Guo et al., 2021). 
 
5. Conclusions  
 
The development of design wind loads for cladding systems and building components, particularly for 
those that are air-permeable with multiple layers, pose many challenges for wind engineers. This has 
necessitated the development of new tools and methods to improve performance-based design, on 
the one hand, and mitigate losses in severe wind storms, on the other. Recent developments in the 
understanding of turbulence and building geometry effects on the aerodynamics and surface pressure 
fields for the separated and reattaching flows near building edges has enabled a significant increase in 
the possibilities to develop such tools. 
 
Consideration of the nature of the flow fields in regions of separated flows suggests that external 
pressure distributions could be presented as a function of non-dimensional area since a cladding panel 
of one size will experience different loads based on the size of the building. For low-rise building roofs, 
it appears that normalizing the area by the roof height squared may be reasonable. This approach has 
already been implemented for roof-mounted solar arrays, so there is already some experience with 
this in practice. However, further studies with high resolution pressure tap layout on both smaller and 
larger buildings would be useful. 
 
From a wind tunnel testing perspective, small elements in cladding systems such as air and drainage 
gaps and air flow between multiple layers in roof and wall systems, ensure that it is practically 
impossible to accurately model these details at the typical scales of boundary layer wind tunnels. As a 
result, larger models are often used which cause violations of scaling laws and complete similarity of 
the model and prototype wind field simulations. Detailed studies of the aerodynamic mechanisms has 
indicated that partial turbulence simulations are valid and useful. Additional research has suggested 
that significant terrain corrections are possible if the wind tunnel tests capture the active scales of the 
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small-scale turbulence. However, further studies for a larger range of building and cladding geometries 
are still needed, particularly those that push the boundaries to provide a better understanding of the 
limitations. 
 
As a final comment, it appears that complex non-stationary non-synoptic wind fields such as tornadoes 
will also require aerodynamic models for use in design. In fact, such models were used in the 
development of the tornado load provisions in ASCE 7-22 (2022). Having a clear understanding of how 
the details of the wind field alter the aerodynamic coefficients will be important so that the existing 
wealth of aerodynamic data for buildings in the atmospheric boundary layer can be examined – and 
potentially modified – for use in non-synoptic wind storms. Such an analysis has been done for one 
building by Kopp and Wu (2020), who showed how the streamline curvature in a high-swirl-ratio 
tornado wind field altered the aerodynamic loads using the same quasi-steady model as Guo et al. 
(2021). 
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