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Abstract

The Component and Cladding wind load provisions for low-sloped roofs on low-rise buildings in ASCE
7-10 were examined using measured pressure data from an aerodynamic database. It was found that both
the design pressure coefficients and size of the roof zones in ASCE 7-10 are much smaller in magnitude
than indicated by the data. The data indicate that building height is the most significant parameter affecting
the size of the roof zones, while plan dimensions have a limited impact on this class of buildings.
Recommendations for revised roof zones are developed, which include a modification to the shape of the
corner zone, the addition of a new interior zone far from the roof edges, and a zone size definition that
depends only on building height. However, even with increased roof zone sizes, the measured data indicate

that the design pressure coefficients must also be increased in the corners and edges.
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INTRODUCTION

Wind loads on Components and Cladding (C&C) are larger than those acting on the main structural
system. Because of the combination of turbulence in the wind and the nature of building aerodynamics,
high magnitude pressures can occur over the relatively small areas associated with building components.
In contrast, the main structural system responds to pressures acting on multiple surfaces such that the
highly-localized, intense pressure fluctuations are attenuated by the lack of full spatial and temporal
correlations. Surry et al. (2007) illustrated this point, showing the differences between point pressures and
spatial averages on the roof of a low-rise building. The wind load provisions in ASCE 7-10 (2010) capture
these effects, with higher pressures being applied for the design of C&C compared to those for the Main
Wind-Force Resisting System (MWFRS). In fact, the C&C provisions indicate that the pressures decrease
exponentially with area such that the design pressure coefficients, GCp, for 0.93 m? (10 ft?) are only about
40% of those for 9.3 m? (100 ft?), for the corner zone on low-sloped roofs of low-rise buildings (e.g., see
Figure 30.4-2A in ASCE 7-10).

The approach that has been used to obtain the design pressure coefficients for C&C in ASCE 7-10 is
explained in the commentary for Chapter 30. An “enveloping” approach was used, whereby the worst
coefficients over all wind directions were obtained, while considering that the “pressures may also vary
widely as a function of the specific location on the building, height above ground level, exposure, and
more importantly, local geometric discontinuities, and location of the element relative to the boundaries
of the building surfaces (walls, roof lines). [These] factors were enveloped,” (ASCE 7-10, 2010) along
with the effects of wind direction.

The wind load provisions for C&C in ASCE 7-10 (2010) for low-rise buildings with low-slope roofs
are largely based on the wind tunnel studies of Stathopoulos (1979), although some other studies were

also involved, as discussed in the commentary for chapter 30 (and chapter 28). This work, which
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represented a large step forward for the knowledge of wind loads on low-rise buildings, was the result of
the development of the pneumatic-averaging technique whereby multiple pressure taps could be brought
together to obtain spatially-averaged pressures. The results were incorporated into the ANSI A58.1-1982
(1982) standard, which later became the 1988 version of the ASCE 7 standard (ASCE7-88, 1990).
Previously, in order to obtain spatial averages, temporal averaging tended to be performed over single
pressure taps (e.g., Lawson, 1976) to (crudely) estimate the effects of the spatial correlations. Today, with
digital data acquisition systems and electronic transducers, more than a thousand pressure taps can be
measured simultaneously, with modern studies typically using many hundreds of taps. This increase in
measurement resolution is of significant importance for determining C&C loads (Surry, 1999), given the
exponential drop in area-averaged pressure coefficients with area.

Because of a relative lack of pressure taps, Stathopoulos (1979) developed roof zones based on point
pressure distributions and not considerations of variations of area-averages. However, the use of this proxy
data appears to be reasonable since peak (and mean) pressures decrease with distance from the roof edge,
as do area-averages. To determine the actual size, he “assumed that the width, z, of the edge zone is such
that it includes pressures of magnitude up to 70% of the worst measured value closest to the edge”
(Stathopoulos, 1979). At the time, “most codes of practice determine[d] the width... of the high magnitude
suction loads as a function of the building width only”, but he goes on to note that “the height of the
building is probably another parameter which affects [the size of the edge zone]” (Stathopoulos, 1979). It
seems probable that the dependence on the plan dimensions arises from traditional aerodynamics, where
drag and lift on airfoils depend on the chord (i.e., length). This also applies to pressures on high-rise
buildings, for which many more studies existed in the late 1970s, where the local pressure coefficients on
the walls are also dependent on the plan dimensions and less on the building height. Stathopoulos’ data

appears to have been the first use of building height for determining the roof zones. In any case, the size
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of the roof zone was then based on a measured length that was scaled as a proportion of the least horizontal
plan dimension, W, and the height, 4. This dependence of roof zones on either building height or width
has remained in the standard for low-rise buildings (ASCE 7-10, 2010).

However, the role of building height on C&C pressures on roofs of low-rise buildings still appears to
be unresolved. Lin et al. (1995) found that roof pressures were dependent on the vertical distance from
the wall stagnation point to the roof edge and used building height as a proxy for this. Based on velocity
field data obtained with particle image velocimetry (PIV), Akon and Kopp (2016) found that this distance
(for winds normal to the wall) was at about 0.35/ in a wide range of terrains, but their data also indicated
that the reattachment length on the roof depended primarily on turbulence level and the wall aspect ratio,
i.e., W/h (or L/h, depending on wind direction). While no plots of pressure as a function of distance from
the edge are provided by Stathopoulos (1979), plots of point pressure as a function of distance from the
roof edge, normalized by the building length, L, for a range of building sizes, are provided by Elsharawy
et al. (2014, see their Figure 6). Because each building has a different curve, it shows that the building
length, as a minimum, does not do well minimizing the variation in the dimensional data as a function of
the building geometry. In contrast, Ho et al. (2005) provide similar plots, which show that / captures the
points pressure fluctuations well. Thus, the role the building geometry on the roof pressure coefficients
and spatial patterns for low-rise buildings are not resolved in the literature. In fact, there has not been a
systematic evaluation of the spatial variations of area-averaged pressure coefficients as a function of
building geometry. The objective of this study is to examine this issue, determining the role of building
geometry on the spatial patterns and magnitudes of area-averaged pressure coefficients. The large,
publicly-accessible, high resolution database developed by Ho et al. (2005) is used in the current study,

as described below.
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EXPERIMENT AND ANALYSIS DETAILS

The experimental data obtained by Ho et al. (2005) are used in the current study. The reader is referred to
that paper for details. These data, which are publically available on the internet (NIST, 2008), have been
extensively examined in the literature, in particular, by St. Pierre et al. (2005) who provide a detailed
comparison with the data of Stathopoulos (1979). Only minimal details are provided here since all
significant details have already been reported.

The geometry of the buildings analyzed herein are provided in Figure 1. All buildings used here had
gable roof slopes less than or equal to 1:12 (4.8°). Two terrain conditions were examined at a scale of
1/100: open, with z, ~ 0.03m, and suburban, with z, ~ 0.3m. Considering these two terrain conditions and
19 building sizes, 38 configurations in total are used. Wall length (L) and width () to height (/) ratios
(W/h and L/h) were varied from 1.0 to 20.6, which spans the range from the smallest possible to a very
large value. Relatively few W/L ratios are included in the database, which may influence MWFRS results,
but will not be relevant for the C&C loads, as discussed in the results section below. For all tests, there
were no surrounding structures. The wind directions were measured every 5° over an 90° range. The wind
direction convention is consistent with that of Ho et al. (2005), examining wind angles from 270° to 360°.

Area-averaged pressures are computed from point pressures for non-overlapping square areas. To
reduce bias due to tap resolution the current analysis required that the area under consideration had at a
minimum four (4) times the tributary area of the surrounding pressure taps. In other words, at least four
(4) pressure taps contributed to all the area-averaged pressure coefficients. Using the method described
by St. Pierre et al. (2005) pressure coefficients obtained from the model scale data are converted to GCp
coefficients that are directly comparable to the coefficients found in the ASCE7-10 (2010). The current
study presents statistical peak coefficients rather than the absolute highest coefficient. To obtain these

statistical peaks the time histories are divided into four segments. The peaks from each segment are
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extracted and fit with a Gumbel distribution using the Lieblein BLUE (1974) method. The peak values
reported herein are 78" percentile values from the Gumbel distribution extrapolated to 1 hr using the
method of Cook and Mayne (1979). In addition, the peaks presented are the enveloped values, following

the procedure outlined in ASCE 7-10, as discussed above.

SPATIAL DISTRIBUTIONS OF PEAK, AREA-AVERAGED WIND LOADS
Pressure Magnitudes and Critical Wind Directions
Prior to investigating the adequacy of the pressure coefficients and roof zones in the existing ASCE 7-10
provisions, we investigate how building size affects the magnitude and spatial distribution of the peak,
area-averaged pressure coefficients. Figures 2 — 5 depict the peak, area-averaged pressure coefficients,
enveloped over the range of tested wind directions (270° — 360°) such that the lower left corner in each
image is the windward corner of the building. The coefficients are worst values at each location over the
range of wind directions such that the magnitudes can be compared directly to values in ASCE 7-10
(2010); however, the spatial distribution is provided in these figures. Four different sets of plan dimensions
are provided, ranging from 12.2 m x 19.1 m to 48.8 m x 76.2 m. Each of the figures was constructed such
that the color bars for the pressure coefficients are the same and, thus, can be compared directly. In Figures
2 — 4, areas of 0.9 m x 0.9 m = 0.84 m? (3 ft x 3 ft = 9 fi?), close to minimum areas (0.93 m?; 10 ft?)
considered in the ASCE 7-10 GCp curves. Figure 5 presents results for an area of 1.2 mx 1.2 m = 1.5 m?
(4 ft x 4 ft = 16 ft*) (because of tap resolution). (Figures for other tributary areas indicate the same basic
trends and patterns, so are not included here.) In addition, the zones defined by ASCE 7-10 are included
as black lines. (Other zone definitions are included as white lines, which will be discussed later.)
Examining Figures 2 — 5, one can see that the neither the building height, 4, or the plan dimensions

(W x L) significantly alter the values of the highest magnitude coefficients that occur over the roof surface.
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Similarly, the values for the smallest magnitudes are also similar, although the proportion of the roof with
higher or lower magnitude loads is clearly altered by the building dimensions. Thus, the details of the
spatial distribution of the peak pressure coefficients are clearly altered even though roughly the same range
of values for the enveloped pressure coefficients appears in every plot. This allows examination of the
spatial patterns without having to simultaneously consider different ranges of magnitudes. The effects of
the building dimensions on the spatial patterns will be discussed further in the section below.

Figure 6 shows the wind directions which resulted in the worst (i.e., enveloped) values plotted in
Figure 2, noting that a wind direction of 270° is normal to the longer wall, while a wind direction of 360°
is from left to right, normal to the shorter wall. Similar results arise for Figures 3 — 5, but these are not
shown here for brevity. The figure indicates that the overall pattern of critical wind directions is split in
two if one draws a 45° line from the windward corner into the roof, with significantly different values on
either side of the line. One implication of this is that the W/L ratio is not going to be a critical parameter
for the relatively small areas of importance for C&C loads. In particular, between the edge of the shorter
wall and this 45° line, the critical wind directions are mostly between roughly 310° — 360°; between the
roof edge of the longer wall and this 45° line, the critical wind directions are mostly between 270° — 300°.
Very close to the corner and edge of the roof along the short wall, the critical directions are 310° — 340°,
which are caused by the corner vortices (Banks and Meroney, 2001) that act along a large portion of this
side of the roof. Near the corner and edge along the longer wall, similar patterns are observed with critical
directions near 300°, i.e., about 30° from wall normal. Thus, along edges near the corners, oblique wind
directions tend to cause the worst coefficients and the area-averaged pressure coefficients tend to be a
function of the distance from the corner, as can be seen in Figure 2.

In the interior of the roof, away from the windward corner, the critical wind directions generally shift

to more wall normal directions, i.e., 340° — 360° or 270° — 290°, although Figure 2(a) indicates that
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cornering winds control far from the corner near the leeward corner of the roof for the lower building
height. Outside of the windward corner region where the cornering/oblique winds control, the values of
the pressure coefficients tend to be smaller and become a function mostly of distance from the edge. This
is most clear in the figures with relatively large plan dimensions and small roof heights, such as Figures
3(a), 4(a), and 5(a), but will be examined in greater detail below. These latter figures also indicate that the
enveloped pressure coefficient become relatively uniform and un-changing further from the roof edges,
typically at about 10m from the edges for buildings with # = 7.3m (and about 15 m for # = 12.2 m in

Figures 3(b), 4(b), and 5(b).

Effects of Building Height and Plan Dimensions

Since the magnitudes of the area-averaged pressure coefficients are broadly similar for all buildings
examined, the details of the spatial patterns that depend on the building size need to be examined in order
to define zone boundaries for design. Here, we investigate the effects of building height and the plan
dimensions on the spatial distributions. Since the magnitudes of the pressures are similar over all
buildings, it is helpful to examine fixed pressure levels and compare the positions for these, for the range
of buildings. For the purposes of discussion, we will focus on two levels, GCp = -2.5, which represents
large magnitude pressures near the windward corner, and -0.5, which represents lower magnitude
pressures near the interior.

To examine the effects of height, each of Figures 2 — 5 is for a fixed plan size. Consider Figure 2. For
GCp =-2.5, Figure 2(a) indicates that, for 4 = 7.3 m, the pressures at this level extend in either direction
from the windward corner for about 5 m along the edge in an “L” or “V” shape. For 4 = 12.2 m, these
values have a similar shape but extend from the windward corner about 8 m along the longer wall, but

only for 3 — 4 m along the shorter wall. For GCp = -0.5, this magnitude begins at distances of about 7 — 8
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m from the corner in either direction for 2= 7.3 m. For 4= 12.2 m, this value is not common, with a small
region near (x,y) ~ (10m, 10m), as seen in Figure 2(b). Based on this, one can conclude that the spatial
patterns for the two buildings of common plan dimension are not similar and roof height must be a
significant parameter in the spatial distribution of the enveloped pressure coefficients. Examining Figures
3, 4, and 5, one comes to a similar conclusion.

To examine the effects of plan dimensions, Figures 2(a), 3(a), 4(a), and 5(a) are for fixed roof heights
of h = 7.3 m (24 ft), with least horizontal dimensions of W = 12.2, 24.4, 36.6, 48.8 m (40, 80, 120, and
160 ft), yielding W/h ratios of 1.7, 3.3, 5.0, and 6.7, respectively. Figures 2(b), 3(b), 4(b), and 5(b) are for
roof heights of 4 = 12.2 m (40 ft) such that the /A ratios are 1.0, 2.0, 3.0, and 4.0, respectively. As noted
above, for GCp = -2.5, Figure 2(a) indicates that, for # = 7.3 m, this magnitude of pressures extends in
either direction from the windward corner for about 5 m along the edge in an “L” or “V” shape. In Figure
3(a), which has plan dimensions that are twice as large as those for Figure 2(a) but the same roof height,
these pressures also extend for about 5 m along each edge. Similarly, for Figures 4(a) and 5(a), the GCp
= -2.5 values extend out in the range of 4 — 7 m. GCp = -0.5 values begin at distances of about 7 — 8§ m
from the corner in either direction, as can be seen in Figure 2(a). Examining Figures 3(a), 4(a), and 5(a),
these pressures occur at about the same position on the roof. Similar observations can be made for Figures
2(b) — 5(b), but with different locations for these pressures. It is also evident that, when examining the
spatial pressure distributions as a whole, they are similar when building height is held constant and other
plan dimensions are examined. In addition, it is observed that similar magnitude pressures cover larger
dimensional areas of the roof when the building height is larger.

To summarize, the overall spatial patterns of the area-averaged pressure coefficients and critical wind
directions are (i) similar for low-rise buildings with low-sloped roofs of the same building height, with

(i1) the highest magnitude pressures in the windward corner, where pressures tend to decrease with
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distance from the corner and are dependent on oblique wind directions, (iii) high magnitude pressures on
the edge, which decrease in proportion to the distance from the edge and are dependent on wind directions
normal the wall, and (iv) the areas of the roof with high magnitude pressures are larger for higher buildings
than for lower ones. Plan dimensions play a secondary role to the spatial distributions of the area-average,
enveloped pressure coefficients.

The effects of the plan dimensions and building height on the spatial patterns are of importance since
these are parameters that are used to determine zone sizes in building codes. For low-rise buildings, ASCE
7-10 determines the size of the roof zones by considering both the plan dimensions (i.e., the least
horizontal dimension) and the roof height, while for buildings above 18.3 m (60 ft) (Figure 30.6-1), they
depend only on the plan dimensions. From Figure 30.4-2A of ASCE 7-10, the dimension of the edge zone,
a, is defined as “10 percent of least horizontal dimension or 0.44, whichever is smaller, but not less than
either of 4% of least horizontal dimension or 0.9 m (3 ft).” So, for low-rise buildings that are large enough
that the 0.9 m (3 ft) criterion does not apply (which occurs when W>9 m (30 ft) and # > 2.3 m (7.5 ft)),
there are three possible constraints that control a, which depend on the aspect ratio of the shorter wall,
W/h. Figure 7 graphically depicts how the edge zone size, a, is determined as a function of W/h. In this
figure, a is plotted non-dimensionally as a/h. The three constraints are all plotted, viz., a/h = 0.1W/h, a/h
= 0.4 and a/h = 0.04W/h, along with the ASCE definition. As can be seen, the least horizontal dimension,
W, sets the size of the edge zone for buildings with W/h < 4, via the constraint a = 0.1 W, and for W/h > 10,
via the constraint a = 0.04/. The roof height sets the value of a for wall aspect ratios between these two
bounds, i.e., in the range 4 < W/h < 10. It is noted that for large aspect ratios, as W/h = oo, the size of the
edge zone is increased without bound since a = 0.04//. This does not appear to be reasonable based on
both dimensional and physical grounds and it is unclear as to why the building length would be the

controlling parameter for very large plan dimensions. At the other bound, W/h = 0, we note that W/h < 1

10
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is no longer a low-rise building shape since such buildings are taller than wide. One might expect
transitions in behavior in the region of W/h ~ 1.

The data in Figures 2 — 5 span a range of the aspect ratio W/h from 1 to 13.3, providing an opportunity
to assess how the spatial patterns of the area-averaged pressure coefficients vary with building dimensions.
For Figures 2(b) — 5(b), ASCE 7-10 suggests that the edge zone should be largest for W/h = 4 (Figure
5(d)) and smallest for W/h =1 (Figure 2(b)). In fact, the ASCE 7-10 provisions suggest that the edge zone
for W/h = 4 should be four times larger than for W/h = 1. As observed above, the roof edge zone does not
have a strong dependence on the plan dimensions; rather, the building height is clearly controlling the size
of the edge zones in the measured data. Thus, the functional dependence for a, as given in Figure 30.4-2A
in ASCE 7-10, does not capture the variations of the roof loads in terms of the role of the least horizontal
dimensions. In order to determine the actual size of the edge, the magnitudes of the pressure coefficients

also need to be examined, as considered in the following sections.

Effects of Terrain Conditions

In the experimental database used in the current analysis, both open country (z, = 0.03m) and suburban
(zo = 0.3m) terrains were considered. Since the C&C coefficients apply in both, and most buildings are
located in suburban terrain, the effects of terrain need to be considered. Figure 8 depicts the spatial
distributions of the enveloped coefficients for the same buildings as in Figure 3, but for suburban terrain.
Both the magnitude of the coefficients, and the spatial distribution can be compared and careful
examination indicates that both the magnitude and distribution of the coefficients are similar, noting slight
variations in the coefficients because of the turbulence levels and the stochastic nature of peak pressures.
In fact, the degree of similarity between the two figures is remarkable, indicating that the peak pressures

and the square of the gust speed are changing in the same way such that the coefficients remain essentially

11
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unchanged. All building shapes examined had this similarity such that terrain is not a significant parameter

for the coefficients, over the range tested.

MAGNITUDE OF THE ENVELOPED GCp VALUES AND VARIATION WITH DISTANCE
FROM ROOF EDGE

As discussed above, the enveloped pressure coefficients, GCp, tend to decrease with distance from the
edge over the bulk of the roof, except for the windward corner, where they decrease with respect to
distance from the corner. In order to determine appropriate zone sizes, it is important to understand how
the enveloped pressure coefficients vary with distance from the roof edge for a range of tributary areas.
Figures 9 — 11 depict the enveloped GCp values as a function of distance from the nearest edge, 4, for
tributary areas of 1.5, 7.5, and 18.2 m? (16, 81, and 196 ft?), respectively. These figures represent a
synthesis of the data presented in Figures 2, 3, 4, 5, and 8, but also include the data from all buildings in
Figure 1 in both terrains. Note that for Figure 9, fewer buildings are included due to tap resolution and our
requirement on the number of pressure taps contributing to the area-average. Based on the discussion in
the previous section, the distance from the edge is normalized by the building height, /. All three figures
show similar trends with decreasing magnitudes of coefficients for larger distances from the edge. The
majority of the change is within A/4 <~ 1. The use of 4 provides a reasonable parameter to collapse the
curves onto a single line, although there is significant scatter. We note that the scatter in the normalized
curves propagates further from the edge for larger tributary areas in Figures 10 — 11, perhaps because there
are more data, but it may also be because the current investigation used non-overlapping areas and the
area-averages have larger spatial extents, e.g., the area of 18.2 m? (196 ft?), i.e., a side length of 4.3 m (14
ft), extending edge effects further into the roof compared to say, the 1.2 m (4 ft) side length of the 1.5 m?

(16 ft?) areas. The degree of collapse of the data onto a single curve is significant, given that the range of

12



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

W/h is from 1.0 to 13.3. In other words, the effects of the plan dimensions clearly have a lessor impact on
the area-averaged roof pressures for these low-sloped roofs on low-rise buildings than the building height.
The plan dimensions do play a subtle role, which may have larger effects near the corner and edge as A/
- 0, as seen in Figures 2 — 5. Such plan dimension effects may be caused by the intensity of the corner
vortices being dependent on wall size (see discussion in SEAOC-PV2, 2012) and reattachment lengths of
the separated flow being depending on the wall aspect ratios, W/h or L/h (Akon and Kopp, 2016).
However, for A/h > ~ 0.5, the statistical variations in the peak coefficients mask the effects of plan
dimension and building height is the most important geometric parameter. Finally, we also note that, while
there is some scatter of the data between open country and suburban terrains for each building, no clear
trend is apparent in Figures 9 — 11.

Figures 9 — 11 also indicate that the pressure coefficients decrease monotonically with A/4, with the
values reaching an asymptotic limit between A/4 = 1.5 and 2.0. Thus, the interior (field) of the roofs
experience the lowest values. The continuous variation of pressures implies that the choice of zone sizes
is arbitrary, except in the far interior (i.e., 44 > ~1.5). In fact, based on these curves, one could structure
design provisions without zones, using functions that depend on roof height and tributary area. Such
provisions would be a series of curves, like those in these figures, one for each tributary area. However,
maintaining the current structure of the provisions in ASCE 7 implies making a choice between the

pressure levels in the zones, and the size of the zones. This is discussed in detail in the following section.

ASSESSMENT OF EXISTING ASCE 7-10 PROVISIONS
In this section, the aerodynamic data are systematically compared to the provisions of ASCE 7-10 (2010).
The provisions for low-rise buildings with nearly flat roofs in Figure 30.4-2A define three roof zones,

which are labelled as “1” (interior), “2” (edge), or “3” (corner). The edge/corner zone size is defined using

13
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the parameter, a, which was discussed above. In each zone, enveloped pressure coefficients, GCp, that
depend on tributary area are provided, with highest coefficients in the corner zone and lowest in the
interior. These are presented in Figures 12 — 14. Also included in these figures are the provisions for
buildings with 4 > 18.3 m (60 ft), which we will call “all-heights,” from Figure 30.6-1 of ASCE 7-10. The
roof zones in the all-heights provisions are different from the low-rise, with an “L”-shaped corner zone,
and a defined as “10 percent of least horizontal dimension, but not less than 3 ft (0.9 m).” Figures 12 — 14
show that the design pressure coefficients are larger for buildings of all-heights (Figure 30.6-1) than they
are for the low-rise buildings (Figure 30.4-2A). The measured, enveloped data for each building, are also
presented, for comparison with these provisions.

For roof zone 3 (corner), Figure 12 shows that the measured data mostly fit between the two sets of
requirements. For a tributary area of 0.84 m? (9 ft?) near the ASCE 7 cut-off of 0.93 m? (10 ft?), almost all
of the measured data are larger in magnitude than GCp = -2.8. For larger areas, the magnitudes drop,
fitting between the two sets of provisions. Thus, the low-rise provisions (Figure 30.4-2A) are smaller (in
magnitude) than the measured data, while the all-heights provisions (Figure 30.6-1) tend to be higher than
the data.

Figures 13 and 14 indicate that measured coefficients are substantially above both sets of provisions
for roof zone 2 (edge) and 1 (interior), respectively. For roof zone 2 (edge), Figure 13 shows that, for most
tributary areas, the measured wind loads in the edge zone are not only higher than both sets of provisions,
they also tend to be higher than those in roof zone 3 (corner). The reason for this can be found in Figure
2(b), which shows that the highest-magnitude measured loads extend from the corner zone, into the edge
and interior zones, indicating that the size and shape of the existing zones are not adequately capturing the
aerodynamic data. In fact, Figure 14 shows that for zone 1 (interior) the range of GCp values is only

slightly smaller than those for zone 3 (corner) because high magnitude values extend significantly further
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into the roof than the current provisions suggest for all buildings examined. For the buildings in Figure 2,
the size of the corner/edge zones, a, is controlled by the least-horizontal-dimension clause in both the low-
rise and all-heights provisions, and is 1.2 m (4 ft) for these buildings, which is clearly too small.

One question to be raised with regard to ASCE 7-10, is whether the roof zones can be improved by
the elimination of the plan dimension clause in the definition of the edge/corner zone size, a, i.e., use a =
0.4h. Examining Figures 9 — 11, it is clear that the results would be improved by making the zone sizes
dependent on the building height (the actual GCp versus area plots are not shown here for brevity);
however, the magnitude of the measured pressure coefficients are also larger than those in the low-rise
provisions of Figure 30.4-2A. Simply changing the roof zones is not sufficient to yield an accurate match

between the data and the current low-rise provisions.

PROPOSED MODIFICATIONS TO ASCE 7
Modified Roof Zones
Wind load provisions for components and cladding depend on both the area-averaged pressure coefficients
and the spatial patterns and distribution of the pressure coefficients. In ASCE 7-10, there are three roof
zones with differences in pressure coefficients for tributary areas of 0.93 m? (10 ft?) in the low-rise
provisions between edge and corner zones of 35% and interior to edge zones of 44%, as can be seen in
Figures 12 — 14. For the all-heights method, the differences at 0.93 m? (10 ft?) are 28% and 39%,
respectively. Similar changes in magnitude were used for the roof zones for roof-mounted solar arrays, as
discussed by Kopp (2014).

As shown in Figures 9 — 11, the peak area-averaged pressure coefficients vary monotonically with
distance from the edge of the roof. Because of this continuous variation, the choice of zone sizes is

arbitrary and dependent on the differences in loads between zones that one wishes to have. The only
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exception to this would be for a zone in the field of the roof beyond the asymptotic limit where the
pressures only have limited variations. In the current work, the choice was made to try to maintain the
existing pressure coefficients and pressure differentials between zones to the extent possible, while
keeping track of the zone sizes so that the corner and edges can be as small as possible. The all-heights
pressure coefficients in Figure 30.6-1 were used as a guide, since it was shown above that these would be
a better starting point.

To obtain the GCp curves for each zone first requires the actual zone sizes to be set. The zoning
patterns have been derived from the loading patterns observed in Figures 2 -5, 8, 9 — 11, particularly with
respect to the observation that the pressure patterns are primarily dependent on building height, 4. Figure
15 depicts the resulting roof zones, which have an L-shaped corner with a width of 0.2/ from the edge of
the roof and lengths of 0.6/ along the roof edge. The edge zone was defined to be 0.6/ wide, from the
roof edge. This is larger than the current edge zone size in ASCE 7-10, since zones with a = 0.4/ could
not be made to work with respect to the interior zone pressure coefficients. In addition, the data support a
fourth zone to capture the low magnitude coefficients far from the roof edge (Figures 9 — 11). Because the
roof zones depend on only 4, different plan dimensions, W and L, or more precisely, different W/h and L/h
ratios lead to buildings with 2, 3, or 4 roof zones. Figure 15(a) provides a fully non-dimensional plot of
roof zones, while the four possibilities are depicted in Figures 15(b)-(e). For low buildings with W/h >
2.4, all four roof zones will be present. However, for 1.2 < W/h < 2.4 the building plan dimensions are not
large enough, relative to the height, for the new (field of the roof) zone to appear. For buildings that are
approaching cube-like dimensions, with W/h < 1.2 and L/h < 1.2, there are only two zones because the
width of the building is such that the corner zones meet on all four walls.

To compare the impact of these proposed zones, Figures 2 — 5 and 8 indicate the current roof zones

for low-rise buildings based on the requirements of Figure 30.4-2A (black lines) and the proposed zones
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from Figure 15 (dashed white lines). Figure 2(b) provides an example that has two roof zones while Figure
5(c) provides an example with four roof zones. For all buildings examined in the current study, the
proposed sizes for zones 3 (corner) and 2 (edge) are larger than for ASCE 7-10. In fact, only for buildings
with W/h > 15 would the existing standard lead to larger corner/edge zone sizes. To have smaller zones,
would require larger design pressure coefficients in all zones, as implied by the data in Figures 12 — 14.
However, for buildings with large plan dimensions relative to the height (e.g., Figures 4 — 5), the loads in
areas away from the edge of the roof are lower than those in ASCE 7-10, as observed by comparing
Figures 9 — 11 with Figures 12 — 14. These data support the creation the new zone for the field of the roof
(that is labelled as Zone 1°), and represent a large proportion of the roof surface when W/ is large. Figure
5(c) provides an example of this from the current data set.

For all buildings examined, contours of the enveloped GCp suggest that an L-shaped zone 3 (corner)
is best for capturing the highest magnitude pressures. This corner zone shape is similar to that specified
for buildings with heights greater than 18.3 m (60 ft) in Figure 30.6-1. Based on the current data, if a
square-shaped area is used, a corner zone with dimensions of 0.6/ x0.64 would be highly conservative
over a large portion (over 50%) of this zone. Alternatively, a square corner zone with smaller dimensions
would require substantially larger GCp values in zone 2 (edge) leading to significant conservatism over

significant portions of the roof.

Enveloped Pressure Coefficients

Figures 16 — 19 depict the enveloped data using the proposed zones in Figure 15, as well as the ASCE
7-10 pressure coefficients from Figures 30.4-2A and 30.6-1. A comparison of Figure 12 with Figure 16
shows that this change has a significant effect on the corner zone loads because the higher loads from the

previous edge zone are now in the corner. As a result, the enveloping values are larger for the zone 3
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(corner) with the proposed zone definition. As before, the low-rise GCp curve of Figure 30.4-2A has
design wind loads substantially below those indicated by the experimental data, while the curve in Figure
30.6-1, for “all-heights,” is a more reasonable match for all data, but is conservative for tributary areas
larger than about 5 m? (~50 ft?).

Figure 17 indicates that, for the new zone 2 (edge), the experimental observations now scattered on
either side of the provisions for all-heights, but continue to the be well above the low-rise provisions.
Importantly, the pressure coefficients in zone 2 are less than those in zone 3, which indicates that the new
zone definitions have been effective at eliminating the problem of larger observed pressures in zone 2. If
the all-heights pressure coefficients were to be used for design, it would imply that the loads are
underestimated for many buildings. Referring, once again to Figures 2 — 5 clarifies the choices involved.
For example, in Figure 5(c), one can see that pressure coefficients near the boundary of zone 1’ (field of
roof) are different along the short and long walls, with higher values near the boundary near the short wall
compared to for the long wall. Other figures show similar effects. Figures 2 — 5 and 9 — 11 also indicate
how the choice of zone directly affects the choice of design pressure coefficients because of the generally
monotonic decrease as a function of distance from the roof edge with the trade-off being a balance between
the size of the zone and the resulting magnitude of the coefficients. Clearly, there is a choice to be made
about where to draw the curves and zone boundaries for use in design, depending on the probability of
non-exceedance that one desires. Similar questions arise from the data for zones 1 and 1’ in Figures 18
and 19, respectively. In any case, the measured data indicate that both the roof zone sizes and pressure

coefficients must be increased in ASCE 7-10 (2010).

CONCLUSIONS
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The wind load provisions for low-sloped roofs on low-rise buildings in ASCE 7-10 were examined using

the NIST Aerodynamic Database. The main findings are:

1.

The spatial patterns of the area-averaged pressure coefficients, enveloped over wind direction, are
primarily dependent on roof height. Thus, when the spatial dimensions of the roof are normalized
by the building height, the resulting patterns are similar. This indicates that the roof zone sizes and
shapes for low-rise buildings should be a function of building height.

The enveloped, area-averaged pressure coefficients on the roof decrease monotonically with
distance from the roof edge. These measured coefficients are substantially larger in magnitude
than those in Figure 30.4-2A of ASCE 7-10 (2010), with larger values spanning larger areas of the
roof.

In addition, the roof zones sizes and shapes in ASCE 7-10 are too small such that the measured
pressure coefficients are higher in the edge zone than the corner zone, contrary to the values
suggested by the provisions. This is due to high magnitude pressures extending further into the
roof than suggested by the current provisions.

Recommendations for new zone sizes and shapes were developed that attempted to minimize both
the changes in zone size and the magnitude of the design pressure coefficients. The most significant
changes are that the corner zone is changed to an “L” shape, a new field-of-the-roof zone is
established to capture low pressure coefficients far from the roof edge, and that the size of the

zones is dependent only on the building height and not the plan dimensions.
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Building # w L (ft) h (ft) W/h Symbol
1/2 12.2 m (40 ft) 19.1m (625 ft) | 5.5m (18 ft) 22 80
3/4 12.2m (40 ft) 19.1 m (62.5 ft) 3.7 m (12 ft) 33 80
5/6 122m 40 ft) | 19.1m(625ft) | 7.3 m (24 ft) 1.7 B0
7/8 122m 40 ft) | 19.1m(62.5ft) | 12.2m (40 ft) 1.0 B0

9/10 24.4m (80 ft) 38.1m (125 ft) 4.9 m (16 ft) 5.0 ®0
11/12 24.4m (80 ft) 38.1m (125 ft) 7.3 m (24 ft) 33 @0
13/14 24.4m (80 ft) 38.1m (125 ft) 9.8 m (32 ft) 2.5 ®0
15/16 24.4m (80 ft) 38.1m (125 ft) | 12.2m (40 ft) 2.0 Q0
17/18 36.6m (120 ft) [ 57.2m (187.5ft) | 3.7m (12 ft) 10.0 ¢ 0
19/20 36.6m (120 ft) | 57.2m (187.5ft) | 4.9 m (16 ft) 7.5 ¢ 90
21/22 36.6m (120 ft) | 57.2m (187.5ft) | 5.5 m (18 ft) 6.7 ¢/ 0
23/24 36.6m (120 ft) | 57.2m (187.5ft) | 7.3 m (24 ft) 5.0 ¢/ 0
25/26 36.6m (120 ft) | 57.2 m (187.5ft) | 12.2 m (40 ft) 3.0 /
27/28 48.8 m (160 ft) | 76.2m (250 ft) 3.7 m (12 ft) 133 4/4
29/30 48.8 m (160 ft) | 76.2m (250 ft) 5.5 m (18 ft) 8.9 4/4
31/32 488 m (160 ft) | 76.2m (250 ft) 7.3 m (24 ft) 6.7 4/4
33/34 48.8 m (160 ft) | 76.2m (250 ft) | 12.2 m (40 ft) 4.0 4/4
35/36 30.5m (100 ft) [ 61.0m (200 ft) 6.1 m (20 ft) 5.0 */ %
37/38 30.5m (100 ft) [ 61.0m (200 ft) 9.8 m (32 ft) 3.1 */ %

Figure 1
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