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Unified Wind Loading Provisions in ASCE 7
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Abstract: The objective of this study was to develop a method to update and consolidate the aerodynamic coefficients that are currently in
the directional procedure and envelope procedure for the Main Wind Force Resisting Systems (MWFRS) in Chapters 27 and 28 of ASCE 7-22.
A large data set of wind tunnel data, including 85 building models with different geometries, was employed. Design pressure coefficients, and
the zones on the building surfaces in which they apply, were developed to represent realistic spatial distribution patterns of the wind-induced
pressures associated with critical structural responses. The pressure coefficient models, provided in a combined peak coefficient (GCp) form,
are applicable to buildings of all (allowable) heights and aspect ratios. Nondimensional geometric parameters are used to capture the variations
due to building shape and size for the pressure coefficients. The proposed provisions are a significant improvement in matching the wind tunnel
data compared with existing provisions. DOI: 10.1061/JSENDH.STENG-14983. This work is made available under the terms of the Creative
Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction

In the ASCE 7-22 (ASCE 2022) provisions, two different ap-
proaches are provided to calculate wind loading on main wind force
resisting systems (MWEFRS). In the directional procedure of Chap-
ter 27, a gust effect factor, G, is defined and used with mean area-
averaged pressure coefficients, Cp. The peak design pressure co-
efficients are obtained by multiplying these two terms, (G)(Cp).
This analysis approach to the structural response for the winds
of the atmospheric boundary layer was developed using Daven-
port’s (1967) gust effect factor method. This method relies on
the measurement technology of the time of its development, which
primarily allows the measurement of mean load coefficients. The
ASCE 7 coefficients were taken from wind tunnel tests by Akins
etal. (1977). The gust effects were estimated based upon theoretical
models that considered both the effects of the wind turbulence
(called the background response, or buffeting) and structural dy-
namics (resonance). This method is permitted for structures of
all heights. For flexible high-rise buildings, the structural dynamics
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tend to dominate the gust load effects. For low-rise buildings,
which historically have been considered to be rigid, a single gust
effect factor of G = 0.85 has been allowed for many versions of the
standard. The entire gust effect model was updated by Solari
(1993a, b), with the ASCE 7-98 (ASCE 2000) implementation,
which was discussed in detail by Solari and Kareem (1998). How-
ever, the nearly 50-year-old aerodynamic coefficients have not been
revisited even though the newer measurement technology of modern
pressure scanners has enabled the possibility to examine the peak
gust effects of the background response caused by turbulence.
The envelope procedure of the Chapter 28 provisions was de-
veloped for low-rise buildings based on the studies of Davenport
(1977) and Stathopoulos (1979). The work was sponsored by the
Metal Building Manufacturers Association (MBMA) and relied
on newly developed pressure scanner technology. Davenport and
Statholpoulos considered the range of reactions for low-rise metal
frame buildings (e.g., moments within the frames), along with basic
aerodynamic loads (e.g., uplift, base shear). Considering in particu-
lar the internal reactions, Davenport and Statholpoulos developed
the envelope procedure whereby the pressure distributions produced
the equivalent static loads without direct consideration of wind di-
rection. Because low-rise buildings have been considered to be rigid,
structural dynamics effects are neglected, and the background tur-
bulent response governs. Using pressure scanner technology along
with a pneumatic-averaging technique, Davenport (1977) and
Stathopoulos (1979) utilized directly measured peak values, GCp.
Chapter 28 has a single set of pressure coefficients, and basic
building geometric parameters including the height, %, depth (lon-
ger plan dimension), d, and width (least plan dimension), w, are
not considered. Although the building zones have some variations
with building dimensions, the overall loads are roughly constant
under this code model for all low-rise buildings, as shown by
Wang and Kopp (2021a) and Kopp et al. (2025). However, low-
rise buildings do have distinct aerodynamics that depend on the
building shape, meaning that many low-rise buildings have loads
that are distinctly different from those provided by Chapter 28.
Additionally, the analysis by St. Pierre et al. (2005) indicated that
the MWERS loads on building components such as frames and bays
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may be significantly underestimated. As a result, the Chapter 28
provisions need to be re-examined as well.

Hence, it is worthwhile to consider how one may consolidate the
provisions of Chapters 27 and 28 into a single unified method,
while including results from state-of-the-art wind tunnel studies. The
purpose of this study was to do just that—to consolidate the MWFRS
provisions into a single method using modern data.

One of the primary issues in consolidating the methods for de-
termining MWFRS wind loads is to develop improved methods that
better account for the effects of building geometry on the aerody-
namic loads. Wind pressures vary over the building surfaces both
spatially and temporally. The ASCE 7 provisions capture these with
the intent that, when the design pressures are applied to the build-
ing, the equivalent static loads enable the designer to capture the
load effects acting on the structure. To achieve this requires that the
pressure distributions in the load cases be representative of those
acting on the building. Thus, to develop provisions requires exami-
nation of the loads acting on the range of distinct structure systems.
However, because it is not possible to conceive of all possible sce-
narios, the results need to be sufficiently general that they are still
accurate for structural systems or components not considered in the
development of the provisions. In addition, the pressure distribu-
tions need to be simple enough to be implemented easily in the
graphical or tabular format used in ASCE 7. The challenge is that
the real pressure distribution patterns that create the peak structural
responses can be complicated and can vary with different structural
types, and these do not necessarily coincide with those associated
with simple area-averaged wall or roof pressures (Ho et al. 1995).

Table 1. Test cases from NIST database for low-rise buildings with low-
sloped and gable roofs in open terrain at a scale of 1:100

Thus, it is important to study these patterns and ensure that the load
cases conform to them.

The objective of this study was to develop new aerodynamic
coefficients and the building zones where they are applied, while
addressing the above-mentioned limitations. The coefficients are
provided in combined [GCp] form, applicable for buildings of all
(allowable) heights and aspect ratios. The idea is that the load cases
should (1) represent pressure distribution patterns that produce the
peak structural responses based on the rigid building assumption;
(2) be reasonably simple; and (3) effectively capture the geometric
effects of the building shapes so that relatively few buildings have
design loads that are significantly different from their true values.

Experimental Data Sources

To achieve the overall objectives, a large wind tunnel data set was
needed. Three sets of wind tunnel data were employed in this study.
The first two sets have been studied previously: (1) Western Uni-
versity’s contribution to the National Institute of Standards and
Technology (NIST) database for low-rise structures with low-slope
and gable roofs; and (2) Western University pressure data for rec-
tangular plan building models with flat roofs and plan ratios, d/w,
varying from 1 to 4 and height ratios, //w, varying from 1 to 8.
Details of these two sets were presented by Ho et al. (2005) and
Wang and Kopp (2021a, b), respectively. In addition, new wind
tunnel tests were conducted in the boundary layer wind tunnel at
Western University for buildings with 6:12 sloped gable and hip
roofs and & /w varying from 0.2 to 2 and d/w from 1 to 2. Acosta
et al. (2024) provided a detailed validation of these new data.
Tables 1-3 provide the building geometries used herein. Details
of the wind tunnel experiments are presented in the aforemen-
tioned references, and are not repeated for brevity.

Building Roof slope Width, w Depth, d Eave height, &,
no. (tangent) (m) (m) (m)
1 1:12 24.38 38.1 12.19 Table 2. Test cases for mid and high-rise buildings with flat roofs in open
2 9.75 terrain at a scale of 1:100
3 732 Building Width, w Depth, d Roof height, &
4 4.88
no. (m) (m) (m)
5 0.25:12 24.38 38.1 12.19 1 12 48 12
6 9.75 ) 36
7 7.32 3 30
8 5.49 4 24
9 3.66 5 18
10 1:12 12.19 19.05 12.19 6 12
11 7.32 7 48 24
12 5.49 8 36
13 3.66 9 30
10 24
14 1:12 48.77 76.2 12.19 11 18
15 7.32 12 12
16 5.49
17 3.66 13 6 24 24
14 18
18 1:12 36.58 57.15 12.19 15 15
19 7.32 16 12
20 5.49 17 9
21 4.88 18 6
22 3.66 19 24 48
23 0.5:12 15.24 30.48 4.88 20 18
24 3.66 21 15
22 12
25 0.5:12 15.24 53.34 4.88 23 9
26 3.66 24 6
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Table 3. Test cases for buildings with 6:12 sloped gable and hip roofs in
open and suburban terrain at a scale of 1:100

Building Roof Width, w Depth, d
no. Type (m) (m) Eave height, &, (m)

1-6 Gable  24.38 2438  4.88, 7.32,9.75, 12.19, 24, 48"
7-12 Gable  24.38 38.1 4.88, 7.32, 9.75, 12.19, 24, 48
13-18 Gable  24.38 48 4.88, 7.32, 9.75, 12.19, 24, 48
19-23 Hip 24.38 2438  4.88,7.32,9.75, 12.19, 24

24-29 Hip 24.38 38.1 4.88, 7.32, 9.75, 12.19, 24, 48
30-35 Hip 24.38 48 4.88, 7.32, 9.75, 12.19, 24, 48

“No suburban terrain.

1. Identify target reactions,
develop influence functions

Wind
tunnel data

2. Obtain peak reactions through
extreme value analysis

3. Obtain equivalent peak pressure
distribution through LRC

8. Validation

1

7. Propose model

4. Identify patterns from 3

5. Propose load case zones (shape
and size) based on the patterns

6. Obtain GCp values based on 5,
optimized for the reactions

Fig. 1. (Color) Flowchart of the methodology for obtaining aerody-
namic coefficients and load cases.

Determination of Peak Structural Loads and
Responses for Rigid Buildings

The method for analyzing the data to develop the revised provisions
is presented in Fig. 1. First, for each building model, the MWFRS
responses of interest were identified and the peak values for these
were obtained through analyses of the wind tunnel data. Typical
patterns of pressure distribution that lead to these peak responses
were determined via the load response correlation (LRC) method
(Kasperski and Niemann 1992). These allow spatial zones with
similar pressure coefficients to be identified and chosen. Following
this, an optimization method was developed to obtain a best set of
pressure coefficients considering all the different responses and
buildings. Considering the resulting zone pressures and patterns, a
design model with pressure coefficients and zones then was devel-
oped. The model was validated by comparing the model output with
the experimental data, and then revised and simplified using a trial-
and-error approach. The detailed methodology and results for each
step are discussed in the next section. The remainder of this section
discusses how the peak responses (Step 2) were obtained.

Target Responses and Influence Functions

For all buildings, the responses considered include overall uplift, tor-
sion, and the base shear in two directions (and including base shear
without the roof for the direction normal to the ridge). For low-rise
buildings, additional responses were considered including bay uplift,
bay thrust, and frame joint moments. This follows the conceptual
approach of Stathopoulos (1979), who developed a series of influ-
ence functions for metal-frame, low-rise buildings. In particular,
he assumed two-pin moment-resisting frames with 7.62-m (25-ft)
bay spacing for moment-frame metal buildings. St. Pierre et al. (2005)
and Wang and Kopp (2021a) used the same influence functions.

ASCE 04025182-3

Fig. 2(a) is a sketch of bay and frame spacing for a low-rise structure
from the NIST database. Fig. 2(c) shows a schematic sketch of the
two-pin moment-resisting frame. A linear influence function was
applied to transfer the surface pressure to the frames [Fig. 2(b)].
The details of this approach were presented by Nywening (2006).

For mid- and high-rise buildings with flat roofs, the responses
include the overall uplift, torsion, base shear, and base overturning
moments in two directions, side wall loads, as well as floor-to-floor
shear loads. The floor height was assumed to be 4 m (full scale). For
all buildings, responses, terrains, and wind directions, time series of
the responses were calculated from the wind tunnel pressure data.

Mechanical Admittance and Time Series Filtering

This work focuses on the background turbulent responses for rigid
buildings; however, no building is truly rigid. To handle this, moving-
average filters were applied to the time series in order to replicate the
effects of the mechanical admittance to the turbulent gust (buffeting)
loads. The averaging time of the moving-average filter was set to
1/3 s (full scale) for buildings with 2/w <2 and s for h/w > 4.
For h/w between 2 and 4, linear interpolation was applied. The filter
length was determined by consensus of this project’s advisory com-
mittee, considering assumptions of typical building parameters,
because the mechanical admittance function is affected by both the
natural frequency and damping ratio. Further details were presented
by Guo et al. (2024).

The 3-s gust speeds were determined via a 3-s moving-average
filter applied to time series of wind speed measurements in the wind
tunnel. A shorter duration filter for the wind load implies that body-
generated turbulence is playing a role in the background structural
response. However, the theoretical gust response of the directional
procedure (Chapter 27) explicitly neglects body-generated turbu-
lence effects. In contrast, the development of the envelope procedure
(Chapter 28) includes body-generated turbulence effects on rigid
buildings because a rigid model was used and the only filtering in-
cluded was based on instrumentation response and filtering required
for data acquisition purposes. The effects of these assumptions were
examined separately by Kopp et al. (2025).

Using the filter to capture mechanical admittance effects is both
novel and philosophically different from filtering of pressure data
from wind tunnel experiments in the past. Wind tunnel pressure
data have long been filtered for tubing responses and the Nyquist
criteria. Pressure data have been filtered to convert point pressures
into equivalent area-averages using Lawson’s (1980) method (see
also Cook 1990; Holmes 1997), which can be considered as an
equivalent aerodynamic admittance function (AAF). However,
in the gust effect factor formulation of Solari (1993a, b) and Solari
and Kareem (1998) the filter is not related to the AAF, which is
accounted for separately. Solari and Kareem (1998) justified the use
of a 3-s moving average filter as corresponding to the 3-s gust speed,
which connects it explicitly to the quasi-steady theory. Kwon and
Kareem (2014) argued that a 1-s moving average is the appropriate
value. The current approach is consistent with that for mid- and
high-rise buildings. The shorter duration filter for low-rise buildings
(1/3 s) reflects the acknowledgment that building response, i.e., the
mechanical admittance, plays a role in the loading for these build-
ings, even when they are considered rigid.

Peak Responses

The peak responses were assumed to follow a Gumbel distribution
(Gumbel 1958; Cook and Mayne 1979). The parameters were ob-
tained from the filtered response time series through the Lieblein
BLUE approach (Lieblein 1974) using 16 segments. The Gumbel
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Fig. 2. (Color) (a) Definition of coordinate system; (b) bay and frame spacing for a low-rise structure; (c) linear influence functions between the
girders of a frame; and (d) two-pin moment-resisting frame and the joint moments.

parameters then were converted to a 1-h (3,600-s) duration (at full
scale) using the equations developed by Cook and Mayne (1979).
Peak values corresponding to a 57% probability of nonexceedance
(the expected value of a Gumbel distribution) then were calculated.
These steps were applied to each response for each building for
every wind direction. Fig. 3 provides one example of a peak coef-
ficient for one response—in this case, the roof uplift—for one build-
ing as a function of wind direction. The single worst value among all
wind directions was identified from these; in Fig. 3, it is the value at
the wind direction of 270°. The resulting peak responses for each
building are called target responses because they are the critical val-
ues for determining the design values.

Method to Determine Design Pressure Coefficients
and Pressure Zones

Equivalent Peak Pressure Distributions

To identify the patterns associated with the target responses, such
as that in Fig. 3, the load response correlation (LRC) method,

ASCE 04025182-4

developed by Kasperski and Niemann (1992), was adopted. With-
out a loss of generality, the peak pressure can be written

Cpirci = Cpi + 9pi,0cp, (1)

where Cp; and ocp, = mean and standard deviation of a point pres-
sure coefficient referenced to the mean dynamic pressure at the
mean roof height; i = index of pressure tap; p; , = correlation co-
efficient between the time series of Cp;(f) and the load response
coefficient, r(t); and g = peak factor of the response r(z). The peak
factor is calculated as

(2)

where 7, 7, and o, = peak, mean, and standard deviation of r(r),
respectively. The resulting term, Cpy gc ;, can be viewed as an equiv-
alent peak pressure coefficient distribution associated with the target
response, which will always satisty

ZCPLRC.iIAi =7 (3)
pa
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Fig. 3. (Color) Contour plot of Cpygc for the worst-case uplift coefficient for a selected NIST model.

where I = influence function associated with the particular response.
For each structural response of interest, the peaks are calculated for
each wind direction following the approach discussed in section
“Peak Responses.” The patterns of equivalent peak pressure distri-
butions are determined for the largest magnitude peak, depicted by
contour plots of the Cp;rc data. One example is shown in Fig. 3,
where the Cp;rc contours are shown as an exploded view of the
building surfaces. The roof is in the center, with the ridge shown
as a solid black line and the four walls shown adjacent to the ap-
propriate roof edge. These Cp; rc contours are obtained for every
target response for every building in the database. In total, 1,537
contour plots were developed, covering the 85 buildings in the three
databases, the two terrain simulations, and the range of responses
considered.

Identification of Spatial Pressure Patterns

The Cprc contour plots were examined to identify the patterns
associated with the pressure coefficients that led to the target re-
sponses. This revealed that most of the spatial pressure distributions
associated with the critical reactions can be represented by a few
typical patterns. Fig. 4 provide examples for a low-rise building
with a low-slope roof.

All the data for buildings with low-sloped roofs indicated that
most of the Cp;rc distributions can be categorized into three typ-
ical patterns: (1) Pattern 1 has wind nominally parallel to the ridge
(x-direction), with large suctions on the roof near the windward
gable edge, relatively uniform pressure distributions on the wind-
ward (positive) and leeward (negative) walls, and sidewalls that
are similar to those on the roof; (2) Pattern 2 has wind nominally
perpendicular to the ridge (y-direction), with large suctions on the
roof near the windward eaves edge, and walls with similar patterns
as in Pattern 1; and (3) Pattern 3 has wind approaching from an
oblique direction, with a conical vortex pattern on the roof, positive
pressures on the windward walls with close to a uniform gradient,
and relatively uniform suction on the leeward walls. Fig. 4 shows
the typical patterns of Cpyrc distributions associated with a series
of responses for a low-rise building model from the NIST database
with a roof slope of 1:12, and geometric parameters of d X w X h =
125 x 80 x 40 ft. These three pattern can be identified clearly in
the figure. Similar patterns were observed for mid-rise and high-
rise models with flat roofs; further examples were presented by
Guo et al. (2024), but are not included here for brevity.

Figs. 5(a, b, and c¢) show the typical patterns of Cp;gc distri-
butions for 6:12 sloped gable-roof buildings with #/w = 0.5 and

ASCE 04025182-5

d/w = 2. As with the low-sloped-roof buildings, three typical pat-
terns can be identified. For wind nominally perpendicular to the
gable end (x-direction), the pressure distribution patterns are sim-
ilar to Pattern 1 of the low-sloped-roof buildings [Figs. 5(a) and 4].
For wind nominally perpendicular to the ridge (y-direction), the
pressure distribution patterns on the walls are similar to Pattern 2
of the low-sloped-roof buildings, but the roof patterns are different:
positive pressures on the windward roofs and uniform suction
on the leeward roofs [Figs. 5(b) and 4]. Compared with the low-
sloped-roof buildings, more responses are controlled by the oblique
direction wind for the 6:12 sloped model. The pressure distribution
patterns on the walls are close to Pattern 3 of the low-sloped-roof
buildings. However, the patterns on the roof are more complicated:
the positive pressure contours on the windward roof and the suction
contours on the leeward roof are irregularly shaped and not well
suited for modeling as simple rectangular zones [Fig. 5(c)].

Figs. 5(d, e, and f) depict the typical patterns of Cpygrc distri-
butions of a 6:12 sloped hip roof building with #/w = 0.5 and
d/w = 2. Compared with the gable roof models, the wall patterns
are similar, while the roof patterns are different. For wind from the
x- and y-directions, low suctions occurs on the side roof behind the
hip lines; for wind from the oblique directions, irregularly shaped
pressure distributions are observed on all roof surfaces. Results
of Cpyrc distributions associated for several critical responses are
presented in the Appendix.

Area-Averaged Pressure Coefficients for the Target
Responses for Each Building Zone

Following the identification of the pressure patterns, Fig. 1 indicates
that the next step in the method (Step 5) is to identify and propose
zones of constant pressure on each building surface (for each target
response for each building). Fig. 6 presents one example, showing
the zone patterns overlayed on a contour plot of pressure coeffi-
cients similar to that in Fig. 3. Fig. 6 provides a schematic of initial
zones on top of the actual point pressure coefficients. After the
zone shapes and sizes are proposed, the pressure coefficients for
each zone corresponding to a peak response can be calculated
(Fig. 1, Step 6) via

Cprrelds
Cpy = 7ff 4a
Pa f f Ids ( )
where / = influence function; and ds = area. This integration guar-
antees that for the reaction, the net contribution from each zone is
unchanged.
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Fig. 4. (Color) Examples of typical patterns of Cp; g¢ distribution associated with critical structural responses for a 1:12 sloped roof low-rise building,

dxwxh=125x 80 x 40 ft.

For zones where the influence function is zero, it is still useful
to understand what the pressures are because the goal is to obtain
realistic patterns. In this case, Cp, is calculated as the simple area
average

Cpa = W (4D)

The integrated Cp, (except for the windward wall) then is con-
verted to [GCp] via

Cpy
= 5
P =TT aul? (5a)

ASCE 04025182-6

where g, and I, = peak factor and turbulence intensity of the refer-
ence velocity, respectively. Details of the selection of the velocity
parameters for the 3-s gust speeds were presented by Acosta et al.
(2024.) For the windward wall only, the [GCp] values are calcu-
lated as

- ff CPLR Ids
GCP) = T 1o ([T Tads 36)

where I is a rereferencing function of height, z

e = (32) ©)

Vi
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Fig. 6. (Color) Schematic of GCp integrated zones from the initial Cp; ¢ distribution.

where V;_; . and V;_;;, = 3-s gust velocities at the local and mean
roof heights, respectively. For windward walls, the integration in
Eq. (5b) ensures that the calculated GCp value leads to correct peak
loads when applied with velocity referenced to the local height (in-
stead of the mean roof height), as in ASCE 7.

At this stage, Step 6 in Fig. 1 yields a set of pressure coefficients
and zones sizes for each target response. These are different for each
target responses, although there is reasonable similarity, as implied
by the similarity in the patterns in Figs. 4 and 5. The next stage in
the process is to determine a single set of pressure coefficients and
zones for each building.

ASCE

04025182-7

Optimized Pressure Coefficients for Each Building

Because there are so many target responses for each building, we
introduce the term best single response. The best single response is
one that (1) closely represents the pressure pattern, and (2) is for a
reaction that is deemed to have a relatively higher importance level.
For example, for the roof zones, the best single responses typically
are overall uplift or a bay uplift. For the wall zones, they generally are
the base-shear for windward and leeward walls, and area-averaged
suction for the sidewalls. Further details of best single responses for
each zone were presented by Guo et al. (2024).
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The ideal pressure coefficients should provide values that min-
imize the errors for all the different target responses. To achieve that,
an optimization method was developed based on a gradient descent
algorithm, which minimizes the total difference between the calcu-
lated response values and those from the measured wind tunnel data.

The gradient descent algorithm works as follows. For a load
case with m different zones, the surface pressure distribution, p, can
be written as a function of [GCp] values of each zone:

p =p([GCp,],[GCpy], ..., [GCp,]) (7)

A total of n peak responses, 71, 75, ..., ,, are governed by this
load case, as identified from section “Identification of Spatial Pressure
Patterns,” with the corresponding influence functions 7, I, ..., 1I,.

For a given set of p obtained from the Cpj gc distributions of a
particular response, the previous responses can be calculated from
the following integration:

~l
T I,

7 I
= #p(GCp,.GCp,. ....GCp,) | | |Izds  (8)

1

~>

n n

where I = rereferencing function defined by surface location, as
discussed previously. For windward walls, I is defined by Eq. (6);
for other surface locations, I equals 1.

The relative error can be calculated as

€ = (?l/ - ?i)/?i (9)

The purpose of the optimization is to minimize e;.
The cost function is defined as the weighted average of the rel-
ative error square

C— iy (wiei)® (10)

n

where w; = weight function defined to account for the different im-
portance level of each response. In this study, for low-rise models,
the weight functions for joint moments, overall force, and bay uplift
and thrust were set to be 1, 2, and 3, respectively; for mid- and high-
rise models, the weight functions of overall reactions were set to 1,
whereas for floor-to-floor shear they were set to 1 /N, where N is the
number of floors. The cost function is minimized gradually using
iteration

ocC

ch‘(ikﬂ) = GCpk —ax 5GCr.
J

(11)

where « is a parameter controling the convergence speed (referred to
as the learning rate in machine learning), determined by each specific
case.

The initial values of the iteration are important to prevent the
iteration from falling into a false local optimal solution, and are
obtained from the averaged zone [GCp] of the best single response
of each zone.

The optimization is applied to each building individually, result-
ing in an optimum set of pressure coefficients for each pattern on
each building. (For the models with 6:12 sloped roofs, more than one
value is required for the windward roof zone; details are presented in
section “Synthesis of Pressure Coefficients for All Buildings.” This
creates additional complexity for the optimization method. Thus, the
[GCp] of the best single responses are taken directly to represent
the optimum pressure coefficients.) The synthesis of the optimum
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coefficients from all buildings, which is Step 7 in Fig. 1, is dis-
cussed in the following section.

Synthesis of Pressure Coefficients for All Buildings

To develop a method for all buildings, the optimum set of pressure
coefficients and zones for each building must be brought together
into a framework for all buildings. This is achieved by using the
concept of nondimensional building geometric parameters that con-
trol the aerodynamic loading as a function of the building shape.
These critical parameters were determined previously by Wang and
Kopp (2021a, b). We used those parameters to create zone sizes that
depend on the critical building dimensions for the particular build-
ing surface (Fig. 7). All the pressure coefficients for the 85 building
shapes were plotted for each zone as a function of the critical non-
dimensional geometric parameters. These data are shown in Figs. 8
(for roofs) and 9 (for walls). Fits were made of the data to provide
the final design values of the pressure coefficients. These fitted
models were adjusted slightly using a trial-and-error procedure to
improve the overall model performance (Section “Validation of the
New Proposed Pressure Coefficients”).

The final optimized pressure zones are provided in Fig. 7, and
are generally based on Patterns I and 2. For low-sloped roofs, four
zones are proposed for the roof with three zones on the side walls to
capture the high suction loads near the windward edges. The zone
sizes are defined by the minimum of either the building breadth, B
(Fig. 2) or the mean roof height, &, based on the analysis by Wang
and Kopp (2021a, b). There is one zone on the windward wall and
one zone on the leeward wall, due to their approximately uniform
pressure distributions. For gable roofs with slopes greater than 2:12,
for wind parallel to the ridge (x-direction), the pressure patterns on
the roof (Pattern 1) are similar to those for low-slope roofs and are
maintained. For wind perpendicular to the ridge (y-direction), one
zone was developed for the windward roof and one zone was de-
veloped for the leeward roof. For hip roofs, there is a great deal of
complexity in terms of the building shape parameters that control
roof pressure zones. Thus, for simplicity, it was decided that the
pressure patterns for gable roofs would be used for hip roofs along
the ridge direction, as currently is the case in ASCE 7. The impli-
cations of this are examined subsequently.

The oblique wind direction pattern (Pattern 3) was not required
because it controlled few target responses (although it notably con-
trolled torsion). In the interests of simplicity, the pattern was removed
in favor of the use of an eccentricity to obtain torsional responses.
This is consistent with what is currently used for the load cases for
the directional procedure in Chapter 27 of ASCE 7-22. Details of the
load cases are discussed in the next section.

Fig. 8 presents all the data and the final curve fits for roofs, and
Fig. 9 presents these for the walls. For all pressure coefficients
on the roof, the nondimensional parameter used for fitting is
min(B, h)/L, where B and h represents the building breadth
and height, respectively, and the smaller of the two is taken as
the critical building dimension for roof aerodynamic loads. For
low-rise structures, for wind perpendicular to the wall, the bulk of
the approaching wind flow goes over the roof, separating at the
windward wall edge. As a consequence, building height is critical
for describing the flow field, and the nondimensional parameter
h/L works well for capturing the trend of pressure versus building
shapes for the suction loads on roof, as well as leeward and side
walls (Wang and Kopp 2021a). For high-rise structures, in con-
trast, the bulk of the approaching wind flow tends to flow around
the side walls instead of over the roof, making the building breadth
the critical dimension, and the best nondimensional parameter is
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Fig. 7. Final version of proposed pressure zones.

B/L (Wang and Kopp 2021a, b, ¢). For the windward section of
6:12 sloped roofs for wind perpendicular to the ridge [Fig. 8(c)],
the windward roof patterns are complex. This results in two curves
to estimate different responses—one for the positive horizontal
load, and one for the negative (i.e., uplifting) vertical loads.

Fig. 9 depicts the data for the walls. For windward walls, the
best nondimensional parameter to capture the trend of loading ver-
sus building shape is &/B, due to the nature of the horseshoe vor-
tices that control the local aerodynamics near the windward wall
surfaces (Wang and Kopp 2021c). For leeward walls, the best non-
dimensional parameter is /L for low-rise shapes (that satisfy
h/w < 1) and B/L for high-rise shapes (h/w > 1). For both wind-
ward and leeward walls, multiple curves are necessary to capture
the difference between buildings with different h/w values. For the
sidewalls, the nondimensional parameter is min(B, &)/L, which is
consistent with the roof zones.

In general, the optimized coefficients for each building provide
reasonable similarity for the patterns and pressure coefficient mag-
nitudes (Figs. 8 and 9). This is attributed to the fact that the overall
nondimensional building geometry parameters are effective at
reducing the variation in the aerodynamic coefficients, as discussed
by Wang and Kopp (2021a, b, c). This also suggests that the zone
sizes, and their normalizations, are reasonably effective at capturing
the variation of the pressures on each surface for the critical reac-
tions. The effects of the variation in the pressure coefficient values,
which are clear in Figs. 8 and 9, on the overall MWERS loads are
examined in section “Validation of the New Proposed Pressure Co-
efficients,” which provides validation.

The directional and envelope procedures of ASCE 7 each have
distinct load cases, which tell the user how to apply the pressures to
the building surfaces. Because the directional procedure applies to
buildings of all heights, whereas the envelope procedure applies
only to low-rise buildings, it was decided to utilize the load cases
from the directional procedure (ASCE 7-22, Fig. 27.3-8) as the
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basis for the unified method. Generally, these load cases effectively
capture the target responses. However, some modifications are nec-
essary (Fig. 10).

These modifications primarily result from conflicting choices
that had to be made in optimization of the pressure coefficients
and building zones. For example, the base shear and bay thrust for
low-rise buildings lead to such a conflict. The bay thrust for low-
rise buildings was captured by Pattern 3 (Fig. 4), whereas the over-
all base shear was captured by Patterns 1 (for the x-direction) and 2
(for the y-direction). This issue could have been handled three
ways: (1) by including another set of pressure zones, such as a sim-
plification of those in Pattern 3; (2) by increasing the pressure co-
efficients for Patterns 1 and 2 so that the bay thrust was matched,
but at the cost of overall base shears that are too large; or (3) by
altering Load Case 3. Increasing the base shear to inaccurate values
clearly is not desirable, so the two alternatives were adding the third
pressure pattern for cornering winds or modifying Load Case 3 to
account for this. It was decided to modify Load Case 3 as the sim-
plest outcome, particularly because Load Case 2 was an excellent
model for the torsional loads, eliminating the need for Pattern 3 to
account for that.

Fig. 10(c) shows the existing Load Case 3, which was main-
tained, and is labelled Load Case 3(1). Fig. 10(d) shows the modi-
fication, labelled as Load Case 3(2). Case 3(2) brings increased
loading at the wall corner zones, with a 175% increase of the wind-
ward pressure and 100% leeward pressure from Load Case 1
[Fig. 10(a)]; for the rest of the wall, it requires the same windward
wall pressures of the original Load Case 3 (i.e., 75% of Case 1),
but zero pressures on the leeward walls. The size of the corner zone
(ay.a,) is taken as the smaller of 2/ and 0.3B in the corresponding
direction. Additionally, for Load Case 2, the eccentricity model was
updated to more accurately account for the full range of building
heights (Guo et al. 2024).
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wind parallel to ridge; (c) Zone 1 (windward roof) for 6:12 gable roofs for wind perpendicular to ridge; and (d) Zone 2 (leeward roof) for 6:12 gable

roofs for wind perpendicular to ridge.

Validation of the New Proposed Pressure
Coefficients

To validate the final proposed recommendations, the structural
responses were calculated from the proposed model and compared
to the values of the target responses from the wind tunnel data.
Model results were enveloped using the modified load cases de-
scribed previously. Results for several responses are presented in
Figs. 11-13; the full set of results was presented by Guo et al.
(2024). In Figs. 11-13, the proposed model values are presented
on the vertical axis, and the experimental values are presented on
the horizontal axis. A perfect model would be a 45° straight line on
these plots. In other words, the closer the variation and scatter are
to the 45° line, the better is the model. In general, the goal is to
have limited bias such that the scatter is on either side of the 45°
line and within a reasonably narrow range such that no building has
measured reactions that are substantially different from those of the
proposed model. Results calculated from ASCE 7-22 Chapters 27
and 28 are included for comparison. For Chapter 27, the gust effect
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factor is taken as 0.85 because rigid buildings are assumed for the
development of these pressure coefficients. In general, the results
from the proposed model are much better at matching the experi-
mental data and capturing the basic aerodynamic trends than the
existing provisions.

For buildings with low-sloped roofs, for overall horizontal forces
{i.e., base shears in both directions [Figs. 11(c) and 12(a)], and over-
turning moments for mid and high-rise buildings [Fig. 12(c)]}, the
new model matched the experimental data reasonably well. In con-
trast, Chapter 27 generally tends to overestimate these loads for
low-rise buildings and tends to underestimate the loads for mid-
and high-rise buildings. Chapter 28 fails to capture the variation
in wind load coefficients with building geometry. Significant im-
provements are evident for the overall uplift [Figs. 11(a) and 12(b)],
end-bay uplifts [Fig. 11(b)], and the sidewall suctions for mid- and
high-rise buildings [Fig. 12(f)] because the existing provisions
generally underestimate the loads. The torsional loads were calcu-
lated using the horizontal forces from the proposed pressure co-
efficients together with an updated eccentricity model. The results
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Fig. 10. (Color) Schematic sketches of the final proposed load cases: (a) Load Case 1 (x-direction only), (b) Load Case 2 (x-direction only),

(¢) Load Case 3(1), and (d) Load Case 3(2).

captured the trend of the experimental data well [Fig. 11(e)
and 12(e)].

For the end-bay thrusts [Fig. 11(d)] and the end-frame ridge
moments [Fig. 11(f)], the proposed provisions work sufficiently
well, and are significantly better than the existing values because
Chapters 27 and 28 tend to underestimate the loads. These reac-
tions are controlled mostly by the oblique wind direction pattern.
As discussed previously, the oblique-wind-direction Pattern 3 was
removed during the simplification process. Instead, the wall corner
zone in the newly proposed Load Case 3(2) helps to capture the
reactions governed by this pattern.

For the buildings with 6:12 sloped gable and hip roofs, the re-
sults from the proposed models match the experimental data well
for the overall forces {uplifts, base shears, and torsions [Figs. 13(a,
¢, and e)]}, and are mostly an improvement on the current provi-
sions. Torsion for buildings with d/w =1 and h/w <1 are not
shown in Fig. 13 because they are mostly exempted from torsional
design. The model provides overly conservative results for these
buildings.

As for the low-sloped roofs, the proposed models work well for
the end-bay uplift for gable roofs [Fig. 13(b)]. This is a significant
improvement on the current provisions because the current provi-
sions underestimate these loads. For the hip roofs, the new model is
conservative (i.e., safe). Improvements also are evident for end-bay
thrusts [Fig. 13(d)] and the end-frame ridge moments [Fig. 13(f)].

The proposed model works better for gable roofs than for hip
roofs (Fig. 7). This is not surprising, because the pressure coefficients
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and zone shapes and patterns were developed primarily from the
gable roof data, and hip roofs are treated like gable roofs for the
along-the-ridge wind direction, as in the existing provisions. This
approach directly leads to the conversative results for the end-bay
uplift of hip roofs, which is controlled by the low-suction areas on
the roof side surfaces behind the hip lines [Figs. 5(d and e)]. Those
areas are not captured by the current model due to the limitation of
the data available and considerations for simplicity in the zones.
The authors attempted a wide range of zone shapes, zone sizes,
and approaches to each of these, and the results indicated that addi-
tional load cases would be required beyond simple re-zoning of the
current proposed model or simple changes to the existing load cases.
Additionally, any further optimization would require significant
additional wind tunnel data to cover many more building geometries
(in particular, for both roof slopes and plan shapes and dimensions),
as well as more-complex zoning, which likely would become more
like the component and cladding zones for hip roofs in Chapter 30
of ASCE/SEI 7 (ASCE 2022).

Conclusions

This paper presents a method for obtaining aerodynamic coeffi-
cients and load cases for a unified set of MWFRS provisions. The
proposed provisions are based on a combination of the directional
and envelope procedures. The coefficients were developed based on
the rigid building assumption, and the resonant component of the
structural response is not included or assessed. Three groups of wind
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Fig. 12. (Color) Measured and modeled results for low-sloped, mid and high-rise buildings.
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Fig. 13. (Color) Measured and modeled results for 6:12 sloped gable and hip roof buildings.
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tunnel data from 85 building models were employed in this study,
covering a wide range of geometry ratios, roof shapes, and roof
slopes. For each building model, critical structural responses were
identified. Peak values of these responses were obtained, and the
equivalent pressure distributions associated with the peak responses

were studied. Most responses fell into a few typical patterns. The
zone shape and sizes for design load cases were determined based
on these patterns to represent the realistic pressure distribution.
The zone sizes and pressure coefficients are given as functions of
nondimensional geometric parameters of the buildings. The results
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show that this approach allows the provisions to better capture the
variations caused by the building shape.

The final design load cases and pressure coefficients were de-
termined using a procedure that included an optimization method
for pressure coefficients that minimized the difference between the
results and the source wind tunnel data. The final load cases gen-
erally were retained from the existing Chapter 27, and only one new
subcase was introduced. Compared with the existing Chapter 27
and 28 provisions, the proposed provisions are a significant im-
provement in matching the wind tunnel data, for both the magni-
tude and the trends among different building shapes.

Appendix. Equivalent Peak Pressure Distributions
(CP_rc) Associated with Critical Structural
Responses of Selected Building Models

Fig. 14 plots the equivalent peak pressure distributions (Cpyrc)
associated with critical structural responses for the low-rise build-
ing model with a 1:12 sloped roof, d x w x h = 38.1 x 24.4 x
12.2 m. Figs. 15 and 16 plot corresponding results for building
models with 6:12 sloped gable and hip roofs, respectively,
dxwx h =48 x24.4 x 12.2 m. For the end-bay uplift, the patterns
in Figs. 16(i and j) have similar peak values, with a relative difference
of less than 2%; therefore, they both are considered critical.
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