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ABSTRACT: ASCE Standard 7, ‘‘Minimum Design Loads for Buildings and Other Structures,’’ has contained
provisions for load combinations and load factors suitable for load and resistance factor design since its 1982
edition. Research in wind engineering in the intervening years has raised questions regarding the wind load
factor 1.3 and load combinations in which the wind load appears in ASCE 7-95. This paper presents revised
statistical models of wind load parameters based on more recent research and a Delphi, and reassesses the wind
load combinations in ASCE Standard 7 probabilistically. The current approach to specifying wind loads in ASCE
7 does not lead to uniform reliability in inland and hurricane-prone regions of the country. It is recommended
that the factor accounting for wind directionality effects should be separated from the load factor and presented
in a separate table in the wind load section, that the wind load factor should be increased from 1.3 to approx-
imately 1.5 or 1.6 to achieve reliability consistent with designs governed by gravity load combinations, and that
the exposure classification procedure in ASCE Standard 7 should be revised to reduce the current high error
rate in assigning exposures.
INTRODUCTION

During the past twenty years, structural design standards in
the United States have moved toward limit states design, or
load and resistance factor design (LRFD), and most innova-
tions in new standards are taking place within the LRFD con-
text (Load 1993; FEMA 1994; ‘‘Standard’’ 1996). ASCE Stan-
dard 7-95 (‘‘Minimum’’ 1996) has contained loads and load
combinations suitable for LRFD since the 1982 edition of the
standard (formerly, ANSI A58.1-1982). The design load and
load combinations found in Section 2.3.2 of ASCE 7-95 pro-
vide a general starting point and frame of reference for LRFD,
in which the same load requirements are to be used for all
construction materials, products, and technologies (Ellingwood
et al. 1982; Galambos et al. 1982). These load factors and load
combinations were developed using the load data and ad-
vanced first-order reliability analysis methods that were avail-
able in 1979. They were based on a calibration exercise in-
volving reliability assessments of structural members designed
by standards existing at the time, and were devised so as to
lead, in an overall average sense, to similar reliability levels.
The load requirements were reviewed by an independent panel
of experts, which was invited to advise on the research while
in progress, by the individual load task committees of the A58
Committee, and were balloted and approved by the entire A58
Standard Committee. They were first introduced in ANSI Stan-
dard A58.1-1982 and have remained substantively unchanged
since that time up through the last standard edition, ASCE 7-
95.

These load factors and load combinations generally have
been accepted by other standard groups, but there are some
points of contention. Moreover, there were some issues that
the code calibration exercise identified but could not resolve.
One such issue surrounds the wind load factor 1.3 in ASCE
7-95 load combinations 4 and 6.

The essential ingredients of the process leading to the wind
load factor involve: (1) identifying the wind load probability
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models and statistics from climatological and wind tunnel tests
or field instrumentation; (2) determining a target reliability by
evaluating existing ‘‘acceptable’’ designs (calibration); and (3)
determining an appropriate probability-based load factor from
the expression

g = (m /W )(1 1 abV ) (1)W W n W

[The basis for (1) will be explained in a later section; it is
introduced here to clarify the discussion of issues of general
concern.] The ratio mW /Wn represents the bias in the wind pres-
sure estimation procedure, relating the mean of the maximum
wind pressure obtained from statistical analysis, mW, to the
nominal wind pressure, Wn, computed from Section 6 of ASCE
7-95. The term VW = coefficient of variation in the wind pres-
sure; a = sensitivity coefficient; and b = reliability index,
which is the quantitative measure of reliability in first-order
reliability analysis. The nominal Wn from Section 6 of ASCE
7-95 is used for both allowable stress design (ASD) and
LRFD.

What are the issues of contention?
For one, the reliability index, b, obtained by calibration (in

1979) to existing acceptable designs for wind was about 0.5
less than that for structures in which gravity loads governed.
In probabilistic terms, the limit state probabilities on first
yielding of diagonal bracing or formation of the first plastic
hinge in flexural members were on the order of 5 times higher
when wind load governed (Galambos et al. 1982). The fact
that ASD historically has permitted allowable stresses to be
increased by 33% when designing for wind load certainly is
a major factor contributing to this difference, although perhaps
not the only one. Upon first consideration, such a difference
in apparent reliability between gravity and wind load is un-
acceptable, because it implies that the risks among competing
hazards addressed by ASCE 7-95 are unbalanced.

A second issue is in the treatment of wind directionality
effects. The wind speed used to compute the nominal wind
pressure is based on the annual extreme wind speed, irrespec-
tive of direction. Likewise, the pressure coefficients, obtained
from wind tunnel testing or field instrumentation, are found
by enveloping the measured pressure data and thus represent
pressures developed from the most unfavorable orientation of
wind. Research (e.g., Simiu et al. 1981, 1985, 1986; Wen
1983, 1984) has indicated that the probability of a coincidence
of ‘‘worst-wind’’ and ‘‘worst building orientation’’ is suffi-
ciently small that some reduction in overall calculated wind
pressure might be taken in design. This reduction is not re-
flected in the value of Wn that is used in ASD. (It might be
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argued that the 33% increase in allowable stress in ASD ac-
counts for wind directionality, among other factors.) It is, how-
ever, reflected in the term mW /Wn in (1), which includes a fac-
tor 0.85 to account for directionality and thus in the load factor
1.3. As a result, Sections 2.3 (LRFD) and 2.4 (ASD) of ASCE
7-95 do not treat wind directionality effects consistently. It is
reasonable to ask whether the wind directionality factor should
not be separated from the load factor 1.3.

A third issue in the treatment of wind pressures for main
wind force-resisting systems and for components and cladding
of low-rise buildings. These pressure coefficients were deter-
mined, in large part, from wind tunnel tests conducted at the
University of Western Ontario Boundary Layer Wind Tunnel.
A recommendation that the measured peak pressure be reduced
by 20% adduced four points: (1) wind directionality; (2) dif-
ferences between urban and open country exposures; (3) mul-
tiple building geometries considered; and (4) internal/external
pressure correlation. At least one of these effects (direction-
ality) is already included in the wind load factor; the other
three are not included explicitly. This 20% reduction in peak
pressure is incorporated in the National Building Code of Can-
ada (where the wind load factor is 1.5, rather than 1.3) and in
some industry standards; however, it is not included in ASCE
7-95 (Mehta 1984). There also is the question of whether the
wind load factor 1.3 is appropriate for LRFD of components
and cladding. The probability models on which the ASCE 7
wind load factors are based pertain to main wind force-resist-
ing frames. Variability in local pressures generally is much
higher than variability in area-averaged pressures used to de-
sign main wind force-resisting frames. On the other hand, the
failure consequences are different in terms of life safety, the
traditional purview of building codes. Whether an increase in
VW in (1) might be compensated to a degree by a reduction in
b to yield a load factor of 1.3 has not been investigated.

A fourth issue is the probability distributions selected to
model the annual extreme windspeeds. In the 1972 edition of
A58.1, the wind speeds were modeled by a Type II distribution
of largest values (Thom 1968), which has a very long upper
tail. Research by Simiu et al., drawing upon much larger data
sets than were available to Thom, indicated that Type II was
a very conservative choice and that a Type I distribution of
largest values was more appropriate (Simiu and Filliben 1976;
Simiu et al. 1980). The Type I distribution has a thinner upper
tail than the Type II, but it still is unbounded from above; it
is the most common cumulative probability distribution func-
tion (CDF) for wind speed used worldwide. Beginning in
1982, the maps in A58.1 (and later editions of ASCE 7) were
based on the Type I distribution. It was also used in the cali-
brations underlying the ASCE 7-95 load requirements. Recent
work by Simiu and Heckert (1996) now suggests that the Type
I CDF also is unduly conservative, and that a Type III extreme
value distribution may provide an even better fit to annual
extreme wind-speed data. Unlike the Type I and Type II dis-
tributions, the Type III is bounded from above, and thus its
use in reliability assessment generally leads to higher apparent
reliabilities than those computed with the Type I distribution.
However, others (e.g., Naess 1996) have questioned the wis-
dom of an approach that truncates the upper tails of environ-
mental variables. Indeed, this concept has been widely rejected
in developing seismic hazard curves for critical facilities.

There have been no changes in the load combinations in-
volving wind loads in Section 2.3 of ASCE 7 since 1982. In
the intervening time, our understanding of wind effects on
structures and our ability to analyze them quantitatively has
advanced. It has become clear that the wind-speed probability
models in hurricane-prone regions of the United States are
different from those in the rest of the country (Batts et al.
1980; Vickery and Twisdale 1995; Peterka and Shahid 1998),
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a fact not appreciated when the original load factor work was
performed. The basis for the nominal wind loads in ASCE 7-
95 has also changed, with the 3 s gust replacing the fastest
mile wind speed, and the gust factors and exposure factors
having to be revised accordingly. The wind pressures have
been increased for some buildings, prompting the appointment
of a special Adjudication Panel in January 1995 to review the
bases of the ASCE 7-95 wind loads. Moreover, as a result of
recent natural disasters, numerous structural systems, e.g., light
frame wood structures, are being scrutinized more carefully
from an engineering point of view. It seems likely that engi-
neering analysis and justification will be required for all types
of construction in the near future, including those traditionally
designed on the basis of experience rather than by rational
analysis. Thus, the time is opportune to reexamine and update
the documentation of the probabilistic bases for the wind load
criteria appearing in ASCE 7 (and comparable standards) that
are used in LRFD.

RELIABILITY FRAMEWORK FOR LIMIT
STATES DESIGN

The reliability framework for the design loads, load com-
binations, and resistance criteria in modern limit states design
standards is provided by first-order reliability methods
(FORM). FORM has its roots in the mean-value, first-order,
second-moment analysis developed in the late 1960s to ad-
dress problems presented at that time by classical reliability
theory in code development (Ellingwood 1994). Since then,
FORM has been refined and can now be viewed as a tool for
performing the numerical integrations required in classical re-
liability theory. Detailed descriptions of FORM are available
in the literature (e.g., Shinozuka 1983).

We begin by defining the failure limit state of interest (e.g.,
excessive deflection, tension failure, flexural failure, instability
in compression, etc.) by the function

G(X) = 0 (2)

in which X = vector of material strengths, dimensions, and
structural loads; and G(X) = function founded in principles of
structural mechanics that relates these variables. By conven-
tion, failure is said to occur when G(X) < 0. If the joint prob-
ability density function of X were known, one might, in prin-
ciple, determine a failure probability, Pf, by integrating that
joint density over the domain defined by G(X) < 0. This is a
computationally formidable task. Alternatively, in FORM, the
reliability is measured by the ‘‘reliability index,’’ b, defined
approximately by

21b = F (1 2 P ) (3)f

in which F21( ) = inverse of the standard normal probability
integral.

Probability-based limit states design (or LRFD) is based on
the notion that the reliability index implied by a given struc-
tural design should equal (or exceed) a target value set by
professional consensus (Galambos et al. 1982). This require-
ment can be met by checking safety using values of the*xi

load and resistance variables in (2) (Ellingwood et al. 1982):

*x = m 6 a bs (4)i i ii

in which mi = mean of Xi; si = standard deviation of Xi; and
ai = sensitivity coefficient, which depends on the CDF of Xi.
The coefficient of variation in Xi, Vi, is defined as si/mi. If Xi

is a load variable and the nominal (code) value of Xi used for
design is Xni, (4) becomes

*x = [(m /X )(1 1 a bV )]X (5)i ni i i nii

The quantity in the brackets is the partial safety factor (load



or resistance factor) that must be applied to code value Xni to
achieve the desired reliability, b [cf. (1) and (4)]. Eq. (5)
shows that the reliability provided by the code depends on bias
in the way that the code specifies the variable (measured by
mi/Xni), uncertainty (measured, to first order, by Vi, and by ai),
and reliability (measured by b). Such a result is consistent with
engineering intuition, irrespective of probabilistic/statistical
considerations.

WIND LOAD STATISTICS

Wind Pressures on Buildings

The wind pressure in Section 6 of ASCE 7-95 for ordinary
buildings is determined from

W = qGC 2 q (GC ) (6a)p h pi

in which the velocity pressure, q, is

2q = 0.00256 K V (6b)z

ASCE 7-95 terminology is followed in (6). V = 50 yr mean
recurrence interval wind speed (3 s gust); Kz = exposure fac-
tor; G = gust factor; Cp = pressure coefficient. (The topo-
graphic factor Kzt is neglected for simplicity and importance
factor I equals 1.0 for ordinary buildings). The importance
factor adjusts V for other mean recurrence intervals in accor-
dance with perceived building risk (per table 1-1 in ASCE 7-
95). Maps and tables in the Standard provide specific values
of parameters in (6) for design.

The parameters V, K z, G, and Cp (or GCp) actually are ran-
dom variables, and the probability distribution function of
wind pressure and the wind load statistics in (6) are required
to determine appropriate probability-based load factors and
load combinations. The CDF of wind speed is particularly sig-
nificant because V is squared in (6b). However, the uncertain-
ties in the other variables also contribute to the uncertainty in
W, and any analysis of wind load uncertainty that ignores these
other sources will yield an unconservative and erroneous es-
timate of reliability under wind load.

Basis for Current ASCE 7 Load Criteria

The CDFs for the random variables in (6) used to derive
the wind load criteria that appear in ASCE 7-95 are summa-
rized in Table 1 (Ellingwood 1981). Because the reliability
analyses were performed for a 50 year service period, the wind
speed, V, in Table 1 is the 50 year maximum fastest mile wind
speed, which can be determined from the CDF of the annual
extreme fastest mile wind speed (Simiu and Filliben 1976;
Simiu et al. 1979) using order statistics. This wind speed is
site dependent; seven stations were used to determine typical
statistics, all of which were situated in non-hurricane prone
regions. The CDF for pressure coefficient Cp was determined
from both wind tunnel and field instrumentation (Peterka and
Cermak 1976; Marshall 1977; Cook and Mayne 1979; Stath-
opoulos 1980). Information on G and on K z (Davenport et al.
1979; Ravindra et al. 1978; Hart and Ellingwood 1982) relied,
in part, on judgment. The effect of wind directionality was
reflected by a multiplicative factor 0.85, as noted previously.
The CDF of W was determined by numerical integration for
each station and was fit by a Type I distribution of largest
values in the 90th percentile and above, the region that is sig-
nificant for structural reliability analysis. The corresponding
mW /Wn and VW for this fitted Type I CDF, averaged across the
seven stations, were 0.78 and 0.37, respectively. With product
ab approximately 0.75 3 2.5 or 1.875 in (1), one obtains gW

= 1.32.
Additional research during the past 18 years has provided

additional information that can be used to confirm or revise
TABLE 1. Wind Load Statistics for ASCE 7-95 Load Criteria
(Ellingwood 1981)

Parameter
(1)

Mean/
nominal

(2)
COV
(3)

CDF
(4)

Exposure factor (Kz) 1.0 0.16 Normal
Gust factor (G) 1.0 0.11 Normal
Pressure coefficient (Cp) 1.0 0.12 Normal
50 yr maximum fastest mile

wind speed (V ) 1.0 typ 0.12 typ Type I
Wind pressure (W ) 0.78 0.37 Type I

these wind load statistics, as appropriate. A search of the wind
engineering literature to collect and synthesize this information
for code purposes might omit important sources of information
(e.g., wind tunnel studies not published in the archival litera-
ture) and introduce prejudices in the synthesis of the data. An
alternative approach is to impanel a group of individuals fa-
miliar with wind engineering issues to (1) supplement the
above references with more recent studies that would (or
would not) support them as sources of data; and (2) participate
in a Delphi to revise the uncertainty measures that are the basis
for the CDF of W and for the load factors. This approach has
the advantage of drawing efficiently on the collective wisdom
of individuals knowledgeable in the field.

Delphi as Basis for Estimating Wind Load Statistics

A Delphi is a structured form of question and answer aimed
at enabling a panel of experts to reach consensus (Shooman
and Sinkar 1977). It can be used in engineering decision anal-
ysis to postulate scenarios and to assign numerical values in
situations where little quantitative data exist and where deci-
sions are reached by informed judgment. Within a group of
experts on a particular topic, there is a repository of infor-
mation, much of which is quantitative and useful for decision
analysis. The characteristics of the Delphi have evolved to
extract as much information as possible from the group, to
highlight the conflict of ideas while minimizing the likelihood
of strong (and perhaps less informed) personalities dominating
the decision process, and to use the data elicited to form the
most reliable conclusion. In the field of structural engineering,
Delphis have been used to revise the live load table in ASCE
7 (Corotis et al. 1981), to identify load statistics arising from
design-basis accidents in nuclear power plants (Hwang et al.
1983), and to construct seismotectonic hypotheses for use in
seismic hazard analyses in the eastern United States, where
data on historical seismicity are limited.

A Delphi has three fundamental characteristics: (1) anonym-
ity of responses (to minimize personality conflict); (2) the use
of multiple rounds of questioning and controlled feedback to
the group in order to reach consensus; and (3) a statistical
description of group response. Consensus on an item does not
necessarily mean unanimity of opinion; rather, it means that
the group has agreed on the uncertainty in the answer pro-
vided. Convergence toward a group consensus often occurs
within two iterations of the process. The Delphi questionnaire
must be developed to minimize the likelihood that prejudices
are unwittingly introduced to the analysis.

Table 2 lists the group of 20 participants in the wind load
Delphi. They represent a balance of individuals from academic
and industrial research and from professional practice and
were selected for their familiarity with the issues involved.
Some are involved with ASCE 7’s Wind Load Task Commit-
tee. Others served on the aforementioned Wind Load Adjudi-
cation Panel in early 1995.
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TABLE 2. Delphi Participants

Participant
(1)

Affiliation
(2)

Jay Crandell industry
Greg Chiu industry
Charles DeAngelis insurance
Brad Douglas industry
Donald Dusenberry professional practice
Theodore V. Galambos university research
Lawrence Griffis professional practice
John L. Gross government research
Gil Harris industry
James R. Harris professional practice
Peter Irwin professional practice (Canada)
Ahsan Kareem university research
D. J. Laurie Kennedy university research, codes (Canada)
Kishor C. Mehta university research
Richard D. Marshall government research
Dale C. Perry industry/university research
Jon Peterka professional practice/university
Timothy Reinhold professional practice/university
Theodore Stathopoulos university research (Canada)
Peter Vickery professional practice

Development of Delphi Questionnaire

The questionnaire was constructed to elicit quantitative data
on wind load uncertainties that reposed in the expert panel.
Three basic categories of data were solicited, as summarized
below; the table, figure and section numbers refer to ASCE 7-
95.

1. Wind climatology:
• Annual extreme 3 s wind speed, V—St. Louis, MO.
• Annual extreme 3 s wind speed, V—Charleston, SC
• Terrain exposure factor, Kz —three exposures and

heights
• Probability of misclassification of exposure category
The two cities selected represent regions where extreme
winds are associated, respectively, with extratropical
storms and hurricanes. Participants were also asked
whether a CDF with an upper limit is appropriate for
modeling wind speed.

2. Building aerodynamics:
• Gust factor, G, for main wind force-resisting frames

(section 6.6.1)
• External pressure coefficients, Cp, for main wind force-

resisting frames (figure 6-3)
• External pressure coefficients, GCpf, for main wind

force-resisting frames in special low-rise buildings
(figure 6-4)

• External pressure coefficients, GCp, for loads on com-
ponents and cladding in low-rise buildings (figure 6-
5)

• Interior pressure coefficients, GCp (table 6-4)
Either figures 6-3 or 6-4 can be used for designing main
wind force-resisting frames in buildings less than 60 ft
(18 m) in height; thus, several inquiries investigated con-
sistency between these two cases.

3. Wind directionality reduction factor:
• For main wind force-resisting frames
• For components and cladding

Participants were asked to identify the most likely value,
the range within which the values are likely to fall, and
whether the probabilistic model of uncertainty is symmetric or
skewed. The ASCE 7-95 value accompanied each query. Que-
ries were both tabular and graphical in nature to facilitate vi-
sualizing responses and to serve as an independent check. Par-
ticipants were asked to use experimental data, design
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documents, or other sources of information that were part of
their accumulated experience, and were asked to note briefly
the basis for their estimates and sources of uncertainty consid-
ered. The results from the first-round questionnaire were an-
alyzed and summarized; the comments were parsed and then
circulated without attribution to the participants in a second
round. Each participant was asked to review the statistical
summary and accompanying comments and to change his orig-
inal estimate if he found the results presented persuasive. The
two rounds of the Delphi process took approximately four
months to complete. The entire process is described in detail
elsewhere (Ellingwood and Tekie 1997).

Analysis of Delphi Responses

Probabilistic and statistical training and education for most
engineers has occurred only relatively recently. Most experi-
enced engineers have a good sense of ‘‘minimum,’’ ‘‘most
likely,’’ and ‘‘maximum’’ values of a design parameter but
may be baffled if asked to provide a ‘‘p-percentile’’ value or
other probabilistic information. Thus, to perform these analy-
ses, the minimum and maximum responses were associated
with the 2nd and 98th percentile of the underlying CDF. This
interpretation is consistent with that in previous consensus es-
timation surveys (Shooman and Sinkar 1977; Hwang et al.
1983). Using this assumption, the mean and standard deviation
can be estimated from the minimum and maximum responses
for negatively skewed, symmetric, and positively skewed fre-
quency diagrams:

Negatively skewed:

m = 0.37 max 1 0.63 min (7a)

s = (max 2 min)/4.1 (7b)

Symmetric:

m = 0.5 min 1 0.5 max (8a)

s = (max 2 min)/4.1 (8b)

Positively skewed:

m = 0.63 min 1 0.37 max (9a)

s = (max 2 min)/4.1 (9b)

Consider as an example the pressure coefficient, Cp, on the
windward wall of a general building used for designing the
main wind force-resisting frame. For this situation, ASCE 7-
95 specifies Cp = 10.8. Following the second round of the
Delphi, the consensus minimum, mode, and maximum values
were 10.47, 10.68, and 10.90, respectively, and the CDF
was identified as being symmetric. The standard deviations on
these estimates were 0.15, 0.11, and 0.11, respectively, indi-
cating the degree of consensus obtained within the group. Eq.
(8) was used to estimate the mean at 10.69, the SD at 0.10,
and the coefficient of variation at 0.10/0.69 = 0.14.

Several general conclusions and observations emerged from
the responses to the Delphi questionnaires. First, responses
were divided on whether a wind-speed CDF with an upper
limit should be used in reliability analysis or load combination
development. While the existence of a physical meteorological
limit is recognized, there is sufficient understanding of extreme
wind phenomena or data on extremes to identify exactly what
that upper limit might be at a particular site.

Second, there is a significant probability that the building
exposure, defined in Section 6.5.3.1 of ASCE 7-95, is classi-
fied incorrectly. This misclassification probability is summa-
rized in Table 3. The probabilities of misclassification seem to
be largest for Exposure B. Discussions with practicing engi-
neers and code officials suggest that designers often use Ex-



TABLE 3. Error in Exposure Category Assignment

Assigned exposure
category

(1)

True Exposure Category

A
(2)

B
(3)

C
(4)

D
(5)

A 0.65 0.09 0 0
B 0.29 0.61 0.17 0.02
C 0.06 0.30 0.73 0.20
D 0.0 0.0 0.10 0.78

posure C, regardless of what the true exposure is. It is prob-
lematic whether this source of uncertainty should be included
in the load factor: because of its size, it would increase the
load factor and undoubtedly would penalize a large number of
buildings. There are other alternatives to dealing with this
problem which will be presented later.

There is a strong consensus that the values of K z and G in
ASCE 7-95 are nearly mean centered and symmetrically dis-
tributed and thus might be modeled by normal distributions.
Most participants responded consistently to tabular and graph-
ical inquiries, indicating that they had visualized the nature of
uncertainty properly (this was one concern in structuring the
Delphi questionnaire, and one of the reasons for asking for
both tabular and graphical responses).

Most respondents believed that the (positive) pressure co-
efficient Cp (figure 6-3) for the windward wall was symmetric,
but centered on a value less than the 10.8 specified in ASCE
7-95. For the suction pressure on the leeward wall, most re-
spondents indicated a symmetric distribution as well, centered
close to the ASCE 7-95 value of 20.5. This was surprising,
in view of other studies (e.g., Peterka 1975) indicating that
suction pressures are negatively skewed. There was more di-
vergence of opinion on the suction pressures on the windward
and leeward roofs, and on the pressure coefficients, GCpf, for
special low-rise buildings (figure 6-4). These coefficients were
introduced for the first time in ASCE 7-95. The consensus is
that the positive GCpf for a windward wall is mildly skewed
in the negative direction. The suction GCpf is positively
skewed, but not strongly so. In general, the uncertainties in
pressures acting on local areas or on interior surfaces are
judged to be larger than those on the main wind force-resisting
systems, and the frequency distributions for GCp and GCpi are
judged to be nearly symmetric in all cases considered.

The wind directionality factor is judged to be less for main
wind force-resisting systems, at 0.86, than for components and
cladding, at 0.89. The SD of the estimate is relatively small
in both cases (0.08 and 0.13), indicating some agreement in
value on the part of the expert panel.

Summary of Wind Load Statistics for LRFD

Statistics of the wind parameters from the completed Delphi
that are used in subsequent first-order reliability analyses and
load factor assessments are summarized in Table 4. The un-
certainty in W is dominated by that of the annual extreme wind
speed because V is squared in (6b). Accordingly, the slight
skewnesses in some of the pressure coefficients have little ef-
fect on the probability distribution of W (Ellingwood 1981),
and thus all parameters with the exception of the wind speed
are modeled by normal distributions, specifically with the sta-
tistical parameters derived from the Delphi results herein. The
statistics in Table 4 do not include any corrections for wind
directionality. The queries on wind speed for St. Louis, MO,
and Charleston, SC, were aimed at eliciting opinion on the
suitability of general distribution forms rather than at specific
wind-speed parameters. Accordingly, wind-speed models de-
veloped from data provided by the National Weather Service
(Batts et al. 1980; Simiu et al. 1980; Peterka and Shahid 1998)
were used in the reliability analyses. All wind speeds were
converted to 3 s gust wind speeds for consistency with ASCE
7-95.

The reader is cautioned about comparing the results in Table
4 with those in Table 1 and its supporting documentation (Ell-
ingwood 1981). The earlier study used a fastest mile wind
speed, whereas the current basis is the 3 s gust; the gust factor,
G, has also been changed correspondingly. The wind direc-
tionality factor 0.85, which was included in the original sta-
tistical analysis, has not been included herein. Finally, as noted
previously, the statistics from the original study were based on
a Type I distribution, fitted in the 90th percentile and above,
and were site-averaged. However, an idea of the difference in
wind load variability between St. Louis, MO, and Charleston,
SC, can be obtained by comparing the distributions of annual
extreme 3 s gust wind speeds. At St. Louis, MO, the distri-
bution is Type I, with a mean and COV of 60 mph (27 m/s)
and 0.17, respectively. At Charleston, SC, the distribution is
Weibull; the mean and COV are 47 mph (21 m/s) and 0.63,
respectively, using the Batts/Simiu data, and 49 mph (22 m/s)
and 0.63, respectively, using the Peterka/Shahid (1998) data.
The variability in wind load clearly will be larger in hurricane-
prone regions.

LOAD FACTORS FOR WIND-RESISTANT DESIGN

Gravity Loads

The gravity load combination (dead plus occupancy live
load) provides the reliability benchmark against which all
other load requirements are measured (Ellingwood et al. 1982;
Galambos et al. 1982). This load combination was fundamen-
tal in the calibration studies that related LRFD to existing prac-
tice, because it was apparent that the engineering profession
felt most confident it represented the appropriate level of con-
servatism (on the average). Accordingly, the reliabilities as-
sociated with other load combinations were judged with re-
spect to the gravity load combination. This judgment underlies
the study of wind load factors and load combinations to follow.

Probabilistic models for dead and occupancy live load have
been developed from extensive research conducted over nearly
30 years. The dead load can be described by a normal distri-
bution with a mean value 1.05 Dn (dead loads tend to be un-
derestimated slightly in practice) and a COV equal to 0.10.
The live load is modeled as having two components: (1) a
sustained component associated with general tenant or occu-
pancy activities; and (2) an extraordinary or transient com-
ponent associated with infrequent crowding, remodeling, and
emergency conditions. Both components are modeled as time-
variant stochastic processes; the maximum of their sum during
a 50 yr period is modeled by a Type I distribution of largest
values, with a mean equal to 1.0 Ln and a COV of 0.25. To
complete the benchmark reliability assessment, we assume that
the component resistance of interest is tensile yield strength,
modeled by a lognormal distribution with a mean of 1.05 times
nominal and a COV of 0.11. There is general agreement in
the standard-writing community that current design require-
ments for the yield limit state for tension or flexure are sat-
isfactory. The basis for these statistical models is provided
elsewhere (e.g., Galambos et al. 1982).

Structural design for a gravity load according to current
LRFD practice involves the safety check

0.9R > 1.2D 1 1.6L (10)n n n

Using customary first-order reliability analysis of tension
members designed by (10), we find that the reliability index,
b, decreases from about 2.6 when Ln/Dn = 0.5 to about 2.45
when Ln/Dn is 3 or greater, as shown in Fig. 1. The corre-
sponding limit state probability (against yield, in this example)
varies from approximately 0.005 to 0.007 in 50 years. (In
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TABLE 4. Summary of Wind Load Statistics Obtained from Delphi

Variable
(1)

Description
(2)

Orientation
(3)

Nominal
(4)

Mean
(5)

SD
(6)

CDF
(7)

Remarks
(8)

Kz Exp. C, z = 100 ft 1.26 1.21 0.14 Normal

Exp. C, z = 20 ft 0.9 0.84 0.12

Exp. B, z = 20 ft 0.62 0.63 0.12

G Exp. A 0.8 0.74 0.12 Normal

Exp. B 0.8 0.77 0.09

Exp. C 0.85 0.82 0.08

Exp. C 0.85 0.83 0.10 RF a

Exp. D 0.85 0.83 0.07

Cp h > L, L/B = 0 2 1 WW 0.8 0.69 0.10 Normal Fig. 6.3
theta = 107 0.8 0.71 0.10 RF

WR 21.04 20.92 0.15

LW 20.5 20.46 0.07

20.5 20.45 0.07 RF

LR 20.7 20.61 0.09

h = 30 ft, L = 30 ft WW 0.8 0.70 0.10 Normal Fig. 6.3
theta = 207 0.8 0.72 0.11 RF

WR 20.7 20.69 0.14

LW 20.5 20.47 0.07

20.5 20.48 0.08 RF

LR 20.6 20.51 0.05

GCpf MWFRS, h = L = 30 ft Zone 1 0.53 0.46 0.08 Normal/lognormal Fig. 6.4
theta = 207 0.44 0.06 RF

Zone 2 20.69 20.59 0.10

20.69 20.58 0.08 RF

Zone 1E 0.8 0.64 0.12

0.8 0.63 0.10 RF

Zone 2E 21.07 20.86 0.15

21.07 20.88 0.13 RF

C & CLAD, h = L = 30 ft Zone 1 20.8 20.76 0.09 Normal
theta = 207

20.8 20.83 0.13 RF

Zone 2, 3 21.7 21.61 0.19

21.7 21.53 0.26 RF

Zone 4 21.0 20.90 0.10

21.0 20.79 0.13 RF

Zone 5 21.2 21.14 0.13

21.2 21.10 0.17 RF

GCpi uniformly distributed openings 0.18 0.15 0.05 Normal

0.18 0.13 0.06 RF

20.18 20.16 0.05

Directionality MWFRS 0.85 0.86

C & CLAD 0.89
a RF = Statistics obtained from frequency diagrams, not from tabulated results.
ASD, this variation in reliability with Ln/Dn was much greater,
because the same factor of safety was applied to both dead
and live load.) To facilitate analysis of the wind load combi-
nations in the present study, in which the wind speeds are
described by their annual extremes, the above reliability anal-
ysis is transformed to an annual rather than a 50 yr basis. The
annual extreme live load can be described by a Type I distri-
bution of largest values, with a mean equal to 0.47Ln and a
COV of 0.58 (Rosowsky and Ellingwood 1992). Using these
live load statistics in first-order reliability analysis, we obtain
the curve presented in Fig. 1, indicating a variation in b from
458 / JOURNAL OF STRUCTURAL ENGINEERING / APRIL 1999
about 3.25 (Pf = 0.0006) to 3.15 (Pf = 0.0008) as Ln/Dn in-
creases from 0.5 to 3. Note that the 50 yr failure probability
is not simply 50 times the annual failure probability because
failures in successive years are not statistically independent
events.

The reliabilities for gravity load in Fig. 1 will serve as the
benchmark against which wind load criteria are tested in the
following sections. The reliability index b is the reliability
measure most familiar to the code community, and the wind
load factor depends on it. However, corresponding limit state
probabilities are also given, where appropriate.



FIG. 1. Reliability Indices for Dead Plus Live Loading

Wind Loads

The current ASCE 7-95 load combinations for wind-resis-
tant limit states design are

1.2D 1 1.3W 1 0.5L (11)n n n

0.9D 1 1.3W (12)n n

Eq. (11) governs when the gravity and wind load effects are
additive, whereas (12) governs when the gravity and wind load
effects counteract one another. Counteracting structural actions
are obvious with uplift on roofs or overturning of tall buildings
but may also occur in beam-to-column joints and connections
on the windward side of low buildings.

Table 5 summarizes 19 different cases considered in the
reliability analysis, representing different cases of exposure,
orientation of member with respect to wind direction, roof
slope u, and use of ASCE 7-95 figures 6-3 and 6-4 as a basis
for structural design. The first twelve cases involve St. Louis,
MO, which is judged to be a typical extratropical wind loca-
tion; the remaining seven involve Charleston, SC, where hur-
ricane winds dominate the extremes of the wind-speed distri-
bution. In all cases, it is assumed that Wn/Dn = 3.0, unless
otherwise noted; this value was judged to be representative for
light-frame building construction. Note that the wind direc-
tionality effect is not included in the analyses that immediately
follow. Directionality will be reintroduced subsequently.

Main Wind Force-Resisting Systems

ASCE 7-95 permits wind forces for certain low-rise build-
ings to be determined by one of two alternate methods. ASCE
7-95 figure 6-3 is applicable to main wind force-resisting sys-
tems of all buildings, whereas figure 6-4 is applicable only to
special low-rise buildings under 60 ft (18 m) in height. The
analysis of the Delphi responses yielded some differences in
the wind load statistics (specifically for parameters G and Cp

or their product) for these two cases.
We first consider a building in St. Louis, MO, with a mean

roof height of 30 ft (6 m) and a roof slope of 207, with struc-
tural components designed by (12). The live load initially is
assumed to be negligible or absent (as, for example, in the
design of wind bracing). The results of the reliability analysis
for the case where wind and gravity effects counteract one
another are presented in Table 6, section (a), for current gW =
1.3 and in Figs. 2 and 3, where the wind load factor in (12)
has been allowed to vary from 1.0 to 1.7. Table 6 and sub-
sequent tables present both reliability index and limit state
probability computed from (3). Fig. 2 assumes design of a
windward roof using figure 6-3, while Fig. 3 assumes design
of a windward wall (zone 1) using figure 6-4. Figs. 1–3 are
plotted on the same scale; it can be seen that if gW = 1.4–1.5,
we obtain approximately the same level of reliability against
TABLE 5. Reliability Studies for Dead Plus Wind Load

Case
number

(1)
Description

(2)

(a) Wind and gravity effects counteract

1 St. Louis, ROOF, Exp. B, 30 ft, theta = 20, Fig. 6.3, WW
2 St. Louis, ROOF, Exp. B, 30 ft, theta = 20, Fig. 6.4, Zone 2
3 St. Louis, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW
4 St. Louis, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2
5 St. Louis, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2E
6 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW
7 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1
8 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1E
9 St. Louis, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone

1—ROOF
10 St. Louis, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone

2/3—ROOF
11 St. Louis, ROOF, Exp. C, 100 ft, theta = 10, Fig. 6.3, WW
12 St. Louis, WALL, Exp. C, 100 ft, theta = 10, Fig. 6.3, WW
13 Charleston, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW
14 Charleston, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2
15 Charleston, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone

2E
16 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW
17 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1
18 Charleston, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone

1—ROOF
19 Charleston, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone

2/3—ROOF

(b) Wind and gravity effects additive

6 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW
7 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1
8 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1E

12 St. Louis, WALL, Exp. C, 100 ft, theta = 10, Fig. 6.3, WW
16 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW
17 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1

wind load and against gravity load, both considered on the
basis of the annual extreme load effect. Including the live load
in (11) in the reliability analysis has a negligible effect on
reliability, except where Ln/Dn is high and Wn/Dn is low (Ell-
ingwood and Tekie 1997); however, in that case, gravity load,
(10), actually governs the design of the member. Finally, Table
6, section (b), and Fig. 4 illustrate a case where the gravity
and wind forces superpose rather than counteract [(11)]. In this
case, reliabilities are comparable for live and wind loads if gW

= 1.5–1.6. The reliability indices for windward walls (cases
6, 7, and 8) and roofs (cases 3, 4, and 5) designed by ASCE
7-95 figures 6-3 and 6-4 appear to be basically consistent with
one another, suggesting that the use of either figure leads to
about the same reliability. The points identified by the dia-
mond in Figs. 2–4 correspond to results in Table 6.

For buildings with a mean roof height greater than 60 ft (18
m), ASCE 7-95 requires the use of figure 6-3 for determining
wind forces. The results of the reliability analyses for cases
11 and 12, where the building height in St. Louis is 100 ft (30
m), show that the b’s are close to the target value of 3.2 when
gW = 1.3.

Cases 13–17 in Table 6, section (a), represent design of
main wind force-resisting structural elements of windward
roofs and walls in Charleston, SC, where hurricane winds
dominate the extremes of the wind-speed distribution. The re-
liability indices and limit state probabilities (using the Batts/
Simiu wind speeds) are, respectively, less by approximately
0.3 and greater by a factor of 2 than those for comparable
buildings in St. Louis, MO, indicating a difference in the
safety of building structural components designed at these two
locations.

The wind load statistics in Table 4 represent the state of the
art, as represented by a consensus of the Delphi panel. There
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TABLE 6. Reliability Analyses of Building Frames for Dead Plus Wind Load (Wn /Dn = 3; Wind Load Factor = 1.3)

Case
number

(1)
Description

(2)
Reliability index

(3)
Probability of failure

(4)

(a) Wind and gravity effects counteract

1 St. Louis, ROOF, Exp. B, 30 ft, theta = 20, Fig. 6.3, WW 3.03 1.24E-03
2 St. Louis, ROOF, Exp. B, 30 ft, theta = 20, Fig. 6.4, Zone 2 3.04 1.17E-03
3 St. Louis, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW 3.07 1.08E-03
4 St. Louis, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2 3.11 9.46E-04
5 St. Louis, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2E 3.17 7.62E-04
6 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW 3.16 7.97E-04
7 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1 2.97 1.47E-03
8 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1E 3.07 1.06E-03

11 St. Louis, ROOF, Exp. C, 100 ft, theta = 10, Fig. 6.3, WW 3.24 5.91E-04
12 St. Louis, WALL, Exp. C, 100 ft, theta = 10, Fig. 6.3, WW 3.21 6.52E-04
13 Charleston, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW 3.11 9.35E-04
14 Charleston, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2 2.92 1.77E-03
15 Charleston, ROOF, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 2E 3.24 5.91E-04
16 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW 3.21 6.52E-04
17 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1 2.84 2.25E-03

(b) Wind and gravity effects additive

6 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW 3.09 1.01E-03
7 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1 2.90 1.84E-03
8 St. Louis, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1E 3.00 1.33E-03

12 St. Louis, WALL, Exp. C, 100 ft, theta = 10, Fig. 6.3, WW 3.14 8.38E-04
16 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.3, WW 2.85 2.16E-03
17 Charleston, WALL, Exp. C, 30 ft, theta = 20, Fig. 6.4, Zone 1 2.71 3.36E-03
FIG. 2. Reliability Indices for Windward Roof—Counteracting
Loads

FIG. 3. Reliability Indices for Windward Wall—Counteracting
Loads

are, however, limitations in the information presented that
could not be assessed within the scope of this study. One is
the fact that only two sites were considered: St. Louis, MO,
and Charleston, SC. Even if the Type I (or Weibull) models
of annual extreme wind speed are generally appropriate, the
mean wind speed, expressed as a fraction of the nominal wind
speed (mV/Vn), and the coefficient of variation vary from site
to site. The ratio, mV/Vn, for the seven sites in the original study
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FIG. 4. Reliability Indices for Windward Wall—Additive Loads

(Ellingwood 1981), which included St. Louis, MO, varied
from about 0.55 to 0.75, while the coefficient of variation
range from about 0.10 to 0.17. Moreover, since the hurri-
cane wind-speed models developed by Batts et al. (1980) were
published, additional research on hurricane wind speeds has
become available (as summarized in Peterka and Shahid
1998). The wind-speed contours in ASCE 7-95 reflect this
more recent research. Accordingly, two sensitivity studies were
carried out to investigate the impact of these factors on reli-
ability.

In the first, the mean ratio, mV/Vn, was varied from 0.55 to
0.75, while the coefficient of variation in V was varied from
0.10 to 0.17. The resulting variations in b for a windward roof
designed by figure 6-3 at a non-hurricane site, summarized in
Table 7, are substantial, and are tantamount to decreasing the
limit state probability from a level slightly higher than that for
St. Louis, MO, to a level two orders of magnitude less. In the
second, a more recent hurricane wind-speed model for
Charleston, SC, and, in addition, two hurricane windspeed
models each for Miami, FL, and Pascagoula, MS, were con-
sidered. This comparison, summarized in Table 8, indicates
differences in reliability that can arise from alternate wind-
speed models (Batts et al. 1980; Peterka and Shahid 1998), as
well as the variation in reliability that might be expected
within the hurricane-prone coastal zone. The variation in b



TABLE 7. Sensitivity of Reliability to Nonhurricane Wind-Speed Models (Wn /Dn = 3; Wind Load Factor = 1.3; Counteracting Loads)

Case number
(1)

Description
(2)

Reliability index
(3)

Probability of failure
(4)

3(1) ROOF, Exp. C, Fig. 6.3, WW, V:-rmean = 0.55, Cov = 0.10 4.88 5.28E-07
3(2) ROOF, Exp. C, Fig. 6.3, WW, V:-rmean = 0.55, Cov = 0.17 3.81 6.91E-05
3(3) ROOF, Exp. C, Fig. 6.3, WW, V:-rmean = 0.67, Cov = 0.10 3.98 3.45E-05
3(4) ROOF, Exp. C, Fig. 6.3, WW, V:-rmean = 0.67, Cov = 0.17 3.07 1.08E-03
3(5) ROOF, Exp. C, Fig. 6.3, WW, V:-rmean = 0.75, Cov = 0.10 3.41 3.24E-04
3(6) ROOF, Exp. C, Fig. 6.3, WW, V:-rmean = 0.75, Cov = 0.17 2.64 4.14E-03

Note: Case #3(4) is base case reported in Table 5 as case #3.

TABLE 8. Sensitivity of Reliability to Hurricane Wind-Speed Models (Wn /Dn = 3; Wind Load Factor = 1.3; Additive Loads)

Case number
(1)

Description
(2)

Reliability index
(3)

Probability of failure
(4)

(a) Charleston, SC (Batts et al. 1980)

13 Charleston, ROOF, Exp. C, Fig. 6.3, WW 2.80 2.54E-03
14 Charleston, ROOF, Exp. C, Fig. 6.4, Zone 2 2.81 2.45E-03
15 Charleston, ROOF, Exp. C, Fig. 6.4, Zone 2E 2.86 2.09E-03
16 Charleston, WALL, Exp. C, Fig. 6.3, WW 2.85 2.16E-03
17 Charleston, WALL, Exp. C, Fig. 6.4, Zone 1 2.71 3.36E-03

(b) Charleston, SC (Peterka and Shahid 1998)

13 Charleston, ROOF, Exp. C, Fig. 6.3, WW 2.60 4.64E-03
14 Charleston, ROOF, Exp. C, Fig. 6.4, Zone 2 2.61 4.57E-03
15 Charleston, ROOF, Exp. C, Fig. 6.4, Zone 2E 2.66 3.95E-03
16 Charleston, WALL, Exp. C, Fig. 6.3, WW 2.65 4.08E-03
17 Charleston, WALL, Exp. C, Fig. 6.4, Zone 1 2.51 6.08E-03

(c) Miami, FL (Batts et al. 1980)

13 Miami, ROOF, Exp. C, Fig. 6.3, WW 3.55 1.95E-04
14 Miami, ROOF, Exp. C, Fig. 6.4, Zone 2 3.62 1.49E-04
15 Miami, ROOF, Exp. C, Fig. 6.4, Zone 2E 3.69 1.14E-04
16 Miami, WALL, Exp. C, Fig. 6.3, WW 3.67 1.21E-04
17 Miami, WALL, Exp. C, Fig. 6.4, Zone 1 3.47 2.60E-04

(d ) Miami, FL (Peterka and Shahid 1998)

13 Miami, ROOF, Exp. C, Fig. 6.3, WW 2.60 4.65E-03
14 Miami, ROOF, Exp. C, Fig. 6.4, Zone 2 2.61 4.57E-03
15 Miami, ROOF, Exp. C, Fig. 6.4, Zone 2E 2.66 3.95E-03
16 Miami, WALL, Exp. C, Fig. 6.3, WW 2.65 4.08E-03
17 Miami, WALL, Exp. C, Fig. 6.4, Zone 1 2.51 6.08E-03

(e) Pascagoula, MS (Batts et al. 1980)

13 Pascagoula, ROOF, Exp. C, Fig. 6.3, WW 3.15 8.07E-04
14 Pascagoula, ROOF, Exp. C, Fig. 6.4, Zone 2 3.18 7.37E-04
15 Pascagoula, ROOF, Exp. C, Fig. 6.4, Zone 2E 3.24 6.06E-04
16 Pascagoula, WALL, Exp. C, Fig. 6.3, WW 3.22 6.31E-04
17 Pascagoula, WALL, Exp. C, Fig. 6.4, Zone 1 3.06 1.09E-03

( f ) Pascagoula, MS (Peterka and Shahid 1998)

13 Pascagoula, ROOF, Exp. C, Fig. 6.3, WW 2.70 3.42E-03
14 Pascagoula, ROOF, Exp. C, Fig. 6.4, Zone 2 2.71 3.34E-03
15 Pascagoula, ROOF, Exp. C, Fig. 6.4, Zone 2E 2.76 2.87E-03
16 Pascagoula, WALL, Exp. C, Fig. 6.3, WW 2.75 2.96E-03
17 Pascagoula, WALL, Exp. C, Fig. 6.4, Zone 1 2.61 4.51E-03
within the hurricane-prone zone and by wind-speed model
ranges from about 2.5 to 3.3 at these three sites, depending on
the wind-speed model chosen. Such variations in b represent
differences in limit state probability of approximately one or-
der of magnitude. Conversely, the load factor required to
achieve a target b of 3.2 could range from about 1.2 to more
than 1.7, depending on site and wind-speed model (Elling-
wood and Tekie 1997). Accordingly, the ASCE 7-95 wind-
speed map may not be sufficient to ensure consistent reliability
from site to site.

Components and Cladding

The load factors and load combinations in ASCE 7-95 do
not distinguish explicitly between main wind force-resisting
frames and components. However, the statistical models used
as the basis for these load requirements were derived from
consideration mainly of (area-averaged) wind pressures on
structural frames (Ellingwood 1981). Accordingly, their appli-
cation to components and cladding has never been evaluated
in detail; many engineers understandably have questioned
whether the same load criteria are germane for designing
against highly localized pressures affecting cladding or roof-
ing elements. Cases 9, 10, 18, and 19 in Table 5 address
components and cladding on the roof of a building in Ex-
posure C designed by (12). The results of this analysis are
summarized in Table 9; the reliability indices are somewhat
lower than those for main wind force-resisting systems when
gW = 1.3. To increase b to the target of 3.2, the wind load
factor must be increased to about 1.5 at St. Louis and 1.7 at
Charleston.
JOURNAL OF STRUCTURAL ENGINEERING / APRIL 1999 / 461



TABLE 9. Reliability Analyses of Components and Cladding for Dead Plus Wind Load (Wn /Dn = 3; Wind Load Factor = 1.3)

Case number
(1)

Description
(2)

Reliability index
(3)

Probability of failure
(4)

9 St. Louis, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone 1—ROOF 3.11 9.35E-04
10 St. Louis, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone 2/3—ROOF 2.92 1.77E-03
18 Charleston, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone 1—ROOF 2.85 2.19E-03
19 Charleston, C&CLAD, Exp. C, 30 ft, theta = 20, Fig. 6.5, Zone 2/3—ROOF 2.70 3.44E-03
Adjustments for Wind Directionality

As noted previously, a wind directionality factor of 0.85 was
included in the statistics of W/Wn on which the current wind
load factor 1.3 is based. In the development of the Delphi
questionnaire, the directionality effect was kept as a separate
entity. It has not been included in the reliability assessments
in the previous sections. Including a directionality factor of
0.85 with the statistics in Table 4 would cause b to decrease
by approximately 0.25. Wind directionality is highly depen-
dent on the building geometry and conditions at the site. While
some reduction in wind force for this effect undoubtedly is
warranted for certain situations, in retrospect it may not be
reasonable to incorporate in ASCE 7 such a reduction for all
buildings and other structures. Rather, allowances for wind
directionality should be made on a case-by-case basis.

CONCLUSIONS AND RECOMMENDATIONS

The probability models and statistics that support the wind
load criteria for LRFD in ASCE 7 and other design specifi-
cations were reexamined using a Delphi. The revised statistical
information was used to reassess the suitability of the ASCE
7 wind load criteria for designing main wind force-resisting
frames and components and cladding by LRFD.

The probability of misclassification of exposures is signifi-
cant. Rather than build this uncertainty into the wind load
factor, it seems advisable to revise the descriptions of expo-
sures in sections 6.5.3.1 of ASCE 7-95 so as to minimize the
likelihood of error in assignment. This might be done by pro-
viding additional descriptive material in the commentary, per-
haps including photographs of typical terrain exposures.

Alternatively, the number of exposures might be reduced.
For example, eliminating Exposures A and D would diminish
the likelihood of misclassification, at the expense of some ad-
ditional conservatism for some buildings in urban areas and
some decrease in conservatism in buildings on coastlines.

The ASCE 7 Standard is used with both ASD and LRFD,
and it is inconsistent for wind directionality to be treated dif-
ferently for these two design approaches. It is recommended
that ASCE 7 allow the design wind force to be reduced for
wind directionality, where substantiating information is avail-
able for specific buildings and sites. Absent supporting wind
tunnel studies for the specific building and site of interest, the
Delphi indicates that this factor might be allowed to be 0.85
for main wind force-resisting systems, and 0.9 for components
and cladding.

The results of the reliability analysis for main wind force-
resisting systems of buildings situated in non-hurricane prone
regions indicates that a wind load factor of 1.5 provides a
reliability index that is comparable to that for the benchmark
gravity load case. The uncertainties in wind speed in extra-
tropical areas and in hurricane-prone coastal areas are de-
scribed by different probability models. While there is not sup-
port for using a bounded Type III model of wind speeds in
hurricane zones, the coefficient of variation of annual extreme
wind speed in such zones tends to be substantially larger than
in extratropical zones. If only one load factor is to be specified,
it appears that gW should be set in the range 1.6–1.7 for build-
ings within 10 km of the hurricane-prone coastal region.
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The use of a single wind load factor (e.g., 1.5) for all build-
ings, regardless of site, is not sufficient to maintain uniform
reliability of buildings and other structures at all sites across
the United States. This is less a reflection of differences be-
tween extratropical and hurricane-prone regions than of inher-
ent climatological site-to-site variations within a particular
region. The source of this difficulty is the classical ‘‘tail-sen-
sitivity’’ problem in structural reliability—probability models
that are similar in their central regions may differ significantly
in their extremes. In this particular application, if the target
limit state probability is on the order of 0.0007/yr, the region
of the CDF of the load of interest in probability-based LRFD
centers around approximately the 0.998-fractile of the load, at
which level the reliability analysis is sensitive to the choice of
windspeed distribution. In the circumstances, basing the wind
load analysis on a 0.98-fractile wind speed (which is the same
for all sites) and multiplying the load by a constant load factor
is likely to result in an erroneous estimate of the 0.998-fractile
region of the load, which is significant in the underlying prob-
abilistic analysis.

Regional variations in design wind loads must be accounted
for in the wind-speed map. To ensure essentially uniform re-
liability and to avoid a load factor that varies with site, one
might specify the design wind at a much higher fractile than
at present (say, a 500–1,000 yr MRI) and to use a load factor
of 1.0. Precedence for such an action can be found in the
seismic community, where the effective peak ground acceler-
ations for design have been specified at a 475 yr MRI since
the mid-1970s (Algermissen and Perkins 1976; FEMA 1994);
along with this, the ASCE 7 load factor on seismic structural
action is 1.0. If such a course of action were taken, however,
the ASCE 7 wind-speed map would look different than it has
in the past. Whether the geographic variation in reliability in-
herent to the current standard is sufficient to warrant taking
such an action is a topic for future ASCE Standard Committee
consideration.
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