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Database-Assisted Wind Load Capacity Estimates
for Low-Rise Steel Frames

Seokkwon Jang1; Le-Wu Lu, M.ASCE2; Fahim Sadek, M.ASCE3; and Emil Simiu, F.ASCE4

Abstract: A comparative study is presented of the estimated wind load capacities of low-rise steel building frames based on
patterns~magnitude and distribution! established from aerodynamic databases on the one hand, and on patterns specified in the
Standard on the other. The estimated capacities are based on the assumption, verified by numerous sets of calculations, and
the development of the ASCE 7 Standard, that the most unfavorable wind load occurs at the instant in time when the peak k
bending moment is attained. The estimates are obtained from detailed inelastic finite element analyses of the frames with ultim
associated with local and global instabilities. It is shown that the estimates based on the aerodynamic database are more realis
consistent and can therefore lead to safer designs at lower costs. These estimates represent a significant advance over t
Standard-based estimates.

DOI: 10.1061/~ASCE!0733-9445~2002!128:12~1594!

CE Database keywords: Building codes; Finite element method; Nonlinear analysis; Steel structures; Wind force; Relia
Ultimate strength; Database.
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Introduction

Wind loading provisions of the ASCE 7 Standard and its pre
cessors were developed to be simple enough for use with the
rule or pocket calculator. For low-rise building frames, wind loa
inherent in those provisions are independent of distance betw
frames~implying perfect lateral coherence of the wind loads!, and
are based on a generic set of the frames’ influence lines, ra
than on the actual influence lines. In addition, the ASCE 7 lo
model the spatial variation of the actual wind loads in an ov
simplified manner determined by the need to cover a wide var
of loading situations by a single table or diagram. For these
sons, calculations based on the ASCE 7 wind loads can resu
~1! large differences between the Standard loads and the a
loads the Standard provisions are purported to mimic, and~2!
significant inconsistencies with respect to risk. This is true
allowable stress design~ASD!, strength design, and design bas
on nonlinear analyses yielding ultimate frame capacities.

In general, fluctuating wind loads acting on structures
especially low-rise buildings—cannot be described analytica
nor can they be calculated in sufficient detail using computatio
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fluid dynamics. Rather, they must be obtained from measu
ments. Current wind tunnel measurement techniques make it
sible to develop large aerodynamic databases consisting of si
taneous time histories of pressures obtained at large numbe
points on the building surface. The aerodynamic databases ca
used for evaluating the risk consistency of ASCE 7 provisions
wind loads inducing linear structural behavior~Minciarelli et al.
2001a,b!. The fluctuating wind load information yielded by th
databases is also suitable for use in realistic calculations of n
linear frame behavior, including local and global instabilities a
plastic behavior.

This paper presents the initial results of such calculations
has been possible to reproduce to within a close approxima
the actual spatial variation of the external wind loads yielded
the aerodynamic databases. However, an accurate represen
of the temporal variation of the wind loads has not been
tempted. Rather, to define the wind loading for a particular fra
and a particular wind direction, the time at which the tim
dependent loading induces the peak value of the fluctuating b
ing moment at the controlling knee joint in the linearly elas
structure is observed. The time-invariant wind load is identica
the fluctuating wind load acting on the frame at that time. T
approach was selected because it is consistent with the appr
used in the development of the ASCE 7 Standard~see, e.g., Com-
mentary to ASCE 7-95, p. 162!. This allows a direct comparison
between the aerodynamic databases and the Standard. Th
proach has been validated by extensive comparisons betwee
spatial configurations of the loads at various times. The comp
sons showed that these configurations were approximately i
pendent of time.

It is shown that ultimate frame capacities based on datab
assisted load representations can differ significantly from ultim
capacities calculated on the basis of ASCE 7 loads. The stud
focused on a low-rise steel building designed to be located n
Miami, Fla. Simultaneous wind pressure time histories with
prototype duration of about 1 h were obtained from records o

-

-
e
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pressure time histories measured at the Univ. of Western On
on a wind tunnel model of the building~Lin and Surry, 1997!.

Building, Frames, Aerodynamic Pressures, Wind
Effects, and Load Combinations

Building Description

The building considered is assumed to be located in open te
at 13 km inland near Miami. It is rectangular in plan with dime
sions 61 m330.5 m, 6.1 m eave height, gable roof with slo
1/24, and ridge parallel to the long building dimension. Its ASC
7-93 Standard~1993! classification is Category 1.

For the direction normal to the ridge the main wind loa
resisting system consists of two end frames and seven inte
frames. The distance between interior frames is 7.62 m cente
center. The end frames are equally spaced from the respe
neighboring interior frame. An isometric view and designation
the frames~not including the end frames! are shown in Fig. 1.

Frame Designs, Details, and Nomenclature

The design of the frames was performed using the software
veloped by the Metal Building Manufacturers Associati
~MBMA !, which is based on the ASCE 7-93 Standard~1993! and
the AISC 1989 design manual~allowable stress design!. Purlins
are attached to the top flange of the rafters and girts are atta
to the outer flanges of the columns.

The following features of lateral bracing and joint stiffenin
are considered:
1. ~a! Lateral bracing to the bottom flanges of the rafters sta

ing at the knee joint with a spacing of approximately 2.5
These braces restrain the rafters against lateral and tors
movements~Fig. 2!; ~b! alternatively, bottom lateral bracin
with a spacing of about 6 m.

2. ~a! Horizontal and vertical stiffeners at the knee joints;~b!
alternatively, horizontal, vertical, and diagonal stiffeners
the knee joints.

3. A vertical stiffener is provided for the web of the rafter at t
ridge in all cases.

The frames are designated by a sequence of letters as follows
letter M indicates that the location of the building is Miami.~Fu-
ture studies are planned for buildings in other locations.! The
letter B indicates that the rafter’s lower flanges have lateral b
ing. The letters H or D indicate, respectively, that the knee jo

Fig. 1. Isometric view of interior frames
JO

J. Struct. Eng. 2002.
n

r
o
e

-

d

l

e

have vertical and horizontal, or vertical, horizontal, and diago
stiffeners. The letter R indicates that the distance between
rafter’s lateral braces is approximately 6 m. The absence of
letter R indicates that distance is approximately 2.5 m.

Aerodynamic Pressure Coefficients

Aerodynamic pressures were measured by pressure taps, w
were installed on a 1:200 wind tunnel model at about 440 lo
tions as indicated in Fig. 3. The typical number of taps per u
area is about three to five times higher than that in the previ
tests, the results of which were used in the development of
ASCE 7-93 provisions~see Fig. A1.1 in Davenport, Surry an
Stathopoulos, 1977!. Pressure-time histories were recorded
each of 37 wind directions between 0° and 180° at 5° interv
Pressure coefficientsCp obtained from pressure measuremen
were referenced with respect to the experimental dynamic p
sures at the eave heightH. The wind tunnel mean hourly flow
speed at the nominal gradient height~290 m for the prototype!
was about 18.3 m/s, and the corresponding mean flow sp
Vh(H) at the model eave height was 10.15 m/s~Whalen et al.
1998!. The characteristics of the wind tunnel flow conformed
the usual representation of the atmospheric boundary-layer
over open terrain. The time series was sampled at 400 Hz
approximately 60 s. By virtue of the requirement that the redu
frequency nD/V ~where n5characteristic frequency
D5characteristic length, andV5characteristic velocity! be the
same for the model and the prototype, the sampling rate for
prototype is

np5@Vh~6.1 m!/10.15#400 Hz/200 Hz (1)

For example, ifVh(6.1 m)536.94 m/s~this corresponds to the
ASCE 7-93~1993! basic wind speed for Miami, as shown subs
quently!, thennp57.28 Hz. The corresponding prototype reco
length is T560 s3400/np53,297 s, that is, approximately 1 h
For higher wind speeds the prototype record length is less th
h. However, this may be assumed to have a minor effect on
results being sought, especially if it is recalled that lengths
statistically stationary time series during the strongest winds
sociated with extreme storms rarely exceed 20 min or so.
processed time series were digitally low-pass filtered at 150
The resolution for the pressure coefficients was about 0.01.

Wind Effects

In keeping with the provisions of the ASCE 7-93 Standard~1993!,
which is used for frame design in the MBMA software mention
earlier, the wind-induced pressures in N/m2 are

Fig. 2. Schematic diagram of typical frame
URNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002 / 1595
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Fig. 3. Pressure taps arrangement~1 ft50.3048 m. Figure taken from Lin and Surry 1997!
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p~ t !50.613 Cp~ t !Vh
2~H ! (2)

Vh~H !51.046~Kz!
1/2Vc (3)

whereCp5pressure coefficient as determined from the wind tu
nel tests, 1.0465importance factor for Category 1 buildings lo
cated at 13 km from the coastline@Table 5 of ASCE 7-93!,
H5eave height in m,Vh(H)5mean hourly speed in m/s at elev
tion H, V5fastest-mile wind speed in m/s at 10 m above grou
in open terrain,Kz50.87 is an exposure coefficient whose squ
root5a factor that transforms the fastest-mile wind speed at 1
above ground in open terrain to the fastest-mile wind spee
elevation 6.1 m over open terrain@Table 6 of ASCE 7-93!, and
c5a factor that transforms fastest-mile wind speeds to m
hourly speeds@Sec. 6.5.2.2 and Fig. C5 of the Commentary to
ASCE 7-93 Standard~1993!#. The 50 year fastest-mile wind
speedV specified in the ASCE 7-93 Standard~1993! for Miami is
49.6 m/s~111 mph!. The factorc corresponds in Fig. C5 of ASCE
7-93 to the averaging timet5(3,600/111)s532 s~see also Simiu
and Scanlan 1996!. Therefore,c51/1.31. To the 50 year fastes
mile wind speed at 10 m above ground in open terrain speci
for Miami in ASCE 7-93, there corresponds the hourly me
speed at 6.1 m elevation~eave height! Vh(6.1 m)51.046
3(0.87)1/2349.6/1.31536.94 m/s. If based on ASCE 7-98 Sta
dard ~1998! provisionsVh(6.1 m) in Eq.~3! it would be slightly
larger ~37.87 m/s!.

The wind loads on a frame at the instantt were obtained by
summing up the pressures at that instant at all taps contributin
the loading of the frame, times the respective tributary are
1596 / JOURNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002
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Procedures are available for taking into account the combi
directional effects of the extreme wind climate and aerodyna
pressures~see, e.g., Rigato et al. 2001!. For consistency with the
ASCE 7-93 provisions, however, the calculations are based
wind speeds estimated without regard for their direction, as in
~3!. The implications of the fact that the ASCE loads repres
envelopes of measured loads multiplied by a blanket directio
ity reduction factorkd50.85 ~Ellingwood et al. 1980! will be
discussed later.

Load Combinations

Ultimate strength analyses were performed for the followi
seven load combination cases:

Case 1: l~D1LR!; Case 2: l~D1WS!;

Case 3: l~D1WT!;

Case 4: 1.2D1lWS10.5LR ;

Case 5: 1.2D1lWT10.5LR ;

Case 6: 0.9D1lWS ; Case 7: 0.9D1lWT

whereD andLR denote the ASCE 7-93 ASD dead load and ro
live load, respectively.WS denotes the wind load induced by a 5
year fastest-mile wind speed at 10 m above ground in open
rain, calculated in accordance with the ASCE 7-93 Stand
~1993!, which is the basis for the frames design by the MBM
software. The analyses also includedWS loads estimated using
128:1594-1603.
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Fig. 4. ~a! Wind forcesWS , specified by ASCE 7-93 Standard;~b! Wind forcesWS , specified by ASCE 7-98 Standard@~ ! indicates wind forces
WS for frame 4#; and ~c! wind forcesWT , obtained from aerodynamic database for frame 1, wind direction normal to ridge
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the ASCE 7-98 provisions.WT denotes the wind load induced b
the same 50 year fastest-mile wind speed at 10 m above grou
open terrain, but calculated using Eqs.~1! and ~2! and the re-
corded time series of the pressure coefficients obtained in
wind tunnel. For each load combination the factorl that corre-
sponds to failure through local and global instability effects w
determined using a nonlinear finite element analysis program

Definition of Wind Loading W T

The calculations indicated that, with few exceptions of relativ
minor significance, the controlling bending moment induced
the frame by the fluctuating wind loading occurs at the kn
joints. For each load combination and each direction being c
sidered, the time instant at which that knee bending moment
largest in the linearly elastic structure was determined. The s
plifying assumption that the frame is subjected to a time-invari
external wind loading equal to the external wind loading act
on the frame at that time was then used. The assumed t
invariant load is, therefore, larger than the measured external
JO
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n

s

-
-

tuating wind load at any other time. This procedure is consis
with the method used in the development of the ASCE 7 Stand
and thus allows a direct comparison between the capacities c
puted using the aerodynamic databases and the standard. A
complete investigation could consider loadings correspondin
peak moments occurring at other cross sections such as the
or the rafter quarter span, to account for the few exceptions wh
the knee is not controlling.

In the absence of wind tunnel information on time-depend
internal pressures, the internal wind load specified in the AS
7-93 Standard~1993! was used in all the calculations. Tests cu
rently being conducted at the Univ. of Western Ontario will pr
vide a database on both external and internal pressure mea
ments. Future estimates of wind effects on frames will incorpor
internal pressure measurements as well.

A sample case of the differences between the ASCE 7 lo
and the assumed loads is shown in Fig. 4. The assumed load,WT ,
pertains to the most unfavorable wind direction for frame 1~wind
parallel to the plane of the frame!. Recall thatWT ~i.e., the wind
URNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002 / 1597
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Fig. 5. Wind forcesWT acting on frame 4, wind direction~a! 0°, ~b! 5°, ~c! 10°, ~d! 20°
ribe
ing
.
e
the
tha
s

ad

, 5,
ads

d

load based on the wind tunnel aerodynamic database desc
earlier! is the load that induces the largest knee-joint bend
moment during the approximately 1 h prototype period of record
Fig. 4 shows that, overall,WT is considerably smaller than th
loadWS specified by ASCE 7-93, and somewhat smaller than
load specified by ASCE 7-98. It can, therefore, be expected
for this frame, the calculated factorsl, which provide measure
1598 / JOURNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002
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of the ultimate capacities of the frames, will be larger for the lo
combinations involvingWT than for their counterparts involving
WS .

Fig. 5 shows examples of wind loadsWT inducing critical
knee-joint bending moments in Frame 4 for wind directions 0
10, and 20°. It is seen that in all these instances the wind lo
WT are less severe than the loadsWS . The results presente
128:1594-1603.
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Fig. 6. Finite-element mesh of frame
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in the next sections reflect this fact. The asymmetry of the lo
for the 0° wind direction is due to the stochastic nature of
pressures. Although statistics of the pressures at symmetric
tions are the same, the instantaneous pressures are not.

Finite Element Analyses

Finite Element Model

The general-purpose finite element analysis program ABAQ
~ABAQUS 1998! was used to perform the ultimate streng
analysis of the whole frame. For most finite element analyses
results are sensitive to the types of elements as well as the m
density and orientation used in the model. A convergence st
thus, was performed not only for selecting a suitable shell
ment, but also for judging what level of mesh refinement p
duces a suitable mesh to give acceptable results for the fr
model. The study included six types of shell elements combi
with five levels of mesh generation: S4R and S3R, gene
purpose shell elements, and S4R5, S8R5, S9R5, and STRI65
shell elements~see ABAQUS 1998 for the characterization
these elements!. Triangular shell elements, S3R and STRI6
were used only for transitions from coarse to fine mesh that av
abrupt size changes, and were combined with four-node she
ements~S4R, S4R5! and eight- or nine-node shell element~S8R5,
S9R5!, respectively. Convergence was studied through an exa
nation of the deformation and stress distribution at some hig
stressed regions of the structure~near the knee joints and ridge!.
The doubly curved general-purpose shell elements~S4R and S3R!
give robust and accurate solutions in most applications and a
transverse shear deformation~accounting for finite membrane
strains as well as allowing changing in plate thickness due
loading!, and are suitable for large-strain analysis involving m
terials with a nonzero effective Poisson’s ratio. On the other ha
the thin shell elements~S4R5, S8R5, S9R5, and STRI65! have
some limitations, i.e., they cannot be used for cases where tr
verse shear deformation is not negligible. S8R5 and S9R5 req
extensive computation time when fine meshes are used.
JO

J. Struct. Eng. 2002.
-

h
,

e

in

-

-

,

-
e
e

general-purpose shell elements, S4R and S3R~four-node doubly
curved and three-node triangular elements with reduced inte
tion!, with very fine meshes generally showed accurate res
throughout the study and were therefore selected for the ultim
strength analysis~Fig. 6!.

The mesh had a total of approximately 4,600 shell eleme
and 4,700 nodes, resulting in approximately 28,200 degree
freedoms. The areas of interest in the ultimate strength ana
are primarily near the knee joints and the ridge where undesira
high stresses occur, possibly producing plastic deformations.
finite element model for the frame was thus designed with loca
refined mesh at both the knee joints and the ridge~using about
60% of the total mesh sizes!. The aspect ratio of the elements w
about 1:1–1:2 for the web plates and 1:1–1:4 for the flange pl
of the frame. All the frame models were analyzed under p
ended conditions at the center of the base of both columns. Th
consistent with the boundary condition assumed in the MBM
design. Grade 50 steel@345 MPa~50 ksi! of nominal yield stress
and 448 MPa~65 ksi! of nominal ultimate tensile strength# was
assumed for all the columns and rafters. The modulus of ela
ity, E, is 200 GPa~29,000 ksi!, while the nominal tensile and
nominal maximum strains are 0.15 and 0.35, respectively.
idealized trilinear elasto-plastic material behavior was assum
for the stress–strain relationship. The three lines identifying
nominal stress-strain curve intersect each other at the yield s
and strain; and at the tensile stress and strain, with the third
tion extending horizontally to the maximum strain. The nomin
stress–strain curve was adjusted to establish the true stress
plastic strain curve to be used in ABAQUS using the followin
conversions:

s true5snom~11«nom! (4)

« true5 ln~11«nom! (5)

«pl5« t2s true/E (6)

In the above equations,s true and snom5true and nominal stress
respectively, while« true, «nom, «pl , and« t5true, nominal, plas-
tic, and total true strain, respectively.
URNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002 / 1599
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Fig. 7. Dominant failure modes and locations of instabilities,~a! web plate and outer flange local instability~MBH5, f520°!, ~b! web plate and
compression flange local instability~MBD5, f520°!, ~c! lateral-torsional instability~RMBD5, f520°!, ~d! web plate and outer flange loca
instability ~RMBD5, f520°!
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Ultimate Strength Analyses

The study was carried out using two types of analysis. The
was an eigenvalue buckling analysis. The behavior of a real st
ture component is usually very different from that of the cor
sponding idealized component, and the reason is often the p
ence of initial imperfections in the real structure. Unless
precise shape of the geometric imperfections is known, a suit
imperfection based on a properly selected buckling mode nee
be specified. The eigenvalue analysis was first performed to
vestigate the imperfection sensitivity of the calculated strength
the frame. Through a careful examination of the first to twenti
buckling modes, the mode that gave consistently the most con
vative results was selected and used in the second analysis
selected mode defines the pattern of the initial out of flatnes
the plate elements and the initial out of straightness~or crooked-
ness! of the columns and rafters of the frame. The maximu
out-of-flatness value assumed was 4.2 mm~approximately equal
to the thickness of the thinnest web plate! for the web plate near
the ridge. The maximum out of straightness assumed for the r
was 6.4 mm. These values are in line with the fabrication to
ance set by the construction industry~ANSI/AWS 1996!. The
second type of analysis, which is the ‘‘ultimate strength analys
provides the full range prediction of the load-deformation beh
ior of the structure, including nonlinear material properties a
changes of geometry. The Rik’s method~see ABAQUS 1998! can
be used in the nonlinear analysis with force or displacement c
trol. The force control is used in the Rik’s method for cases wh
1600 / JOURNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002
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the loading is proportional—that is, where the load magnitu
are governed by a single scalar parameter. This method can
vide a solution even in cases of complex, unstable response,
can be useful for solving ill-conditioned problems such as lim
state problems or almost unstable problems that exhibit soften
The second analysis, therefore, used the Rik’s method with fo
control and was performed not only to study such effects as yi
ing and local instability, but also to determine the ultima
strength of the frame as a whole.

All the frames failed by instability. The results showed that t
primary cause of failure of the frame MBH was web plate a
compression flange local instability in the windward knee jo
@Fig. 7~a!#. Frame MBD generally failed with web plate and com
pression flange local instability occurring in the rafter close to
ridge @Fig. 7~b!#. On the other hand, frame RMBD generally e
perienced somewhat excessive rotation and out-of-plane defo
tion of the rafter close to the ridge before failure@Fig. 7~c!#. This
caused a secondary local instability at the windward knee jo
@Fig. 7~d!#. Failure modes occurring in the vicinity of the ridg
suggest the need to consider loadings corresponding to time
which peak moments occur at cross sections other than the
~e.g., ridge or rafter quarter span!. In this study, it was found tha
considering these loadings did not alter significantly the res
reported herein. For other types of frame configurations, this m
not be the case. Therefore, it is suggested that the extent to w
such loadings may yield significant information be furth
studied.
128:1594-1603.
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Table 1. Maximum Moment at Knee Joint Due to Wind Loads Based on Wind Tunnel Data

Frame
Frame 1
~Center! Frame 2 Frame 3

Frame 4
~Outer!

Critical
frame

Wind
direction
~degrees!

Max
moment
@kN/m#

Time
~K!

@K51/400 s#

Max
moment
@kN m#

Time
~K!

@K51/400 s#

Max
moment
@kN m#

Time
~K!

@K51/400 s#

Max
moment
@kN m#

Time
~K!

@K51/400 s#

0 383.90 7276 390.89 7274 420.83 2871 879.89 1426 Frame #4

5 364.75 14137 380.74 14136 441.86 940 781.52 12260 Frame #4

10 419.17 10599 411.69 10597 479.13 10600 865.86 16355 Frame #4

15 406.28 3335 414.90 3334 464.86 3414 834.85 3413 Frame #4

20 450.90 7081 454.78 7077 476.54 10039 885.20 20711 Frame #4

25 476.01 4201 477.70 4201 495.52 1076 807.39 16280 Frame #4

30 522.73 3012 535.84 3002 529.50 18594 858.84 1969 Frame #4

35 529.04 23800 545.71 23800 577.36 23800 817.27 3998 Frame #4

40 540.94 14502 564.15 14509 589.60 14503 886.78 16579 Frame #4

45 626.26 10957 687.50 10957 713.64 10956 818.50 13025 Frame #4

50 639.51 670 636.97 670 657.70 670 760.45 19027 Frame #4

55 698.73 22006 675.64 22006 652.23 9008 702.93 9008 Frame #4

60 665.66 21826 684.70 21826 640.21 21948 655.75 8425 Frame

65 770.52 7959 766.81 7959 780.23 7959 771.10 7959 Frame #3

70 722.71 15379 770.26 15379 718.36 15380 614.15 2238 Frame

75 691.34 4242 696.26 4245 631.73 4234 636.44 8704 Frame #

80 734.84 22942 769.40 22942 704.02 22943 695.79 22943 Frame

85 761.46 9168 692.43 17143 677.73 9150 652.78 6492 Frame

90 713.92 1479 707.19 6489 683.33 9716 696.71 7365 Frame

95 687.98 21858 710.44 6570 695.56 6577 693.31 21426 Frame

100 723.19 2064 662.95 2065 662.86 2121 620.59 2129 Frame

105 720.65 11371 724.46 11371 735.83 7995 764.04 7995 Frame #4

110 740.84 21450 764.05 1217 741.49 1218 716.64 1211 Frame #

115 663.64 17641 705.54 17641 706.58 17653 834.90 17654 Frame #4

120 668.94 20105 651.49 20106 616.96 20100 702.95 6839 Frame #4
e 1
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Results

For frames 1 through 4, and for various wind directions, Tabl
shows the peak knee-joint bending moments induced in the lin
structure by external wind loadsWT corresponding to wind direc
tions 0 to 120° at 5° intervals due to the 50 year wind spe
specified in the ASCE 7-93 Standard~1993!. These moments in
clude the effect of the time-invariant internal pressures. A
shown in Table 1 are the instants in time at which those p
values occurred, in nondimensional unitsK. The total length of
the wind tunnel record~corresponding to a prototype time o
about 1 h! is Kmax•t1559.78 s, wheret151/400 s is the time step
of the wind tunnel time series; and the largest value of the n
dimensional time parameterK is Kmax523,912. The numbers in
JO
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bold type indicate the critical frame, that is the frame with t
largest knee-joint bending moment for each wind direction. F
example, for the 85° direction, the frame experiencing the larg
knee-joint moment of all internal frames is Frame 1.

Note that the wind pressure values given in Fig. 4~b! are for
Frame 1, with a wind direction of 90°. For Frame 1 the larg
moment occurs for 85°. Owing to symmetry, one would exp
the moment for direction 95° to have the same value. Howe
due to sampling errors~the time histories for those directions ma
be viewed as different samples of the same stochastic process! the
difference between the respective peak moments is quite sub
tial. Future research and standard development efforts may
to take such sampling errors into account.

Table 2 shows the values of the factorsl defining the ultimate
nd ASCE 7-98
Table 2. Ultimate Strengths,l, for MBH, MBD, and RMBD for Seven Selected Load Cases, Frame 1.

Frame model
Load case 1
l(D1LR)

Load case 2a

l(D1WS)
Load case 3
l(D1WT)

Load case 4a

1.2D1lWS10.5LR

Load case 5
1.2D1lWT10.5LR

Load case 6a

0.9D1lWS

Load case 7
0.9D1lWT

MBH 1.700 1.639
~1.966!

2.345 1.379
~1.480!

1.616 1.449
~1.692!

2.081

MBD 1.712 1.647
~1.978!

2.382 1.392
~1.548!

1.812 1.479
~1.699!

2.157

RMBD 1.120 1.383
~1.799!

2.771 1.200
~1.439!

1.696 1.247
~1.570!

1.901

aUnder load cases 2, 4, and 6; numbers not in parentheses and between parentheses are ultimate strengths estimated based on ASCE 7-93 a
provisions, respectively.
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Table 3. Ultimate Strengths,l, for Various Wind Directions~Load Cases 5 and 7!

Wind
direction
~degrees!

Load Case 5
1.2D1lWT10.5LR

Load Case 7
0.9D1lWT

Critical frameMBH5 MBD5 RMBD5 MBH7 MBD7 RMBD7

0 1.466 1.470 1.363 1.602 1.628 1.469 Frame #4
5 1.574 1.618 1.483 1.719 1.770 1.640 Frame #4

10 1.448 1.468 1.423 1.585 1.627 1.504 Frame #4
20 1.277 1.402 1.314 1.324 1.490 1.373 Frame #4
30 1.307 1.478 1.381 1.410 1.617 1.475 Frame #4
40 1.414 1.474 1.333 1.533 1.582 1.428 Frame #4
45 1.399 1.463 1.405 1.515 1.521 1.505 Frame #4
50 1.557 1.561 1.534 1.736 1.800 1.629 Frame #4
60 1.832 1.853 1.688 2.191 2.248 1.927 Frame #2
70 1.653 1.671 1.553 1.889 1.892 1.717 Frame #2
80 1.704 1.783 1.618 1.970 2.065 1.796 Frame #2
85 1.740 1.780 1.525 1.869 1.929 1.697 Frame #1
90 1.616 1.812 1.485 2.081 2.157 1.901 Frame #1

100 1.756 1.796 1.634 2.069 2.082 1.860 Frame #1
110 1.695 1.715 1.540 1.899 1.932 1.723 Frame #2
115 1.563 1.571 1.414 1.697 1.702 1.543 Frame #4
120 1.756 1.760 1.613 2.011 2.043 1.812 Frame #4

Load case 4
1.2D1lWS10.5LR

Load case 6
0.9D1lWS

All directionsa 1.379 1.392 1.200 1.449 1.479 1.247 All Frame
All directionsb 1.480 1.548 1.439 1.692 1.699 1.570 Frame #1;3

1.421 1.490 1.384 1.591 1.615 1.495 Frame #4
aUltimate strengths of frames using wind loading obtained from ASCE 7-93.
bUltimate strengths of frames using wind loading obtained from ASCE 7-98.
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capacities of the frame for the seven load combinations liste
main purpose of this paper is to compare the values of that fa
for the load combinations in which the wind load based on
aerodynamic database,WT , is used, and their counterparts usin
the ASCE 7-93 Standard~1993! and ASCE 7-98 Standard~1998!
wind loadings,WS . This comparison can be made on the basis
the results shown in Table 2, which pertains to Frame 1, direc
90°. For this frame, it is seen that in all loading cases the AS
7-93 wind load results inl values that are considerably lowe
than those inherent in the more realistic wind loading obtain
directly from the wind tunnel information. Table 2 also shows th
the addition of diagonal stiffeners to the knee joint has a sm
effect on the ultimate capacity of the frame. By providing late
bracing for the rafters’ lower flanges at about 2.5 m distan
instead of about 6 m distances, the ultimate capacity is increas
by about 5–20%. The ASCE 7-98 loads are seen to represe
some instances an improvement over the ASCE 7-93 loads.

Table 3 lists calculated values ofl for load cases 5 and 7 an
the critical frames corresponding to wind directions 0 to 12
Values of l corresponding to the ASCE 7-93 and ASCE 7-
loads are also presented. Table 3 shows that in most case
loads specified by the ASCE 7-93 Standard are very conserva
especially for Frames 1 and 2. The conservatism is reduced in
case of ASCE 7-98 loads. On the other hand, for MBH Frame
for directions 20° and 30°, thel factors computed by usingWS

are smaller than those computed by usingWT . It was verified that
in this and similar cases, the spatial configuration for the lo
involving WT is such that it induces moments, at cross-secti
near the ridge and quarter-points of the rafter, that in some
stances are larger than those induced by the ASCE 7 loads. T
1602 / JOURNAL OF STRUCTURAL ENGINEERING / DECEMBER 2002
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for this frame the ASCE 7 loads can be unconservative. Th
observations illustrate the inconsistency with respect to risk inh
ent in the ASCE 7 wind loads.

From those observations it is concluded that a mod
strengthening of those cross sections with respect to the AS
based designs would increase the safety of the structure. On
other hand, the amount of material can be reduced for most o
cross sections and frames, without detriment to the safety of
structure, and with significant advantage from an economy vi
point. Such modified designs for various frames are believed to
fully consistent with current fabrication technologies that allo
differentiated frame designs at modest additional costs.

It is noted that considerations of load redistribution amo
frames would not significantly affect these conclusions, since
timate capacities in various frames are not induced simu
neously, but rather by extreme winds blowing from different
rections. For example, for Frame 1 the critical wind direction
normal or nearly normal to the ridge, while for Frame 4 it
parallel or nearly parallel to the ridge.

It is also noted that, while the ASCE 7 wind loads are affec
by a directionality reduction factor of 0.85, the loads obtain
from the aerodynamic database were not subjected to any re
tion for directionality effects. Recent studies of directionality e
fects on frames suggest that, for loads with long mean recurre
intervals and buildings whose orientation is not known at
design stage, a directionality reduction factor of about 0.9 to 0
~rather than 0.85! is appropriate~Rigato, Chang, and Simiu 2001!.
Therefore, the factorsl should actually be somewhat larger tha
reported in this paper for the database-assisted estimates
128:1594-1603.
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somewhat smaller for the ASCE 7-93-based estimates.
strengthens the conclusion that database-assisted design ca
to structures that are both significantly saferand more economi-
cal.

Conclusions

The results show that inherent in the ASCE 7 Standard wind lo
are inconsistencies with respect to risk that can be significa
reduced by using database-assisted design procedures~see, e.g.,
Whalen et al. 2000!. Such procedures are capable of produc
designs that are significantly safer and more economical than
signs based on the provisions of the ASCE 7’s analytical meth
This can be attributed to the following factors. First, inherent
the ASCE 7 provisions are simplifications due to the difficulty
reproducing the complicated spatial variation of the wind loa
Second, the ASCE 7 Standard wind loads on low-rise buildi
are based on wind tunnel measurements of pressures at a nu
of taps lower by almost one order of magnitude than the num
of taps made possible by current wind tunnel measurement t
nology. The representation of the wind loads would therefore
considerably cruder in the ASCE 7 provisions even if the la
did not resort to the simplifications pertaining to the spatial str
ture of the wind loads. We note that the loads in the ASCE 7
Standard are an improvement over the ASCE 7-93 loads. H
ever, even in this case, risk consistency can be substant
improved.

The conclusions are based on the assumption that the
unfavorable wind load occurs at the time at which the peak m
ment is attained at the critical knee joint, and that it is equa
that load throughout the duration of the storm. This assump
was verified for a large number of cases. Failure modes obse
in the vicinity of the ridge, however, suggest the need to cons
loadings corresponding to times at which peak moments occu
cross sections other than the knee~e.g., ridge or rafter quarte
span!. In this study, it was found that considering these loadin
did not alter significantly the results reported herein. For ot
types of frame configurations, this may not be the case. There
it is suggested that the extent to which such loadings may y
significant information be further studied.

We did not address in our paper the issue of sampling er
due to the dependence of the wind loading on the realizatio
the loading process. Valuable contributions have been reporte
J. D. Holmes in Australia and M. Kasperski in Germany. T
approach we intend to take is one based on simulations of
spatio-temporal pressure field, which will allow repeating the c
culations described in this paper a sufficient number of times.
intend to use database-assisted design software~Whalen et al.
2000! to provide input to the ABAQUS program in a use
friendly, effective manner.
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