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WIND LOADS ON LOW-RISE BUILDINGS

By David Surry', Alan G. Davenport’, M. ASCE and Theodore Stathopoulos’

INTRODUCTION

The wind loads on low-rise structures have been the subject of an intensive research cffort
at the Boundary Layer Wind Tunnel Laboratory (BLWTL) of the Universityof Western Ontario.
This report briefly outlines the scope and methodology of the research, revlews the primary
observations, and discusses a simplified summary of work which is anticipated to be incorporated
in the Commentary to the National Building Code of Canada.

Scope of the Research

Historically, the BLWTL has had a long involvement in determining low-rise building loads
as reported in references | 1o 7. Other institutions have also been occupied with this subject
as discussed in references 4 and 6. The earlier studies provided useful Indications of some
of the important features of wind loading on low-rise buildings; however, they were not
sufficiently comprehensive to confidently provide the basis for a modern code. Such a code
should recognize the importance of the turbulent atmospheric boundary layer and the dominant
role of the associated unsteady wind loads.

The immediate aim of the current work has been lo significantly extend the data base avail-
able by determining the steady and unsteady aerodynamic loads on models representative of g
wide variety of enginecred low-rise buildings. The final goal has been to develop simplified des-
criptions of the serodynamic loads suitable for codification. Much of the data and some pre-
liminary snalyses of the work have been presented previously in references 4, 5, 6, and 15. The
reader Is referred to thess sources for details beyond the scope of this brief report.

Some of the features indicated by earlier studies which have puided the cumrent studies
are, for example, that the dominant loads are Auctuating and that these are not necessarily
organized either spatially over the structure or in time. This has raised the question of the
entent to which the effective loads are reduced with increasing tributary area. This may be
particufarly true in frame structures with a variety of influence lines. They have slso indicated
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that temrain roughness can have an important influence on the distribution of pressures and
the amplitudes of the fMlucluating components. Building shape — in particular, roof pitch —
continues to be a primary factor influencing the pressures. =

It Is worth noting that in principle the National Building Code of Canada (9, 10) reflects
these various influences of terrain roughness, fluctuating gust action and the effective pressure
coefficlent. In this code the effective design pressure p s deflned by:

P"ﬂ" C' Ce.,cEs ‘-i Ll "

where q |s the referénce velocity p 1 in Canada derived from the hourly mean speed

C" Is the gust effect factor,
C, Is the exposure factor, and

Cp is the effective pressure coefficient based on the hourly mean reference pressure.

For te]l buildings, the gust factor is determined in part by the building’s dynamic properties;
however, for low-rise bulldings, resonance of the structure does not normally play a significant
role, and the gust factor becomes wholly an aerodynamic factor. As such in this work it has
been convenlent to \volrlt in terms of peak pressure coefficients, which are equivalent to the
prodect C

The noed for & review of low-rise building wind loads has been underliried by recent :xperi-
ence in the U.S.A. where suggested changes In code specifications using awailable aerodymnic
data have, in certain instances, led to significant increases in design loads for low-rise buildings.
This appears paradoxical when contrasted with proven performance. In particular, practicul
experience has shown that engineered low-rise structures — notably those monitored by the
Metal Building Manufacturers Association — have had a good record of withstanding wind
loads, even though designed using data (11, 12) which are to some exlent suspect. The
present study has thus been undertaken to resolve this dilemma and to provide a comprehensive
data base for future code definition.

Oversll Approach

Experience with wind loading problems and the early work mentioned above strongly in-
dicate that the dominant wind loads are unsteady and vary markedly from point to pgint: Since
these variations need not be synchronized, their overall effect'may be much less than indicated
by the commonly assumed simultaneous action of the worst local loads. Therefore, it has been
of primary Importance in this work to measure time-varying loads averaged over various tributary

.aress.

The methodology of doing this is discussed in more detall in references 4 to 6. Briefly,
both local loads and area loads have been determiwed. Local loads have been dedyeeﬁsin;
conventional techniques (13). For area loads, pneumatic averaging (14) has beei wsed 'fo provide

‘a set of instantaneous loads sssociated with tributary areas of structural significance. On the

roof these arcas are referred to as purlin loads, and on the vertical surfaces as wall loads. An
on-line computer program then samples the input load vector and multiplies it by a matrix

of influence coefficients to provide a set of structural ‘oitputs’, wneapondlng typ}caly to shears,
bending reoments, tensions, deflections, etc. in various structural elements, as iftustrated diagram-

B =ty

‘matically in Figure |. Since this is done onine at a high rate, the result is the thne-m'yhgbe-

haviour of those wind-induced structural reactions which are of primary design lnl:ares_l. These

b I [T
output loads then inherently take into account the degree of coherence of the wind foads over
the roof.

The program of study has requited measuring acrodynamic data for a range of Imlidin;
geometries (width/length/helght and roof slope) and for two ef¥ironments (open cnunlnr and
subarban) s summarized in Figure 2. ‘Other factors have also been investigated, These Indud'e
loads on eaves; loads on comers; changes In- buildirg bading due to canopies, p-rhpeu and near-
by structures of significant size; internal pressure loads; and plobability dhtr[lmlioﬂs of the most
significant loads. .;All messurements have been carried out In appropriately simulated atmospheric
flow, s historically (13) this has beenshown to be the only way* to obtain results in good agree-
ment with full scale experience. For both the local and distributed wind’ loads instantaneous
peak (effectively | second duration full scale), root mesn square and time average (approximately 1
hour full scale) loads were recorded.

Aslnldjuncltoﬂﬂaexpulment windmnmlluuhnelbubeenmie‘mlmlmodel
of the full scale test house at'Aylesbury, England (7) and the fésults are encouraging. In parti-
cular, for winds normak to & face; agreemenl' bétween experiment and I‘uﬂmbﬂmﬂb&
tween two similar full scale data uel.l obulnedoﬁd'iﬂmnt days.

Highlights of the Study .
The primary observations of the studies detailed In References 4 and 5 are ss follows:

1)  Influence of dynamic lpads: The dynsmb ponent of sH loading effects s dominsnt over
the mean comp This s particul lmofhdpmm.lmml’wlmhn‘lwd
" effects. Mexnpletlmmuﬂnlxdmmnhmmhnpn! LS

2 Influence of termsin roughness:  Matked changes in terrain roug) mmm coef- .
ficients but the trends are not always const The dynamic cor consist-
ently with rougher terrain. mmwmmhu‘m:mﬂ:ﬂnm
redisce somewhat a3 terraln roughness increases. This Is Hlustrated In Figore 4, where the
;n;mkrmlohmthhmmmbmr.hmhmm
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3)  Roof stope, height and length: The first two Influence the loads significantly. The dependence

of the load coefficients on height can be reduced considerably by g them to the
velocity pressure at eave height. Over the range of lengths studied, for -hld: the length exceed-
. ed the width, there is comparatively llttle change in the measured loads.

4)  Scale:  Building: differing by up to a factor of two in stze may be xssoclated with the same
pressure coeflicients provided the appropiiate eave helght velocity pressure bs uséd.

5)  Local roof pressurer: The worst | s occur near windward comen
and exves or near the lee of the ridge. Gemnﬂyl‘otﬁuwrrwﬁ(>4l!iope)&ed@
dominates, for Matter roofs the comers and eaves. Flow direcled at the e y s
the most severe case. Positive downward pressures mtdm pullmhdyouuleepelwhd
ward roofs. This, with the leeward suctl P danced loads on the lrame.

6) Influence of tributary area on roof losds: m:ﬁuﬂnpmmmhgmmofpuebcm
be considerably less than the yery high Instant d locally on roofl
surfaces. This Is particulady true near comers for quartering winds, where the loads are not
well correlated. This applies Ifnwﬂm!hmmmhmmngedmﬂ even more o, I the
peak value of p dy over the area Is taken. A summary of this
eﬂeclfmmwhnfﬂlzdahumﬂm&hﬁmhﬁpms

T)  Bay loads: The integrated horizonltal thrust, vertical uplift and frame bending moments show
sppréciable effects of spatial averaging of the dynamic forces. These loads are significantly
less than those determined from the peak local maxime. The end bays and frames are sub-
jected to significantly- higher loading effects than are those nearer the centre of the bulldings.
The el'l'u:! of wind angle Is less on these distributed load effects, particularly for Inteﬂut bky!.

8) Internal p ! l ¢ nedynmn!ewlﬂlpﬂfnlmmiyﬁlﬂ!dyndmdh
comparison to external loads. Farth the P are well d spatialy
Imply!ng thelr dynamic nalure should be considered for structural loads. Thiks dynamic nature
and high degree of correlatlon is dramatically Hustrated In Figure 6.

9)  Influence of parapets, eaves and nearby Low parapets tend to | the loads
near the roof but dy loads elsewh un!&etm‘l‘nenolmm'h{lyhlcmd.
Eaves or canopies tend to simply extend the roof area and thus become exposed to the high
edge and comer loads wheress the roof over the building Itself Is somewhat lmlmded. The

premures undemeath the eaves tend to stightly unload the while | g the Toads
on eave scctions away from Nearby tend to reduce Ihe wind
toads but there are some cases of close proximity amla'wllrp relative helghts where losds
are Increased.

Implications for Codification

Some neneul lmp!mtkms are clear with rega.nl to code formulation. First, the basic
code formof. G, = ¢ C, C, S remains a good vehicle for describing the wind action.
Secondly, for !nt:mal pusstlres. the emphasis should chanp s0 Lhat gust factors are the
norm rather than the exception. Thirdly, there is considerable evidence o support some
alieviation of the exposure factor, C, , below 30", Finally there should be some changes
to the coeflicients recommended for low-rise buildings. It is anticipated that some of these
results will be incorporated in the 1980 revisions to the Canadian National Building Code
and Commentary. Those changes anticipated are a recognition of the reduction in reference

pressure (Le. C, ) down to 6 m, below which C, remains constant; and revision of the

coefTicients and associated comments, draft copies of which are included as an Appendix.

It Is important to note that coefficiénts in the Canadian Code are referenced to hourly
muntpemh'hicllmmqwhlilémmmeequm fastest mile wind speeds a3 In-
dicated diagrammatically in Figure 7.--This follows from the fastest mile speed being s gust
speed of duration dependent on the wind speed — at 60 mph it Is 3 oche-minute average.
Invariably it is averaged over a period considerably shorter than an hour. As s consequence,
coelTiclents designed for the Canadian code are higher. An wpproximule relationship to cor-
rect them to a astest mile basis is included with lhethla '

" In application, the snticipated requirements are organized into two parts. The first
provides loads which act on the ‘primary’ structire. These are designed to develop such
wind actions as freme bending moments, overall uplift and horizontal thrust consistent with
the experimental measurements of the peak vatues of such foads. These ‘primary’ structural
toads include the alleviation for averaging of the smaller gusts over the structure which were
Implicit in the experimental measurement technique. The second set of requirements proville
loads for elements of the structure having smafler tributary areas, which would nomully be
associated with parts or portions:of 2 single surface of a building.' The significant npecl ol'
these loading spesifications is their recogrition of the reduction in load associated with In-
creasing tributary area — ranging from small areas associated with fasteners to thef areas
assoclsted with design of girts and purdins.

- H Boan
LT P tl

An enmpie of the application of these loading requirements is lllustrated in Figures
8 and 9 in terms of specified pressuies-for a fastest mile speed o780 mph at 30 feet.
Figure B shows the loadings required for the design of the overall structural system for a
building with a 302 roof pitch. This angle was chosen as It illustrates the most complex
requirements, having three loading cases rather than the fwo sssociated with buildings having
roofs of lower pitch. The uppermost diagram of Figure B Is the loading assoclated with
winds generally perpendicular to the ridge. Because of the posiiive pressures developed
on the windward.roof for, high roof slopes, the additional loading requirement represented
by the bottom sketch is needed arising from quartering winds or winds generally along he
ridge line. Finally, the middle sketch represents a loading requirement associated pu-lmnl!y
with longitudinal stability. Of specialnote in Figure 8 are the higher loading lequlrunents
for end zones. For lower roof slopes, positive pressiire loading of the windward toof Is not
2 major consideration and hence a single loading case replaces the top and bottom ‘skietches of

Figure 8. Thus for the very commoncase of a flat roof or 3 1: :12 roof stope, essentially ondy 2 single

loadipg combinatlon need be considered, with the only ldd{lioml requireiitent being that
of longitudinal stability. .

. Figure 9 similarty ustrates the loading requirements for cladding and secondsry
structural elements. The diggram includes the largest local loads required (associated with
the smallest tributary areas considered) and the smiffest local loads required shown appfied

e



over thet tributary area beyond which no further load reduction Is suggested. The roofl slope
considered here is 207 because it again represents the most complex case, having both increased
loads in the area of the ridge (which disappear for lower roof slopes} and high comer point
Toads, {which disappear for higher roof slopes). Both primary and secondary structur:l loading
cases should Include consideration of intemnal pressures,values of which are included in Flgures
8 and 9 for the example considered. Details for other geomelries, and the hnuu:m of canopies
are included in the Appendix. An apparent omission worthy of note is that no alievistion for
rougher termain i included. This essentially results from considerations typified by Figure 4,
which shows that slthough mean pressures are dramatically reduced in built-up terrain, peak
toads are not affected significantly enough — even for area loads — to warrant a separite set

of coelficients — at least for the time being.

Background to the Codified Model

Sgace and time do not allew a complete discussion of the method by which the detailed
experiimental data (representing more than a million numbers) were toiled down to the speci-
ficatiors of Appendix A. This process will be delailed in a later paper. Some comments are
notewarthy. Constraints were placed on acceptable forms of the final code model by various
conslderations — the major one being that the structural loads should be represented by com-
binatioiis of rectangular load distributions. The éssence of the procedure was then to develop
envelopes of the worst loads nieasured for all experimental Configurations, broken down into
a limited number of classes defined by the strong parameters such as roof slope; and by elimin-
sting other parameters, such as height, by basing coefficients on roof-height reference velocity
pressurcs. Idealized loads, within the constraints of simplicity mentioned above, were then
determined which recreated the experimenta! values of the measured structural and local loads.

Such *worst case’ loads are unduly conservative for a number of reasons. In fut. to arrive
a1 & reatonable load for engineering design purposes, it 1s most useful to consider the complete
loading process from the viewpcint of reliability-based design. Such an analysis considers the
uncertainty assoclated with the definition of the wind climate; with the actual exposure of a
structure (its surrounding terrain); and with the magnitude of the actual pressure coeflicients
(both external and Internal), associated with both the variability among experimenal config-
urations and the variabilily among full scale configurations, and with the nature of the gust
action liself. The indications of such analyses, as reported in preliminary form in reference
15, provide a rational basis for reduclig the coefficients slightly from the worst case loads,
when formulated for use with traditional definitions of wind speeds (which are derived for
given retumn periods, independent of direction). Such allevations have been incorporated in
the chaifs of Appendix A.

SUMMARY
ki v il
A major study of wlnd !oads on low-rise buildings hal allmlnahed In & relstively simple
formulation for the wind loading for such structures. These proposed load requirements reflect
many important aspects of the wind action, such as the predominance of unsteady loads, the
reduction In effective loading with increased tributary area, and the provision of separate sets
of loads, intended to be used together, for design of primary structural members,
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APPENDIX A

DRAFT WIND LOADING SPECIFICATIONS FOR THE COMMENTARY
TO THE NATIONAL BUILDING CODE OF CANADA

Coreat: The specifications shown below are excerpted from a draft copy of the proposed
commentary for illustration only. Minor errors and Inconsistencles may still be
present. Furfhermore these specifications are still subject to change and to final
acceptance.

The figures for this Appendix are numbered in order; however, the original tilling
and draft copy figure numbers have also been retained for referepce. It is to these
that the notes and text refer.

Excerpts from Draft Commentary

31. The information on exterrnal and intermal pressure
coefficients given in Figs. B-6 to B-23 covers the
requirements for the design of the cladding and the
structure as a whole for a variety of simple building
geometries. With the exception of B-6 to B-9, the values
of the pressure coefficients C, are given as either time
and spatially-averaged pressure coefficients or simply
a9 time-averaged local pressure coefficients, Cj. In
B-6 to B-9, deallng with low rise structures, values of
the product are given; this is the form both in
vhich they are ugul. asd of the basic vind tunnel data
from which they were derived.

32, The internal pressure coefficients C,, define the
effect of wind on the air pressure inside :l'g building
and are important in the design of both cladding elements
and the overall structure. The magnitude of these coefficients
tends to be uncertain owing to the influence of openings
(either intended, or unintended in the case of window
breakage) and the normal ventilation of the building
envelope. As 3 consequence, internal pressure coefficients
mav be wide-ranging. Recent wind tunnel studies on low
rise structures (12) have indicated that for the normal
ranges of .building openings (> .5% of surface area) the
internal pressures may have lower mean values than
anticipated formerly but they fluctuate significantly
aod are correlated to external fluctuationms.

Ia the face of these uncertainties an appropriste
treatment of internal pressures for both high and low

See Table A-1

excerpted from
rise structures is to use the coefficients in Fig. B-1l1. ig. B-11

The formula (a) in 4.1.B.1.(2) may be used in most ;
situastions, including low rise structures except in tlnae
daflles vhere there are dominant openings.

33. Figs. B-6 to B-9 refer to low.buildings and present
recent data obtained from systematic boundary layer wind
tunnel studies. In several instances these data hgve
been verified against available full scale measurements.
The coefficients are based on the maximum gust pressures
lasting approximately 1 setond and consequently include
an allovance for the gust factor, C,. The coefficients
therefore represent the product CyC An innovative
feature of ‘these disgrams is the referem:e to the tribu-
tary area assoclated wvith the particular element or
member over which the wind pressure is assumed to act.

In all cases these should be combined with the appropriate
internal pressures. Figa. B-6 to B-9 are most appropriate
for buildings with widtls. greater than twice their
beights and for which the reference height does not
exceed 20m. Further details of the work on which these
results are based is g:lveu in' Referencea (12) and (13).

34, Fig. !-—6 ptuznts wlues of C C_ applicable to
ébnn primary structural actions affBcfed by wind
pressures on more than one surface such as in framed
buildings. - These simplified load distributions were
developed to yield as closely as possible the structural
actions (horizontal thrust, uplift snd frame moments)
determined directly from experiment. These results
include allowance for the partial loading of gusts refer-
xed to in the paragraph 4.1.8.3.(1).

]

v

3s. !’!gn. B-7 to B-9 are intended lor those actions
influenced mainly by wind acting over singlp surfdces

“aich as design of elmlu!!n* secondary structural member#,
d

and for other actions nnt e:ctlbed in B-6.

Wik 9as



TABLE A-1

INTERIOR PRESSURES €

1. Openlngs malnly In windward 0.7
wall,

2. Openingt mainly In lesward -0.3
wall.

3. Openings mainly in walls 0.7

pareiiel e wind direction, -

In all & walls,

' Openings unifermiy distributed 0.3

Ead wall pressure coefficients, local suction mazima on the roof and imtcrior pressures for wse with

Figere B-11

Figwres 86 to B-9

Reference height for exposure factor: Ffor the
calculation of external pressures on end walls use H,
the total height of the building.

For the calculation
of internal pressures, use iH unless there are dominamt
openings in the windward wall, in vhich case use Z, the
height to the highest such opening.

NOTE: For Pastest
Mike Reference Speeds
Divide CoefTiclents by
1.66
to the Ridge ﬂ I
__Aw DIRECTION
o RANGE
Reof Building Suifaces
Slope 1 1E 2 b 3 3 k! 4 €
Otos® 078 1.18 -13 | -20 -0.7 ~19 -058 -08
20° 1.0 15 e ) -2.0 -89 —13 08 -12
; 30° 10 45° 1.05 13 04 0.5 88 19 -0.7 -89
o 105 13 1.0 13 -7 a9 -7 -9

_winp auizc‘rm’/"'
© T RANGE

\.._________
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Figure B-6

o : 1)-(6)
COEFFICIENTS (c’.c.) FOR DESIGN OF PRIHARY STRUCTURAL-AND WIND BRACINC SYSTEMS -

FIG. A-1s  ANTICIPATED FORM OF PRIMARY STRUCTURAL WIND LOAD SPECIFICATIONS FOR
LOW—RISE BUILDINGS (See Fig. A-1b for sssoclaled notes) — See siso Figs. A-2 te A-4.



Hotes to Figure B-6

1. The building must be designed for all wind directions, Each
corner must be considered in turn as_the windward corner
shown in the sketches. For all roof slopes, Case A and Cape
B are required as two separate loading conditions to' generate
the wind actions, including torsion, to be seliated by the
structural system, If the roof slope is 30° or more, a third
loading condition is also required as provided for by the
second line of Case B, -

2. TFor values of roof slope not shown the coefficient (c_.c)
: may be interpolated linearly, R P E

3. Positive coefficients denote forces toward the surFace
whereas pegative coefficients denote forces avay from the
surface, =

o e o

&. Interior pressure coefficients 1.':"i are given in Fig B-11,

3. The reference height H for pressures is mid-height of the
roof er 6 m whichever is larger. The eave height may be
substituted !oruthe mean height, if the slope of the roof
Iz less than 10 .

6. For the design of foundations, but exclusive of enchorages
to the frawe, only 70Z of the effective load is to be
izonaidered. .

7. Bnd zone width "z" should be the greater of 6 mor 2 y
where "y" is the gable wall end zone defined for Case B
below, Alternatively, for buildings with frames, the end
zone “"z" may be the distance between the end and the first
interior frame.

8. 1nd zone width "y" 1g the lesser of 101 of the least
horirontal dimensiom of 40% of height M, except that b, oo

must be at least 4% of the horfizontal dimension, and at
least 1 m.

FIG. A—Ib  NOTES ASSOCIATED WITH Fig. A-1a = ~

.

NOTES: ' For Fastest Mie TN

Reference Speeds, Sk :
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3 [
3 )
2 8 10 20 S0 100 :
2 AREA (m®) 3
3 ® ano @ 3
20t :
f
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- - FIGURE B-7
e ) ot
External ‘peak presdure eulf[{cients.’ CyCqs on wails for
desigr of cladding] secondary structural meambers, and
surfaces ' and 6 of Figuré B+b. e

Hotes® to Figure B-7

1) These coefficiénts apply for any roof slope, a.

2) The abscissa area:in the graph is the design tributary
ares within the specified zone. :

3) ¥ = 10X of least horizontal dimension or 40X of height H,
whichever is less. Alsoy > Im; =z 3 4% of least horizontal ;
dimension. ; L w

4) Interiot pressure coefficients Cpy are given in Figure B-11.

FIG. A2 ANTICIPATED FORM OF SECONDARY STRUCTURAL WIND LOAD
SPECIFICATIONS FOR 'WALLS OF LOW—RISE BUILDINGS (See also

Figs. A-lto A4) '



For Fastest Mile
Reference Speeds, bt ; :
Divide Coefficknts :_....\
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FIGURE B-8

External peak pressure coefficients, c-pc s on roofs of 10°
slope or less for design of cladding and uecondnry structural
members.

Fotes to Figure B-8

1)
2)
3)
4)

)

FIG. A-3

T canopy coefficients include contributivns from both upper
and lower surfaces

14.@® 204 ‘® are applicable to both roofs and canopies.
The abscissa area in the graph is the design tributary

area within the specified zone.

y = 10% of least horizontal dimension or 401 of height H,
whichever is less. Alsoy > Im, z > 4X of least horizontal
dimension.

Interior pressure coefficients cl’i are given in Figure B-1l.

: b, o ) £ .
ANTICIPATED FORM OF SECONDARY STRUCTURAL WIND LDAD SPECIFCATIONS
FOR ROOFS OF LOW-RISE BUILDINGS HAVING SLOPES < 10° (See also Figs.

A-1 end A-2)

NOTE: For Fastesi Mile Mmﬂ

FIG. A—4
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FIGURE B-9

External peak pressure coefﬂd,entah »ion roofs of greater
than 10° slope for design of cladding an! secondary ltt\ll:tntl-l_

members, . % .
Notes to Figure B-9: : : i i- j '

H

1) The abscissa area in the gtapll is the design tr.l!mtary ires
within the specified zome.

2) y = 10X of least horizontal dimension or 40 u[ helght u, 1
whichever is less. Also y21m, vy > 4T of least horizostal
dimension.

3) Interior pressure coefficients GH. are given in Fig. B-11.

ANTICIPATED FORM OF SECONDARY STRUCTURAL WIND LOAD SPECIFICATIONS
FOR ROOFS HAVING SLOPES > 10%See also Figs. A-1 and A-2)






