
ind pressure on elementa building 

/ forms evaluated by model tests 

Among the least understood of in which p and. v are the pressure 
the forces dealt with by the struc- intensity and velocity at any point, 
tural engineer is wind pressure. and the subscript "0" indicates a 

, Evidence of this fact is the coml11on point at .some rlistance from the 
'de~ii$ll pt:ll~tice of using an arbitrar-' building in the undisturbed air. 
ily chosen uniform pressure intensity stream. The density p varies from 

.. OV~r t\~e projected area of a structllfe 0.0027 slugs per ft:! at 0 deg F to 0.0022 
or'lJlember. Students of fluid motion slug per fP at 100 dcg F. 
are well aware of the great variation If the diiTerellce AI) between the 
in pressure that results ir011l the flow pressure at any point ancl that 
of air around any 0bj~ct; 'und they in the undisturbed flow is divided 
realize that knowledge of the actual I , by (pv02)/2, the expression takes the 
pressure distribution around buildings' form, 
would permit 11101t: economical-yet 
safer-designs. Although tests have 
been condu'cted by many investi
gators in the past fifty years, the 
technical literature contains no com
prehensive experimental clata that 
would permit interpolation for wind 
loadsat particular points on buildings 
of any desired form. This situation 
is partially due to the great diver
gence in building forms, but in 
large measure it has resulted from 
the failure of structural engineers 
as a whole to appreciate the need 
for such information. 

In 194() a system;) tic series of tests 
OIl three-dimensional building models 
was begun at the University of Iowa 
for a graduate thesis in the Depart
men t of l\1echal1 ics and Hydraulics. 
The scope of these tests was later 

. broadened as a project of the Iowa 
Institute of Hydraulic Research, 

'sponsored by the OfIice of Naval 
Research. 

. Theoretical Considerations 

, The variation in pressure around 
a building depends on the local 
variations in velocity in accordance 
with the fundamelltal energy re
lationship, 

42 (Vol. p. 330) 

from which the effect of a local 
change in . the, velocity is at once 
apparent. The", pressure parameter 
has its maximum positive value of 
unity at a point of stagnation, 
whereas its negative value has no 
definite limit. The parameter 

is essentially a pressure coeflicient 
and will hereafter be referred to as Cl" 

The velocity variation is uniqnely 
determined by the flow pattern 
around the building. This pattern 
depends on the geometrical con
figuration of the building, the velocity 
distribution of the wind, and t.he 
viscosity of the air. Although each 
of these factors must generally be 
considered, it can be dCluonstrated 
that the geometry is nearly always 
the dominant ohe. Reduction of 
wind velocity near the ground has 
the primary effect of causing smaller 
pressure variations than would other
wise occur. Consequently, tests 

made in an air stream of COllSl.Ul: 

velocity will indicate the Ill(lXillltllI 

pressure variation to be expl'l'lt,j 
Viscosity likewise influences the 110\\ 
pattern in some cases, but the artl 
ficial roughening of curved Illodrh 
or the sharpdiscr"lntiuuitil's Ih,,\ 
usually exist serve to produl'l' 
COIlSt,1I1t flow pattern whidl 1\ 

practically independent, of visroll 
effects. 

Therefore it may be assumed tll..\: 
the values of Cp obtained on 1\l()(ld, 
tested ia the wind" tUlllwl and dj" 
playing flow patterns 9f ,constant 
form, with fixed points of separatioll, 
may be used to" predict actual prn 
sures on prototype structures. 

low-Velocity 'Wind Tunnel Tests 

The tests were performed ill .1 
low-velocity wind tunnel having ,I 

test section G ft wide and -1 ft hi).:!: 
Models were mounted on a thin 
platform () in. above thc floor ill ,\ 
region of constant velocity. Tb. 
models were made of !/R-ill. plastic' 
plate and were formed into the sl'rid 
of uuit combinations shown ill Fi~, L 
Piezometer openings 1/ J6 ill. in di:lIl\' 
eter were closely spaced in regioil' 
where hig'h velocity gradients 11','[<' 

expected ~l1ld were provided wit h 
nipples for tubing connectiolls, Tll<' 
basic forms tested were the liallg;11 
or semi-cylinder, the rectangular \'11'" 

tical wall, and the block-type gabl,.; 
building. The rectangular block-tn" 
buildings consisted of 4 X 4 X ~,ill 
blocks in combination with other, 
of that size or of <1 X S X 2-ill, silt' 
to form buildings with 1cngt,h-width 
ratios of 1, 2, and 4 in cOlllbinati.>ii 
with height-width ratios of lh, 1. al1:1 
3 h. In addition, each of these CIIIlI 

binations had gable roofs wIllIS,' 
inclinatiolls to the horizontal rallgl'rl 
from 1;) to 45 deg. 
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tudes at any point. They do not, 
however, provide a ready means 

J. W. HOWE, M. ASCI: of comparing the effects of varying 
geometrical configuration. For this 
purpose, pressure profiles at signifi
cant sections were plotted for wind
ward and leeward wall and roof 
surfaces. 

Head, Departmont of Mechanics ,and Hydraulic" A typical summary of pr.essure 
variation on a hangar roof is shown 

State University of Iowa, Iowa City, Iowa in Fig. 3. It is apparent that nega
tive pressures over the central section 
of the hangar roof are significantly 
increased as the length of the building 
becomes greater. See curve (b). Be
cause of the lightness of hangar-type 
structures, lift and drag coefficients 
were' also determined for use in the 

. formulas, ' 

Each of the three basic forms was 
tested at several orien tatiolls with 
the wind, the angle a being measured 
between the end wall and the wind 
vector, as indicated in Fig. l. 
There were 1G tests on hangar forms, 
21 . on rectangular walls, and 108 
on block forms. In addition, ex
ploratory tests were made to deter
mine the effect of spacing on the 
pressures over. the facing walls of 
identical flat-roofed buildings with 

. parallel orientation. '. 
Pressures were measured with a' 

delica te Wahlen differen tial gage' . 
which was sensitive to 0.00003 psi. 
The reference value (pvo2)/2 was 
measured by means of a stagnation 
tube and a floor piezometer near the 
model platform. Pressures on the 
models were read relative to the 
same floor piezometer. The ratio 
of these readings gave the value 
of Cp. The Ivrobable error in the 
pressure determinations was less than 
2 percent. 

Test results were plotted on the 
developed surfaces of the models 
and lines drawn through points 
having equal values of Cp to yield 
patterns similar to those in Fig. 2. 
Integration of the pressure patterns 
yielded the total force acting 011 

any surface. Values of the param
eter Cp are directly useful, as pre
viously indicated, to determine the 
actual pressure distribution on a simi
lar structure at any desired wind 
velocity. Such diagrams for each 
of the 150-odd test conditions are 
presented in the complete report 
referred to at the end of this article. 

Force Intensity Varies Widely 

The pressure patterns indicate 
the wide variation of force intensity 
over the surface of a building and 
permit the evaluation of actual magni-
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in which FL is the lifting force; 
FN and F.,[ the horizontal components 
of the drag in the normal and axial 
directions, respectively; CL, C~" and 
CA are lift and drag coefficients; 
and Land D are the length and diam
eter of the structures. The maxi
mum CL value of 0.55 occurs 011 the 
longer models at wind angles of 
aD deg. The coelTicient CN rises 
to 0.84 at the same wind angle, 
whereas the coefficient CA reaches 
1.18 on the shortest model with 
the wind directed toward the end 
face. The greatest vectorial com
bination of the drag coefficients 
is 1.23. 

Pressure patterns on the vertical 
wall forms disclose that the geo
metric shape has a pronounced ef
fect on pressure intensity, as illus
trated in Fig. 4. The pressure pat
terns were integrated to determine 
the total force acting on the windward 

Models of buildings 
were made from 1/ s
in. plastic sheet and 
equipped with [It.-in. 
pierometers closely 
spaced at points 
where velocity gradi
ents were high. The 
model shown was 4 
X 4 in. in plan, with 
a 45-deg roof, the 
smallest size tested. 

(a) Models of rectangular buildings lested with orientations of 

:f~"~ Bj'°tsra 01 Efl B 
;;t~. ~ tJJ DJ e:=iJ EO UJ E5l 
;;Of~' ~ BJ Eo E3J ED ED E5J 
efS' ~ fP B E3J ED BJ E3J 
(b) Thin rectangular Wal!;., ~~,t3~~I~~~r~~ations of 

= c:::::::J,. c:::::::J. Cl. 0 0. et 
(c) Models of hangars te~t:go~3t3o~~o~~a~~~98t 

Cl? CJ;> c:::P c==-.v 
Horizontal andS;:~i~al w ur 4 in. 

Lateral .) 4 in. 

FIG. 1. Schedule of model" arrangements 
shows shapes, proportions and wind direc
tions at which models were tested. There 
wer€. therefore 108 tests on block-type build
ings, 21 tests on walls, and 16 tests on 
hangars. 

FIG. 2. Typical pressure patterns on block
type model are shown for three wind direc
tions. Occurrence of negative pressure on 
all faces of building should be noted. Pres
sure profiles at right indicate variation at end 
and center sections. 
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FIG. 3. Pressure intensities on a hangar 
vary with relative length of structure. 
Maximum pressure intensities are shown (a) 
at leading edge of roof when wind is at an 
angle, (b) at section where greatest vacuums 
occur, and (c) at end gable with a normal 
wind. 
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and leeward faces of the walls, and 
the position of the pressure centroid 
was located relative to the vertical 

"and horizontal center lines of the . 
wall, as shown in Fig. 5. Apparent 
ftom this figure is the considerable 
mismatching of the centers on op
posite sides of the walls. This indi
cates the presence of a decided torque 
on the wall supports. The drag 
coei1icients on the windward and lee
ward surfaces are of the same order 
of magnitude, typical values being 
0.75 and -0.55. In combination, 
the total coefficient of drag ranged 
from 1.2 to 1.4. 

The block-type structurcs had a 
greater variation in form than either 
the hangars or the walls and con
sequently were subject to greater 
pressure variations. The pressure 
profiles near the ends and at the 
centers of the buildings were com
pared with respect to both local 
pressure intensity and average pres
sure intensity over the section. Ex
cept for cases of symmetrical wind 
loads, each building face displayed 
a different pressure distribution. In 
general, the windward face was 
under positive pressure, approaching 
the stagnation value of (pvo2)j2 
near the center of the wall and de
creasing to values below atmospheric 
pressure at the exposed edges. The 

FIG. 4. Pressure intensity varies with 
proportions of wall. Largest vacuums occur 
on back side of wall with wind direction 60 
deg from normal. 
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roof was generally subject to nc);;\-. 
tive pressure on the windward sll"j't 
if its inclination was small, and \\'a~ 
invariably subject to negative prl" 
sure on the lee slope. The leeward 
and end walls, being in the ('lhl\, 
formed by separation at the leadil1~' 
edges of the building, were in a r('):io~ 
of rather uniform negative pressure. 
As the wind direction varied, th('~e 
general conditions were ·ll1odili(·,1. 

Variations in the geometry of lllr 
buildings do not cause large pm· 
sme variations in so far as bllil<lill~ 
proportion is concerned (Fig. li" 
Roof angle, however, is of cOlJsidl'f' 
able significance (Fig. 7). Thl' 
variation of average positive pressure 
ranges from 0.75 to 0.\)5 of the stagl1a. 
tion value iu all models, there bcill~ 
little relation to their proportionsothl'r 
than a slight tendency towardgre<1kr 
values at higher roof inclinatiolls. 
Average negative pressures over src· 
tions near the corners showed evcll 
less effect of building proportions, 
but the rather large negative valucs 
on the windward face should be not('(l. 
Many engineers may find it hard 
to reconcile the presence of both 
positive and negative pressures 011 

the windward face of a buildill);, 
but the fact that both are present 
is well substantiated. 

The angle of inclination has a 
major clTect 011 pressure distributi(lll 

'over the roof (Figs. 7 and 8). Till: 
effect of roof inclination overshadows 
that of building proportion, altholl);h 
in general the long, high buildiIl);s 
were found to be subject to consider· 
ably higher negative pressures tlWl 
the short, low forms. 

The effect of roof inclination is 
even more pronounced if local pr('s· 
sure intensities are compared. The 
greatesLotlegative pressure, regardll'ss 
of wind direction, was plotted against 
the geometrical characteristics of the 
building (Fig. 9). The large suctions 
that developed at roof angles of less 
than 30 deg, at the windward corner 
in a quartering wind, are truly sur· 
prising. Under these conditions, two 
vortices form over the roof and pro· 
duce extremely low pressures. TIl(' 
peak value of -7.4, combined with 
stagnation conditions (+ 1.0) inside 
the building, would correspond to 

FIG. 5. Centers of pressure on wall fa cos 
are not opposite except in normal wind. 
Hence, an appr!"ciable twist is exerted on 

wall supports. Suction on back 01 wall IS 

generally only 30 percent less than thrust or. 
front side. 
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Ml uplift of 78 psf in a 60-mph wil!d, 
a value well in excess of usual desIgn 
values. 

The lee roof, lee wall, 'and end 
walls are subject to rather uni
form undcrpressures averaging about 
(U] (pvo2)/2. Although space does 
Hot permit the inclusion of summary 
curves, they are available in the 
original report. 

Effect of Building Proximity 

The last phase of the investi
gation dealt wi th the effect of building 
proximity. Since the number of· 
tests required to establish the re
latiOl:s previously described was con
siderable, it was not feasible to 
i!lvc:stigate the effect of all the vari
ables involved in a complete study 
of proximity effects. Only ~m ex
ploratory series of tests was made 
to determine whether the presence 
of an adjacent building could in
crease the negative presslln~s 
measured 011 an isolated structure. 
Two idea tical flat-roofed buildings 
of eCJual width and height were 
placed side by side with their long 
sides parallel. Four lengths of build
ings were tested at several different 
spacings and wind directions. For 
these particular buildings it was 
found that. the greatest negative 
pressure intensities developed at the 
front edge of the passage between, 
buildings and were approximately 
twice as large as the pressure at 
the salJle poin t on'un isolated buildiilg 
when the spacing was about one-tenth 
that of the building width or height. 
Furthermore, the average suction 
on the facing walls was as much 
as three times that on a single 
building side wall. Because of the 
restriction of variables, the only 
conclusion reached was that the 
prcsence of an adjacent building 
may cause gre3.te~ ne~ativ~ pressur;~ 
on St')lne a:-e-.J.s 01 ~:?..lls t_rJ.d.:1 WOUld 

occur on the same walls were the 
building isolated. Particular arrange
mcnts should be studied in a wind 
tunnel to determine actual pressure 
distributions. 

Example Shows Application 

To indicate the use of the test 
results the following example is 
presented. Determine the wind load
ings on,a rect.angular building 20 X 80 
ft in plan and 10 it high with a roof 
slope of 1: 4 and bents on 20-ft 
centers. '(See Fig. 10.) The roof 
slope of 1: ,1 is 14 deg, near enough 
to 15 deg to permit. direct use of 
tests in a model having e = 15 deg, 
LIB = 4, and H/E = 1/2, the pres
sure con tours of which' are shown 
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FIG. 6. Average 
pressure on front wall 
of rectangular build
ing is positive near 
center of structure 
but negative at cor· 
ners. Building pro
portions do not 
greatly affect front-
wall pressures. ' 

FIG. 7. Average 
negative pressures at 
worst sections of 
windward roof show 
decided effect of roof 
pitch. Greatest up
lift occurs at leading 
edge of flat·roofed 
buildings or at ridge 
of steep roofs. 

FIG. 8. Average' 
negative pressure on 
transverse section of 
leeward roof is worst 
on flat.pitched roof 
and not greatly af· 
fected by building 
proportions. 
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sure intensity on block 
building reaches ex
treme value in quar
tering wind. Roof 
pitch is significant be
low 30 deg •. 

-5.0 

~ 
V 2 -4.0 

!.:.g, 
2 

-3.0 

-2.0 

-1.0 

o 

f' ' '~~~ x " 

I',' " 
~ ~ ..... ' 

0° 

l' 
-

~ ", ~" ~, 
~ ~ !~ ~ ~. 

.'-
'-"": ~ ~ b-_ 

-~ 
1 --

15° 300 45° 

, . , 

V4 
tF3 

, 
I I 

F5 I I I Ps I , I 

*F2 
I 

I I , , I I 

tFJ Plan 
it> 10.3 

FIG. 10. Experimeil' 
tal coefficients are ap
plied to 10 X 20 X 
80-ft block building 
to determine wind 
forces. 
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in Fig.? A win,cl velocity of 100 
mph (147 fps) is assumed. 

Side thrust on a bent near the 
center of the building will be maxi
mum when the wind angle Cl = 0, 
or on' an end bent when Cl = 45 deg. 
The average pressure coefficient for 
the front wall is found from Fig. 6 
to be 0.84. The force Fl on a 10 X 20 
ft panel will thus be 

Fl = 10 X 20 X· 0.84 X 0.0024 
X 1472/2 = 4,350 lb per panel 

Maximum negative forces on the 
roof surfaces can be estimated from, 
Figs. 7 and 8 for the 45-deg wind~ 
condi tion. Mean coefficien ts of -1.7 
and -lA are read. These indicate 
the following forces: 

F2 = 10.3 X.20 (- 1. 7) X 0.0024 X 
: 1472/2 = -9,100 lb per panel 

Fa = 10.3; X 20 (-1.4) X 0.0024 X 
1472/2 =:: -7,500 lb per panel 

Similarly, the force on the' leeward 
wall at an end bent is 

F4 = 10 X 20 X (-0.9) X 0.0024 X 
1472/2 = -4,700 lb per panel 

These forces would be somewhat 
different at different bents but prob
ably the same framing would be used 
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End 

in ordcr to make the construction 
uniform. The forces at any panel 
can be estimated by selecting co
efficients from Fig. 2 and computing 
the total force in the manner illus
trated above. 

Longitudinal forces resulting from 
pressure on the ends of the building 
are based on an average pressure 
coefficient of 0.9 on one end and 
-0.2 on the other. The'end areas are 
(10 X 20) + (10 X 2.5) =:: 225 sq ft. 

Fo = 225 X 0.9 X 0.0024 X 1472/2 
= 5,0001b 

FG = 225 X 0.2 X 0.0024 X 1472/2 
= 1,1001b 

The large wind forces on the roof 
are opposite ill.direction to the dead 
load and are - thereforl.. not. likely 
to be critical.. It should be noted 
that such formulas as the commonly 
used Duchemin formul~ indicate the 
presence of downward forces which 
are added to the dead load, thereby 
causing roof supports. to be consider
ably overdesigned. 

Fastenings for wall and roof cover 
should be designed to resist the 
outward force caused by negative 
pressure outside the building accom
panied by positive pressure inside 
due to the likelihood of an opening 

on the windward face of the bUildin. 
Inspection of Fig. 2 reveals ll~ 
possibility of large vacuums lIe.1! 

the ends and at the. ridge of lhr 
roof, where the pressure coetncientl 
range from - 2.0 to - 2.5. Else 
where values vary from -1.0 III 
-1.5. If unity is added to thl'\\' 
values to include the effect of sta~, 
nation pressure inside the buildin~. 
it is apparent that a lOO-m ph wind 
may produce on the roof of lhi, 
structure upward thrusts of from 
2.0 X 0.0024 X 1472/2 = 52 psi, 
to 3.5 X 0.0024 X 1472/2 = 90 psi. 

Outward forces are. also excrh',l 
. on the vertical walls, and aVcragl' 
values are shown in Fig. 6, wher.' 
a coefficient of 0.75 is indicah~! 
on the long side. This value mal' 

. be used on all walls although near!,' 
double this value lIlay occur IlII 

particular areas, as shown in Fig. 2, 
If stagnation pressure inside is addell, 
then it is seen that in a 100-mph 
wind the wall covering will be sub· 
jected to approximately 

1.75 X 0.0024 X 1472/2 = 45 psf. 
The systematic series of preSSlIrl' 

diagrams that have been dt'scrilwt! 
provide a means of selecting sai,' 
und economical design wind hub 
011 simple building forllls of tlmi' 
coml11on types. The detailed elT"l't 
of geometrical configuration on pw~· 
sure intensities is illustrated, particlI' 
larly the presence of large vacuums 
in zones of separation. FurtherlllOTl', 
the tests on proximity imply a deci<ltor\ 
influence of adjacent buildings allll 
indicate the necessity of special 
model studies on complex building 
forms or arrangements. Since th,' 
test results were measured in a steady 
wind, they do not indicate the ex
trelne values' that would result from 
gusts. . 

All experimental studies on whkh 
the accompanying diagrams are based 
were conducted in the laboratories 
of the' Iowa Institute of Hydraulic 
Research. The majority of the tests 
on block structures 'were made by 
N. Chien, Y. Feng,'and H. J. Wang 
as a master's thesis under the din'c
tioll of the writer. The remaining 
tests were' made by Messrs. Wang 
and T. T. Siao as an Institute proj· 
ect under the direction of Prof. 
Hunter Rouse and sponsored by the 
Office of Na'val Research. Copies 
of the complete report by Chien. 
Feng, Wang, and Siao, under th(' 
title, "Wind-Tunnel Studies of Pres' 
sure Distribution on Elementary 
Building Forms," are available frolll 
the Iowa Institute of Hydraulic 
Research at the cost of reproduction, 
$1.75 each. . 
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