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SUMMARY 

Mean pressures obtained from an extensive series of wind-tunnel tests have been 
averaged over an entire side of a building to obtain a single mean pressure 
coefficient for a given side and wind direction., Coefficients based on either a 
local reference wind speed or a reference,wind speed measured at the level of 
the roof of the building have been computed. An example and a comparison with 
existing building codes and standards are included to illustrate the use of 
these coefficients. 

INTRODUCTION 

Engineers who design structures for wind loading are faced with two distinct 
problems, the selection of an appropriate wind speed for design and the selec-
tion of a force or pressure coefficient which allows the design wind speed to be 
expressed in terms of a design load._ The- choice of a design wind speed is a 
function ,of the projected life of the structure and the location of the structure; 
In some cases a design wind speed is dictated by a local building code_ The, 
choice of a force or pressure coefficient is usually determ±ned by data avail-
able in the technical literature or incorporated into standards or building codes. 
These coefficients will not necessarily correspond to the structure being de-
signed and in some instances sufficient information about how the coefficients 
were obtained does not exist to adequately judge the values reported. 

A considerable body of data is available describing mean pressures on structures 
of various shapes measured in wind tunnels with a uniform approach velocity (no 
variation of wind speed with height) and very low incident turbulence intensity. 
Such data have been incorporated into most modern building codes and standards. 
However, Jenson (1) has shown that a wind-tunnel model of a structure should be 
tested in a turbulent shear flow that simulates the natural wind if accurate 
assessments of the mean pressures caused by wind loading of buildings are to be 
obtained. The techniques of mod~ing wind forces on buildings in boundary-layer 
wind tunneis have advanced sufficiently to allow a more detailed examination of 

.the effects of building geometry and incident flow properties on mean wind pres-
sures than are currently available in modern building codes and standards. The 
history and present status of wind-tunnel mode~ing for wind loading of structures 
has recently been reviewed by Cermak (2) (3). 
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Despite these advances, very little organized information is available to describe 
the mean pressures on structures in properly simulated natural Winds. In this 
paper, mean pressure coefficients which have been averaged over an entire side of 
a building are presented and discussed. These pressure coefficients are for rec-
tangular flat-roofed buildings and were obtained with the structures immersed in 
thick turbulent boundary layers with properties which simulate neutrally-stable 
atmospheric flows. 

The techniques used in the detet:nination of these pressure coefficients are des-
cribed briefly. A detailed discussion of the results including examples of 
applications is presented. These measurements were conducted using isolated. 
sharp-edged, smooth rectangular models •. The results presented do not include 
information concerning the effects of corner geometry, surface roughness of the 
building, or adjacent structures. Because many of these effects, but certainly 
not all, result in reduced mean loads, these data provide a useful, and in most 
cases, slightly conservative estimate of surface pressure for rectangular buildings. 

EXPERIMENTAL TECHNIQUES 

Buildings and Pressure Measurements 

A series of thirteen flat-roofed rectangular buildings were used in the study. 
The building geometry-is described by two ratios--the side ratio, defined as the 
ratio of the width of the small side to the width of the large side, and the as-
pect ratio, defined as the ratio of the building height to the width of the small 
side. Side ratios of 0.25,0.50 and 1. 0 were. examined over a range of aspect 
ratios from 1.0 to 8.0. The models were made of plexiglass and instrumented in 
most cases at 272 locations with pressure taps (60 on each vertical face and 32 
on the roof). The buildings were mounted on a turntable at the downstream end 
of 16.7-m (55 ft) long test section of the industrial aerodynamics wind tunnel 
of the Fluid Dynamics and Diffusion Laboratory, Colorado State University. 

Pressure measurements were made using a system consisting of a 72-channel pressure-
selector switch, strain-gauge pressure transducers, and a digital data acquisition 
system. The pressures measured were the difference between the instantaneous 
local pressure at a location on a building and the static pressure in the ambient 
flow above the model building. A more detalied description of the buildings and 
the pressure measurement system is available in references 4 or 5. 

The Boundary Layers 

The four boundary layers used in the study were developed over the length of the 
test section using various-sized elements on the floor and spires at th~ entrance 
to the test section. The spires were used to artificially stimulate the growth 
of the boundary layer and in addition provided a constant-depth boundary layer 
for all of the roughness configurations. Table I is a summary of the properties 
of these boundary layers. The properties included in the table are: 0, the 
boundary layer thickness; p the exponent the power law representation of the 
mean velocity profile; z , the surface rougheness length; u*/U , the ratio of the 
friction velocity to theOfree-stream velocity; Lx' the longituainal integral 
scale of the turbulence; and T , the longitudinal turbulence intensity. . 
Further details concerning theUSoundary layers including velocity spectra, cross-
correlations, and profiles of turbulence intensity in three dimensions are 
available in reference 5. 
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TABLE 1. Boundary Layer Characteristics 

L T x ux 
Boundary 0 p z u*/Uo @ z/o=0.2 @ z/o=0.2 
Layer (m) (mf (m) (%) 

1 1.27 0.12 1.2xlO -5 0.028 0.40 7.2 

2 1.27 0.27 2.8xlO -3 0.052 0.54 i2.5 

3 1.27 0.34 5. OxlO-3 0.051 0.43 15.0 

4 1.27 0.38 1.1xlO -2 0.062 0.34 17.3 

Data Reduction 

Mean pressure coefficients were averaged over an entire side of a building. 
Through the use of a more sophisticated integration procedure it .was established 
that an accurate averaging was obtained if an appropriate area was assigned to 
each pressure-tap location and a vector summing of pressure times a represen-
tative area was used. The pressure coefficients used were defined by two 
equations, 

(1) 

(2) 

CpL is a local pressure coefficient averaged over an entire side of a building. 
It is the nondimensional ratio of P-P ; the difference between the pressure at a 
iocation on the building and the loca~ static pressure, to 0.5pV2(z), the dy-
namic pressure based on the wind speed in the approacn flow at the height of the 
pressure measurements, V(z). This value was determined at each point on the 
side of a building and averaged as a pressure coefficient. The over~ar in both 
equations is used to denote spatial averaging over an .entire s.ide. S>R is ~ 
pressure coefficient based upon a fixed reference wind speed measured at the 
level of the roof of the building. This coefficient was also averaged over an 
entire side of a building. V(H), used in·equation (2), denotes the wind speed 
at the height of the building, H. 

Based on the results of previous work (5), the buildings used were grouped by 
side ratio for all aspect ratios and boundary layers tested. The values of 
both CpR and ~L for all cases of corresponding side ratio were averaged to ob-
tain one set of values. In most. cases from eight to ten separate cases were 
averaged to obtain a single result. 

The coordinate system used to describe the averaged pressure coefficients is' 
shown in Fig. 1. The pressure coefficients were obtained for each of four sides 
and the roof. Measurements were obtained at eleven wind directions from 0 to 90°. 
Only five of the directions are shown in the figure. The sides were numbered such 
that side 2 was upwind for a wind direction of 0° and side 3 was upwind for a wind 
direction of 90°. All of the buildings studied were placed in an isolated environ-
ment with no adjacent structures present. A 90° variation in wind direction was 
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therefore adequate to define the pressures acting on the structure for any wind 
direction. No corrections for tunnel blockage were applied because the blockage 
was small (less than 7 percent) and the flexible roof was adjusted to remove the 
longitudinal pressure gradient in the tunnel. 

RESULTS AND DISCUSSION , 

The consideration of these two types of averaged pressure coefficients was ~ti
vated by interest expressed in more complicated pressure distributions repotted 
in reference 5. These distribtuions were reported in terms of local pressute co-
efficients defined using a local wind speed at the height of the pressure measure-
ment in the approach flow. This choice of coefficient allowed the pressure,dis-
tributions to be expressed as a function of side ratio only with very little de-
pendence on aspect ratio or approach flow properties. The use of such a distri-
bution allows an accurate estimate of the distribution of pressures on a building. 
Such a p:r;ocedure may be too detailed or complicated for some applicatiqns.In 
certain instances a single pressure coefficient over the side of a structure may 
be adequate. If this coefficient is obtained by averaging. there will naturally 
be some locations which will experience pressures above the average and other 
locations which will experience pressures below the average. If such an approxi-
mation is appropriate in the design of a structure, then the values of averaged 
pressure coefficients reported in this paper should be useful. 

In order to provide a summary of the current methods of using pressure coefficients, 
the techniques suggested in the ANSI A58.l-l972 (6), "Building Code Requirements 
for Minimum. Design Loads in Buildings and Other Structres," will be briefly re-
viewed. Techniques suggested in other codes and standards for the determination 
of mean pressures on a building are quite similar to those used in ASNI A58.1-l972. 
Table 7 of the standard provides values of external pressure coefficients for 
walls. These are reported for windward walls, side walls, and leeward walls, 
corresponding to wind directions of 0° or 90° from Fig. 1 of this paper. In order 
to obtain a pressure, these coefficients are multiplied by a reference dynamic 
pressure which increases with height. This corresponds to the reference pressure 
used in the definition of a local pressure coeeficient. Eq. 1. While this may 
indicate that the pressure coefficients reported in ANSI A58.l-l972 are local 
pressure coefficients (based on a reference wind speed measdured at the height of 
the pressure measurement in the approach flow), such is not the case. The co-
efficients provided in the standard were 'obtained in a uniform flow. no variation 
of wind speed with height, and for this case both definitions of pressure coef-
fient reduce to the same value. i.e. V(z) ='V(H) for all z. The choice of a height 
dependent reference pressure (proportional to the square of the wind speed) is 
interpreted as an effort to make the coefficients obtained in a uniform flow useable 
in a boundary layer flow. It should be noted that these coefficients were obtained 
prior to recent advanc~s in techniques in wind-tunnel modeling. The use of a 
pressure coefficient which is constant over an entire side of a building with a 
reference pressure which increases with height provides a design pressure which 
increases with height but does not vary in the horizontal across a side of a 
building. 

The averaged local pressure coefficients, CpL' for side ratios of 1.0, 0.5 and 0.25 
are presented graphically in Figures 2~4 respectively. The curves shown in 
Figure 2 for a side ratio of 1.0 are symmetrical about 45° for sides 2 and 3 and 
sides 4 and 1. This symmetry is to be expected. If the values for a wind direc-
tion of 0° are considered the maximum. magnitudes of the coefficients are obtained. 
For a side ratio of 0.5, Figure 3, the values for a wind direction of 90° (normal 
to the wider-side) must be used to obtain the maximum. magnitudes. For a side 
ratio of 0.~5, the maximum magnitude of the pressure coefficient for side 2 occurs 
at an approach wind of 70°. For side ratios of both 0.5 and 0.25, the coefficients 
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for a 0° wind (normal to the narraw side), are of a smaller magnitude on the sides 
and the rear surface than for the case of 90° wind. The format of an averaged 
local pressure coefficient incorporates the effects of different approach boun-
dary layers and different height buildings in the same boundary layer. The use 
of a variable reference pressure, 0.SpV(z)2, with a constant averaged local pres-
sure coefficient wi1~ result in a constant design pressure at a given height and 
a design pressure which increases with height. While this is not an exact des-
cription of the actual physical situation, it is one compromise which allows the 
description of a pressure which varies over an entire surface by one coefficient. 
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Figure 2. Averaged Local Pressure Coefficients, CPL' 
for a Side Ratio of 1.0 
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The values of CpR' the pressure coefficients based upon a reference dynamic pres-
sure measured at the height of the building in the approach flow, are shown in 
Figures 5, 6 and 7 for side ratios of 1.0, 0.5, and 0.25 respectively. Th~se 

coefficients were obtained from the same data as were used in determining CpL" 
The properties of the boundary layers used in the study were utilized to obtain 
both types of coefficients. In cOm£aring the data in Figures 2 and 4, botk for 
a side ratio of 1.0, the values of CnR are approximately half of those of CPL' 
This is because the pressures were divided by a larger reference pressure to 
create a nondimensional coefficient. With this difference in magnitude, the 
trends for CpR are the same as those noted for ~L' The largest magnitudes of 
the coefficients occur at 0° or 90° for a side rafio of 1.0 and at 90° for side 
ratios of 0.5 and 0.25. Again the maximum magnitude of the coefficients for a 
side ratio of 0.25 occurs at 70° for side 2. The coefficients based upon a_ 
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reference pressure of 0.5~V(H)2 will onl; require a single value of reference 
wind speed, V(H). The use of these coefficients will result in a constant de-
Sign pressure over an entire side of a building. 

At this point 'it should be noted that no ina'tter how one chooses to define a 
pressure coefficient the decision to average the coefficients over an entire side 
of a building will result in some differencies between the actual pressure a 
building experiences and the pressure predicted using an average coefficient. To 
obtain a feel for the magnitude of the differences which could be expected, the 
averaged local pressure coefficients, CpL may be compared with the distributions 
of local pressure coefficients over a surface reported in reference 5. Table 2 
is a comparison for the case of a wind direction of 0 0 and a side ratio of 1.0. 
The three columns of data show the averaged local pressure coefficient for each 

'side (corresponding to Fig. 2) and the maximum and minimum mean local pressure 
coeffiCient on a side. These data show that the use of an aVerag,ed pressure 
coefficient can result in both over and under prediction of pressures by ~p to 
100%. Some design situations such as cladding design for large buildings may not 
be appropriate application of a spatially averaged pressure coefficient. In other 
instances such as low rise buildings or overall loadings, the concept should be 
useful. 
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TABLE 2. Variation of local pressure coefficient side ratio 1.0, wind direction 00 

Side CpL Maximum Minimum 
CpL CpL 

1 -1.1 -0.5 -2.6 

2 1.1 1.6 0.6 

3 -1.1 -0.5 -2.6 

4· -0.6 -0.4 -0.9 

Roof' -0.7 -0.5 -1.0 

In order to obtain a more qualitative idea of the differences between the two 
typea of coefficients presented in this paper, an example of the calculation of 
the mean pressures on a 70 m (200 ft) building will be examined. This comparison 
will only consider the determination of mean pressures. Design techniques for 
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peak pressures are beyond the scope of this paper. The example structure is 
assumed to be located in an exposure withOa power-law exponent of 0.22 (exposure 
B of Reference 6) and to experience a wind of 40 mJs (90 mph) at an elevation of 
9 m (30 ft). Four separate pressures were computed for each side for a building 
with a side ratio of 1.0 and an incident wind normal to side 2. These 'four cases 
are: (1) using pressure coefficie~ts from Ref. 6, (2) using ~L' (3) using ~R 
and (4) using data from Ref. 5. For the purpose of this compar1son, the data 
from Ref. 5 will be assumed to be the actual pressure at a selected location. 
The comparison was conducted at eight locations, in the middle of each side 
horizontally and at elevations representing 20% and 80% of the height of the 
building. The results as shown in Tables 3 and 4. !.t the 80% of building height 
~evel. the ANSI values have the best agreement, the CnR values are low and the 
~L are high when compared with the actual values. At the 20% of building height 
level all predicted values are less than the actual values. The values ~redicted 
using CEL and CpR are closer to the actual values than those predicted using 
the coeI:f1cients from the ANSI standard. 



378. 

SIDE 

2 

3 

~ 

R.'E. Akins, J. A. Peterka and J. E. Cermak 

TABLE 3. ComEarison of Eredicted mean Eressures z side 
elevation equal to 80% of building height 
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TABLE 4. ComEarison of Eredicted mean Eressures z side ratio 1.0, 
elevation equal to 20% of building heighF 

ANSI A58.1(6) 

-.77 kPa 
(-16 PSF) 

.91 kPa 
(19 PSF) 

-.77 kPa 
(-16 PSF) 

-.53 kPa 
(-11 PSF) 

~O.2S 
e Slot: I 
& Slot: 2 
I!I Slot: S 
X Slot: " 

: • IIOOf 

CpL CpR 

-1.24 kPa -1. 39 kPa 
(-26 PSF) (-29 PSF) 

1.19 kPa 1. 34 kPa 
(25 PSF) (28 PSF) 

-1.24 kPa -1.39 kPa 
(-26 PSF) (-29 PSF) 

-.67 kPa -.72 kPa 
(-14 PSF) (-15 PSF) 

ACTUAL(5) -
VALUE 

-1.58 kPa 
(-33 PSF) 

1.53 kPa 
(32 PSF) -

-1. 58 kPa 
(-33 PSF) 

-.81 kPa 
(-17 PSF) 

... : a 
~o+-------+-~~~~-~-r-------r---~;-------;-------f-------t-----; 
u .. ~.".. .. ::_. 

is .-. '-. ~':::~1< 
~H-------~.-~_~------_+------_+------r-------r------;-------;------; ... 
II: 
Go x 
i~~~-______ ~-_·~.r-~ ___ x ___ ~ ___ x ___ ~ ______ ~~ ___ +-______ '-______ r-___ -; 
~' . ---. .-.- .-_. 

-- ...... ---.--
i! 
.'+-------+-------r-------r_---~r_---~r_---_;------~-----_+-----~ 

Figure 7. Averaged Pressure Coef!icients Based on a Reference Velocity 
Measured at the Roof, CpR' for a Side Ratio of 0.25 

379 




