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ABSTRACT 

During the past thirty years, structural design standards in the United States have 

moved toward limit state design, or load and resistance factor design (LRFD). The 

framework, which was developed by Ellingwood et al. (1980) for implementing 

reliability methods into building codes in the context of LRFD, is widely accepted. 

Within the framework, the structural behavior can be addressed at or near the state(s) that 

are essential for adequate safety and serviceability; design uncertainties arising from 

randomness and modeling error can be treated rationally and quantitatively; the new 

knowledge from research is allowed to be incorporated into the codes and standards 

explicitly.   

The wind load factors and load combinations in ASCE 7 have remained 

substantively unchanged up through the latest standard edition, ASCE 7-05. Although the 

wind loads and load combinations generally were accepted by other standard groups in 

the late 70’s, there were some points of contention. Some issues which the code 

calibration exercise identified that could not be solved at that time have been under 

investigation during the past few decades, such as the wind directional effects and the 

probability distributions for modeling the extreme wind speeds for the hurricane-prone 

regions and the non-hurricane regions.   

Extensive research has been conducted in the past to establish the major factors 

affecting the wind load factors and to quantify to what extent these factors contribute to 

the inconsistent specifications inherent in the codes and standards. Since the design wind 

load coefficients are normally predefined as constant peak ones, the wind loads are 

proportional to the square of the wind speed. How to establish reasonable values of the 

extreme wind speeds for design purposes was the major concern and discussion of the 

past years. However, it was found that the inconsistency inherent in the wind load factors 

could not be resolved depending mainly on the extreme wind speeds. Some factors were 

proposed for estimating the uncertainties related to the aerodynamic, 

micrometeorological, and climatological parameters in the wind load model. The possible 
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effects of these factors on the wind load factors were suggested while further research 

was required to ascertain their effects. 

The uncertainties pertaining to the estimation of the design pressure coefficients 

were assessed in previous research, but no consistent conclusions could be adopted to 

incorporate into the probability framework developed by Ellingwood et al. (1980). The 

full-scale experiments conducted at the Wind Engineering Research Field Laboratory 

(WERFL) at Texas Tech University (TTU) have set a widely accepted benchmark for 

wind loads on low-rise buildings. A large amount of qualified full-scale data recently 

collected at WERFL enable a systematic analysis of wind loads on low-rise buildings. 

The calibration of the assessment methods for static structures, such as the quasi-steady 

method and the peak-factor method, was conducted. The techniques employed to predict 

the extreme wind load coefficients were examined. It was found that the adoption of 

Type I extreme distribution for predicting peak surface pressures, peak roof zone 

pressures and peak structural forces was appropriate. The correlation coefficient (time lag 

= 0) between the wind speed and the wind load coefficient as a function of wind angle of 

attack (AOA) was also investigated. These results can be clearly combined with the state-

of-the-art models of the other wind load parameters to carry out a full investigation of the 

uncertainties inherent in the wind load factors in ASCE 7 (2005). The applications of the 

findings of this study were also given. 

The structure employed in this study is a rectangular-shape-low-rise building (13 

ft high, flat roof, and no architectural features of the roof) located in open terrain. It 

doesn’t experience significant wind-induced dynamic amplification effects. The 

conclusions drawn from this study will be applicable to similar structures. 
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CHAPTER I  

INTRODUCTION 

1.1 Motivation 

Research focusing on the wind load capacity of low-rise buildings has been 

carried out since the late 1970s. The various geometries of low-rise buildings and the 

complicated interaction of such buildings with their environments make the explicit 

definition of the appropriate wind load capacities very difficult. However, experiments 

conducted in the past forty years have some remarkable improvements in establishing 

wind loads on some primary structural models. The specifications from these experiments 

have since found their way, with some modifications, into many codes and standards, 

such as ASCE 7 (2005) and AS/NZS 1170.2 (2002). Over time, the wind load models 

used in the codes and standards have become more complex. The wind load process in 

the codes and standards involves subjects of climate, meteorology, aerodynamics, 

structural mechanics and dynamics, and recently, structural reliability. 

As we all know, design codes play a pivotal role in the building process by 

providing the designers with loads to ensure a minimum level of safety against damage 

and collapse, which is consistent with economically acceptable rates of failure. How to 

minimize the risks related to the failure of structures and on the other hand, balance 

different requirements, such as simple design procedure and precise design load, and low 

risk of structural failure and economic design? This is possible by adopting the structural 

reliability theory. It maintains that the intersection of the probable load distribution and 

the probable strength distribution should be below pre-set limits. The advantage of this 

concept is that it can be used in a rational way to assess the various factors governing 

both sides of the equation, and it provides a mechanism to assess the importance of the 

various contributing factors.  

The widely accepted framework for implementing reliability methods into 

building codes in the context of LRFD was developed by Ellingwood et al. (1980). 

Within this framework, the structural behavior can be addressed at or near the state(s) 

that are essential for adequate safety and serviceability; design uncertainties arising from 
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randomness and modeling error can be treated rationally and quantitatively; the new 

knowledge from research is allowed to be incorporated into the codes and standards 

explicitly.  The comprehensive assessments of wind loads in ASCE 7 were carried out in 

the late 70’s and 90’s. The former was based on the wind load data and advanced first-

order reliability analysis methods available at that time. The latter was based on the 

experts’ opinion and no wind tunnel testing or field experiment was conducted. The 

issues which the code calibration exercise identified that could not be solved in the late 

70’s were still under investigation in the past few decades, such as the wind directional 

effects, the treatment of wind pressures for Main Wind Force Resisting System 

(MWFRS) and for Components and Cladding (C&C) of low-rise buildings, and the 

probability distributions selected to model the extreme wind speeds for the hurricane-

prone regions and the non-hurricane regions. 

Extensive examination of the above problems requires an acknowledgement of 

the probability density function (PDF) of each parameter included in the wind load 

equations. The uncertainties pertaining to the aerodynamic, micrometeorological, and 

climatological parameters in the wind load effect model should also be taken into 

consideration.  

Recent full-scale experiments conducted at WERFL, TTU have established a 

widely accepted benchmark for wind loads on low-rise buildings. A large amount of 

qualified full-scale data, which were collected at WERFL during December 2002 to July 

2003, allows a systematic analysis of the area-averaged wind pressures and the structural 

forces on low-rise buildings to be carried out in this study1, such as the calibration of the 

assessment methods for static structures, the calibration of the techniques employed to 

predict the extreme wind pressure (force) coefficients, and the selection of a simple and 

efficient probability density function (PDF) for the pseudo-steady pressure (force) 

coefficients.  

The low-rise buildings are very common today. They include schools, 

warehouses, and hospitals, as well as commercial, residential, and industrial buildings. 

They are the major concern of this study. Low-rise buildings defined in ASCE 7-05 

                                                 
1 This work was performed under the Department of Commerce NIST/TTU Cooperative Agreement Award 
70NANB3H5003. 
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(ASCE, 2005) are the enclosed or partially enclosed buildings that comply with the 

following conditions: 1) mean roof height is less than or equal to 60 ft (18 m); and 2) 

mean roof height does not exceed the least horizontal dimension of the building.    

The WERFL building employed in this study is an isolated rectangular-shape-

low-rise building surrounded by open terrain. It doesn’t experience significant wind-

induced dynamic amplification effects. The results generated from this study will be 

applicable to similar structures. 

1.2 Objectives  

As a thrust of investigation of the inconsistent specifications of the extreme wind 

loads on low-rise buildings and the corresponding wind load factors in ASCE 7-05, the 

major objectives of this study are:  

1) to calibrate the assessment methods for static structures and the techniques 

employed to predict the extreme wind pressure (force) coefficients; 

2) to establish simple, consistent and efficient probability density function (PDF) 

for the area-averaged wind pressures and wind forces on low-rise buildings; 

3) to investigate the possible effects on wind load factors by treating the design 

wind pressure (force) coefficient as a random variable with specified PDF and by 

considering the correlation of the wind speed and the wind pressure (force). The wind 

directional effects will be considered. 

1.3 Scope  

Wind loads on low-rise buildings presented in current codes and standards are 

largely based on wind-tunnel data and validated by meager full-scale data. In this study, 

only the qualified full-scale data measured at WERFL were used. The low-rise building is 

the main focus of this study. The results and discussions are related to the characteristics 

of the low-rise buildings without extra mention. The scope of this study includes 

1) examining the characteristics of the incident wind near the WERFL building 

and the wind pressures measured on the building. 

2) establishing the correlation coefficient (time lag = 0) of the wind speed and the 

wind pressure (force) coefficient as a function of wind angle of attack (AOA) and 

determining the statistics of the correlation coefficient (time lag = 0) with respect to 
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(w.r.t.) some major wind angles of attack. The synchronized measurements of the 

undisturbed wind speed above the WERFL building and the pressure coefficients on the 

building are employed. 

3) investigating the techniques for predicting the peak wind loading coefficients. 

4) calibrating the assessment methods for low-rise buildings, such as the quasi-

steady method and the peak-factor method. 

5) generating the pseudo-steady pressure (force) coefficients. The pseudo-steady 

pressure (force) coefficients are: 

a) windward wall pseudo-steady pressure coefficients, 

b) side wall pseudo-steady pressure coefficients, 

c) short leeward wall pseudo-steady pressure coefficients, 

d) long leeward wall pseudo-steady pressure coefficients, 

e) pseudo-steady pressure coefficients of four different roof zones, and 

f) pseudo-steady structural force coefficients (CFx,CFy and CFz). 

6) comparing the pseudo-steady pressure (force) coefficients derived from the 

full-scale data with those specified by ASCE 7-05. 

7) establishing the parameters of Type I extreme distributions of the largest (most 

positive) or the smallest (most negative) pseudo-steady pressure (force) coefficients w.r.t. 

some major wind angles of attack. 

8) determining the probability of exceedence of the design pressure (force) 

coefficients presented in ASCE 7-05. 

9) applying the 15-min mean extreme and the hourly mean extreme pseudo-steady 

pressure (force) coefficients to examine the inconsistency inherent in current extreme 

wind load specifications in ASCE 7-05. 

10) investigating the possible variations of the wind load factors caused by 

adopting different values of the correlation coefficient (time lag = 0) of the wind speed 

and the wind pressure (force). 

11) examining the wind direction factor by incorporating the Type I extreme 

distribution of the directional pseudo-steady pressure (force) coefficient and the 

correlation of the wind speed and the wind pressure (force). 
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CHAPTER II  

LITERATURE REVIEW 

Wind engineering is a name given by Cermak for the activities related to the 

impact of wind on engineering and society (Davenport, 2002). One of the main jobs of 

wind engineers is to determine the appropriate wind loads on structures. During the past 

four decades, the models used to establish the wind load have moved from relatively 

simple and straightforward (Davenport, 1961; Cook, 1980) to much more complicated 

(Kareem, 2003). To conduct this work effectively, the researchers need to have 

knowledge on the relevant questions of climate, meteorology, aerodynamics, structural 

mechanics and dynamics.  These questions connect with each other, forming the wind 

loading chain shown in Figure 2.1. Davenport pointed out that it required a certain 

robustness to use the chain for engineering applications. That is, the models used should 

represent the major factors and variables; they should also avoid insignificant details 

(Davenport, 1982).  

 

Figure 2.1 The wind loading chain (after Davenport, 1982) 

2.1 Wind Structure 

Wind loading competes with seismic loading as the dominant environmental 

loading for structures (Holmes, 2001). Currently, wind-related disasters are the most 

costly in terms of property damage and casualties. They are doubling roughly every 5-10 

years (Davenport, 2002). Although wind is a parasitic loading for most structures, we 

cannot live without it. The wind is part of the circulation of the atmosphere, which is a 

home for all of us. To evaluate wind loads on structures, knowledge of wind structure on 

both a macro- and micro-meteorological scale is necessary. Research on extreme wind 

speed is also reviewed in this section. 
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2.1.1 General 

The source of the wind’s energy comes from solar radiation, which is far more 

intense at the equatorial regions than the polar ones. The differential heating of the 

atmosphere creates a temperature gradient, producing density and pressure gradients 

which cause a circulation around the earth. Due to the rotation of the earth and the 

surface friction, the circulation breaks up into three separate ones in each of the Northern 

and Southern Hemispheres. These three belts further break up in the longitudinal 

direction due to the seasonal and geographical effects, developing corridors in the 

prevailing winds. At heights greater than about 1000 ft (300 m), where the influence of 

the frictional forces near the ground can be ignored, the wind reaches what is known as 

the gradient velocity. Its magnitude is a function of the latitude, the curvature of the 

pressure gradient (isobars) and their spacing (Davenport, 1963). 

Closer to the earth’s surface, the frictional forces gradually play an important role 

in controlling wind and the wind direction gradually turns towards the low pressure 

center instead of paralleling to the isobars. This effect is known as the Ekman Spiral and 

is normally neglected in wind engineering. Near the ground, airflow is slowed down by 

the drag forces. The drag forces are transmitted upwards by the Reynolds stresses which 

are generated by the momentum exchange between layers due to turbulence. The increase 

of the roughness on the ground will result in the rise of the turbulence intensity, the 

Reynolds stress, the drag force, the retardation at the surface, and the gradient height. 

From the previous descriptions, the wind at a point near the earth’s surface can be 

depicted by two aspects of the large scale movements of the pressure systems: 1) the rise 

of the gradient wind speed; and 2) the modification of influence of the surface roughness. 

Figure 2.2, in which the spectrum of horizontal wind speed at about 100-m height is 

shown, indicates that the variation of the wind speed generated by the two processes has 

completely different time scales.  
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Figure 2.2 Horizontal wind-speed spectrum at Bookhaven National Laboratory 
 at about 100-m height (after Van der Hoven, 1957) 

Wind-speed power spectrum analysis measures the change of the variance of 

wind speed with frequency. In Figure 2.2 the abscissa is presented on a logarithmic scale, 

with frequency indicated in cycles per hour and the corresponding period in hours. The 

area under the curve between any two frequencies is proportional to the energy within 

that frequency range. There are three peaks and one spectral gap shown in Figure 2.2. 

The first major peak at the low-frequency end of the spectrum occurs at a period of about 

4 days which corresponds to the typical 4-day transition period (passage time) of fully 

developed weather systems. The second major peak at the high-frequency end of the 

spectrum occurs at a period of between 1 and 2 minutes which is due to the 

characteristics of turbulence generated almost entirely mechanically by shear stresses at 

the ground surface. A minor peak occurs at a 12-hour period corresponding to the lulls in 

wind speed which usually occur at sunrise and sunset. There is one spectral gap ranging 

from 5 minutes to 5 hours between the two major peaks. The reason for the spectral gap 

in this range given by Van der Hoven is the lack of a physical process which could 

support eddy energy in the atmosphere. Van der Hoven suggests that the existence of this 

gap is in a wide variety of weather conditions and localities which is confirmed by 

Davenport (1963). Davenport (1963) pointed out that the shape of the spectrum and the 

position of the peaks would remain very much the same regardless of the geographic 

locality, the nature of the terrain and the height above the ground.  
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The gap is important to the evaluation of wind loads on structures. It enables a 

clear cut distinction to be made between the fluctuations generated by the 

macrometeorological systems (i.e. largely change of wind climate) and that generated by 

the micrometeorological systems (i.e. local variation of the atmospheric boundary layer 

itself). Thus the separate and independent assessment of these two aspects of wind 

fluctuation is confirmed. Since the natural periods of vibration of structures are usually 

less than 1 minute, the wind fluctuations related to the high frequency or the right part of 

the spectra are the main contributions to the wind loading on structures.  

The current wind model treats wind as mean wind speed with gust fluctuations 

superimposed. The former can be evaluated as the average velocity over some time 

period within the spectral gap. Due to the low variation in the spectral gap, the average 

speeds measured within the gap are almost equal. The current practice usually uses mean 

hourly wind speed. The latter obtained from the wind time series, of which the duration 

ranges from 10 minutes to 1 hour, are expected to contain almost all of the significant 

fluctuations of interest of structural design. Thus the 15-minute duration of wind speed 

recorded at WERFL is justified. 

2.1.2 Characteristics of Wind near the Ground in High Winds 

2.1.2.1 Mean Wind Speed Profiles 

The region within the influence of the earth’s frictional force is called the 

Atmospheric Boundary Layer (ABL). The velocity field within the ABL is assumed to be 

incompressible flow because the wind speed is considerably lower than the speed of 

sound. In addition, since the structural design is concerned primarily with the effect of 

strong winds, the ABL is assumed to be adiabatic or neutrally stable. The justification of 

this assumption is that, in strong winds, mechanical turbulence dominates the heat 

convection by far, so that thorough turbulence mixing will prevent temperature gradients. 

The growth of temperature gradients tends to increase the errors between the real mean 

wind speeds and those predicted by the mean wind speed profiles (the logarithmic law 

and the power law described later in this section). It is generally assumed that when the 

hourly-mean wind speed exceeds 10 m/s (22 mph) or 3-sec gust wind speed exceeds 15 

m/s (33 mph) at 10 m (33 ft) over open country, the temperature gradients can be ignored 
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(Cook,1985). The 15-minute averaged wind speeds measured at 4 m (13 ft) height at 

WERFL corresponding to the full-scale data used in this study are larger than 6.7 m/s (15 

mph) and it is acceptable. 

The two major mean wind speed models are the logarithmic law and the power 

law which are given by Equations 2.1 and 2.2, respectively. 
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where z  is the height above the surface, dz  is a ‘zero-plane displacement’, 0z  is the 

roughness length, )(zU  is the mean wind speed at height z , κ  is von Kármán’s constant 

( 4.0≈ ), and *u  is the friction velocity. For structural engineering application, dz  is often 

assumed to be zero which is based on a careful analysis of full-scale data (Biétry et al., 

1978).  

The power law profile is given as:        
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where z is the height above the surface, )(zU is the mean wind speeds at height z , 

)10(U is a reference mean wind speed at 10 m (33 ft) height above the ground, and α  is 

the exponent.  

The logarithmic law is based on fully developed airflow over homogeneous 

terrain. The logarithmic law is widely accepted by meteorologists as a representation of 

strong wind profiles in the lower atmosphere. However, there are disadvantages 

associated with the logarithmic law, for example, it cannot model the wind speed below 

the zero-plane displacement and it is less easy to integrate. The power law is often used 

by wind engineers. The power law has no theoretical basis and is adjusted to match the 

mean wind speed profiles derived from the logarithmic law to a certain height. 

Jensen (1958) demonstrates that “the correct model test for phenomena in the 

wind must carried out in turbulent boundary layer and the model law requires the 

boundary layer to be scaled as regards the velocity profile.” The characteristics of mean 

wind speed profiles are closely related to the surface roughness, as quantified by the 
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roughness length, 0z . The coefficient 0z  is usually estimated directly from the 

logarithmic wind speed profile near the ground.  

As mentioned above, it was implicitly assumed that the surface of the ground was 

uniform for a sufficient distance upwind to establish a steady-state flow. This is seldom 

the case. The theoretical aspects of the inner boundary growth phenomenon are beyond 

the scope of this study. 

2.1.2.2 Wind Gustiness 

Due to the randomness of the wind speed, a turbulent flow is typically 

characterized by a mean velocity and three fluctuating components of velocity in three 

mutually perpendicular directions. Some important quantities through which to define a 

turbulent flow are  

the PDF of wind velocity, 

the turbulence intensity, 

the integral scale of turbulence, 

the power spectrum of wind speed, and 

the correlation of fluctuating wind velocity components. 

Based on previous research, it is justifiable to assume that the PDF of the 

fluctuating components of wind velocity is of the normal or Gaussian distribution, which 

is expressed as  
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where 2
uσ  and u is the variance and the mean of the wind velocity components, 

respectively. 

The turbulence intensity of each fluctuating component is defined as the ratio of 

the standard deviation of that component to the mean along-wind speed. It is expressed as 
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where wvu III ,,  are the longitudinal, lateral, and vertical turbulence intensities, 

respectively; wvu σσσ ,,  are the standard deviations of longitudinal, lateral, and vertical 
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components of wind speed, respectively; U  is the longitudinal mean wind speed. The 

turbulence intensity is related to the surface roughness. 

The integral scales of turbulence are divided into the integral time scale and the 

integral length scale. They represent the average period of large eddies and the average 

size of large eddies in the flow, respectively (Liu, 1991). There are totally nine integral 

length scales, corresponding to three dimensions ),,( zyx  of the eddies related to the 

longitudinal, lateral, and vertical fluctuating velocity components. In general, the 

longitudinal integral length scale of turbulence is larger than the lateral and vertical ones. 

The integral scales of turbulence have a large degree of variability. They are dependent 

on the atmospheric stability condition, the height above the ground, and the terrain 

roughness. For further details refer to Chok (1988) and Campbell (1995). 

The power spectrum of wind speed over a relatively high frequency range (i.e. the 

right hand peak in Figure 2.2) is the main concern of structural engineers. The typical 

shape of the power spectrum is shown in Figure 2.3. It depicts three stages of the eddy 

flow, which are the production subrange, the inertial subrange, and the dissipation 

subrange. At the relative low-frequency end of the production subrange, the largest 

turbulent eddies interact with and extract energy from the mean flow by a process called 

vortex stretching. Suitably aligned eddies are stretched by the mean flow because one end 

is forced to move faster than the other. The energy generated by the stretching work 

maintains the turbulence. In the inertial subrange, smaller eddies are stretched strongly by 

relatively larger eddies but more weakly by the mean flow. In this way, the kinetic energy 

is handed down from the large eddies to the gradually smaller and smaller eddies; this is 

known as the energy cascade. The total energy of the inertial subrange is almost the same 

as that of the production subrange. In the dissipation subrange, the viscous effects are 

dominant. The energy contained in the smallest eddies is dissipated by the work against 

the action of viscous stresses and is converted to thermal internal energy. The losses of 

energy associated with turbulent flow are progressively increased during this range. The 

precise modeling of the turbulence in the wind tunnel requires not only the simulation of 

the profiles of the turbulence intensities, but also the duplication of the spectral densities. 

The variations of the power spectrum are due to changes in mean wind velocity, surface 
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roughness and height above ground. The calculations of the power spectrum can be found 

in Bendat and Piersol (2000) and Simiu (1996).  

 
Figure 2.3 Turbulence spectrum (after Cook, 1985) 

The correlation and covariance functions are two important properties of wind 

turbulence related to wind loading (Holmes, 2001). They will be used to measure the 

relationship of the wind fluctuating turbulence at one point in space with respect to the 

time lag or at two points in space with respect to the distance.  

2.1.3 Extreme Wind Speed 

Any prediction of response to wind can not be accomplished without the 

prediction of the wind climate. The term “wind climate” normally refers to the 

characteristics of the wind determined over many years by the general weather pattern, as 

distinct from “wind structure”, as those wind characteristics are dependent on the local 

environment (Davenport, 1982). For structural design purposes, attention is often focused 

on the extreme wind. The reason for preferring extreme wind speeds is that they provide 

an important parameter in defining overall strength, durability, and risk-of-failure of 

structures. On the other hand, the parent distributions are important in determining 

serviceability of a building (i.e. acceleration levels), a matter which is essentially 

sensitive to the common event rather than the rare one. 

Accurate estimation of extreme wind speed not only depends on the quality of the 

data but also on the state-of-the-art methods. The reliable wind speed data should satisfy 

several conditions. First, during the period of collecting the wind speed data, it is 

assumed that the instrumentation performed adequately and was properly calibrated. The 
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atmospheric stratification may be assumed to have been neutral. Second, all the data 

belonging to a set may be considered micrometeorologically homogeneous. It means they 

are of a common averaging time, at the same height above the ground and with the same 

surrounding terrain roughness. Last, the prediction of extreme wind speed in well 

behaved wind climates and in hurricane-prone regions is dealt with separately. Well 

behaved wind climate is defined as a climate in which extraordinary winds (tornadoes, 

thunderstorms, etc.) may not be expected to occur. 

Methods used to calculate extreme wind speed have been well developed. An 

extensive review of the methods was given by Palutikof (1999). He pointed out that 

although the methods for analyzing the short time series were available, the use of long 

term data set based on the Generalized Extreme Value distribution (GEV) or the 

Generalized Pareto Distribution (GPD) was preferred and the results were more reliable.  

The correct evaluation of the PDF of extreme wind speed has important 

consequences with respect to safety and cost. After carefully examining 37 one-year 

series of five-minute largest yearly speeds, Simiu (1996) suggested that the Type I 

extreme distribution model is justified for extreme wind speeds in well behaved climates. 

The predicted extreme wind speed is commonly expressed in terms of the quantile value, 

for example, the maximum wind speed which is exceeded, on average, once every 

N years (the return period). ASCE 7 requires that ordinary structures be designed for an 

annual exceedence probability of 2% which is equivalent to 50-year return period.  

Since the available hurricane wind data on the coast are too sparse, they can not 

provide a suitable basis for predicting hurricane wind speeds. The alternate approaches to 

generating the data are Monte Carlo Simulations and physical wind models. It was found 

that the Weibull distribution provided the best fit for hurricane winds (Kriebel et al., 

1997). It was noted by Simiu (1996) that an analysis of a mixed distribution of hurricane 

and tropical cyclone winds (since they both occur in some regions) was complex and was 

not thought to provide sufficiently increased accuracy of prediction. 
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2.2 The Interaction of Wind and Structures 

2.2.1 Introduction 

The majority of the structures all over the world are low-rise buildings, such as 

schools, warehouses, and hospitals. Although many research efforts have focused on low-

rise buildings during past decades, the determination of wind loads on low-rise buildings 

is still open to discussion because the geometries of low buildings vary widely, the 

interaction of such buildings with their environment is complicated, and the evaluation of 

internal pressure is difficult. The wind load specifications in current codes and standards 

are mainly established through presumed critical load effects on a number of fundamental 

structural systems. It should be noted that the shapes of the distributed load are not 

sensitive to the details of the structural system. 

During the past thirty years, the basic mechanisms underlying the interaction of 

wind and low-rise buildings have been understood. Comparisons of full-scale and model-

scale experiments have enabled the improvement of techniques for wind tunnel 

simulation. The data generated from wind tunnel experiments have become more reliable. 

The comprehensive wind tunnel experiments of low-rise buildings were conducted in the 

1970s at the University of Western Ontario, Canada. Recently the full-scale experiments 

carried out at Texas Tech University have received world-wide recognition and created a 

benchmark for wind load on low-rise buildings. 

In this section, the characteristics of wind flow around bluff bodies are presented. 

The wind effects on structures and the structural response to the wind are discussed. The 

factors affecting wind loads on low-rise buildings are summarized. The details of bluff 

body aerodynamics can be found in Cook, 1985; Simiu, 1996; and Lawson, 2001. 

Extensive state-of-the-art reviews of wind loads on low-rise buildings have been given by 

Holmes (1983), Stathopoulos (1984), ASCE Committee (1987), and Krishna (1995). 

Much of the literature presented in this section is extracted from these references. 

2.2.2 Bluff Body Aerodynamics  

The applications of aerodynamics to civil engineering structures began forty years 

ago (Simiu, 1996). Since most structures of interest in structural design are bluff shapes, 

bluff-body aerodynamics is the major concern in wind engineering. Wind loads on 



 15

structures are due to wind buffeting and the turbulence generated by the interaction 

between structures and approaching wind flow. The highly turbulent flow near the earth’s 

surface has significant influence over the wind loads experienced by the buildings and 

structures. The main features of the three-dimensional wind flow around a cubic building 

are depicted in Figure 2.4. The general characteristics of simplified three dimensional 

wind flow around a rectangular building will be discussed as wind flow on the windward 

wall, leeward wall, side wall, and roof. 

 
Figure 2.4 Typical wind flow patterns  

around the building (after Cermak et al., 1989) 

2.2.2.1 Windward Wall 

The windward wall is defined as the surface of the building to which the wind 

direction is normal. According to Bernoulli’s Equation, a stagnation point will be found 

on the windward wall. The stagnation point is usually at about two-third of the building 

height. It depends on the aspect ratio of the wall and the pitch of the roof. Above the 

stagnation point, the wind turns and flows over the building. Below the stagnation point, 

the wind near the centerline of the windward wall flows downwards. For the wind away 

from the centerline, one part of the flow is turned sideways and the other flows around 

the ends of the building with a downward velocity component. The down flow finally hits 

the ground and rolls up into a vortex, known as the horseshoe vortex, in front of the 

windward wall. It induces a high shear region around the windward wall and has a 
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significant effect on the distribution of windward wall pressures (Martinuzzi and Havel, 

2000). The mean pressures on windward walls are positive (act inward) and the 

maximum value is at the stagnation point. 

2.2.2.2 Side Wall 

The side wall, which is next to the windward wall, experiences a separation flow 

and a reattachment flow. Since the wind flow always separates at the sharp corners of the 

bluff bodies, the effect of Reynolds number is negligible. The separated flow region is a 

shear free region that does not attach to a surface. Between the separated flow region and 

the surface, there is a thin region of high shear and vorticity that contains the separation 

bubble. The separation bubble provides high suctions near the leading edge of the side 

walls. It is very unstable and subsequently dissipates downwind. The reattachment flow is 

governed by the turbulence of the approach flow, surface roughness, and dimensions of 

the structures. The term “reattachment” describes the phenomenon that the flow 

streamlines, separated at the leading edge corner of the surface, reattach onto the surface 

again. The mean pressures on the side wall are negative (outward acting). The magnitude 

decreases from the leading edge of the side walls to the downwind. 

2.2.2.3 Roof 

The wind flow patterns over a roof are complicated because of the various 

possible shapes of a roof (i.e. round or pitched), architectural features of a roof (i.e. 

mullions, overhangs, or parapets), and its sensitivity to the wind characteristics. In this 

study, the discussion will focus on flat roofs under some critical wind angles of attack. 

When the incident flow is normal to the wall, similar flow separation and 

reattachment, as described above for the side walls, occur on the roof. The magnitude of 

the mean pressure coefficients is generally larger on the roof than on the side walls. The 

full-scale flow visualization study conducted by Wagaman (1993) on the WERFL 

building indicated that the average length of the separation bubble for the long wall was 

14.5 ft with the range of 10.5 ft to 16.6 ft and a standard deviation of 2.26. The average 

height of the separation bubble was 3.34 ft with the range of 2.38 ft to 4.00 ft and a 

standard deviation of 0.54. The simultaneously recorded mean wind speeds range from 

8.53 mph to 11.16 mph at 13 feet height. For the short wall experiment, the average 
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length of the bubble was 13.9 ft with the range of 9.1 ft to 19.2 ft and a standard deviation 

of 2.66. The average height of the separation bubble was 3.06 ft with the range of 2.5 ft to 

3.75 ft and a standard deviation of 0.48. The simultaneously recorded mean wind speeds 

range from 8.07 mph to 14.49 mph at 13 feet height. The average height and length of the 

separation bubble formed by both the long and short walls were statistically similar at the 

95% confidence level. It was also noted that there were no significant relationships 

between the wind statistical properties and the separation bubble characteristics; 

however, the correlation test suggested that the height of the bubble was positively 

correlated with the length of the cavity. The interior flow structure model of the 

separation bubble proposed by Hosker, which was characterized by low mean speeds, 

high turbulence, recirculation, and long residence times, was verified by Wagaman 

(1993).   

When the wind blows obliquely onto the corner of a roof, conical vortices, which 

are also known as delta-wing vortices, emerge as shown in Figure 2.5. The rotation of the 

vortex induces a downward component to the separation flow; this helps the separation 

flow reattach at the center of the roof between the pair of vortices. Very high suctions are 

found between the edge of the roof and the line of the vortex. Relatively lower suctions 

are found under the vortex. The suctions in the center of the roof are the lowest. The 

dramatic changes of pressure over very short distances in some regions of the roof 

indicate the complexity of the flow on the roof. The full-scale study of conical vortices 

conducted by Wu at Texas Tech University showed that when the angle of attack reached 

210º-220º, strong vortices were formed on the leading roof corner. The projection pursuit 

approach presented by Gilliam et al. (2004) showed great promise in the identification of 

intermittent flow on the roof when it experienced conical vortices. 
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Figure 2.5 The conical vortices (after Cook, 1985) 

2.2.2.4 Leeward Wall 

The leeward wall is usually exposed to the wake flow. The term “wake” is the 

section of low velocity and turbulent flow in the downstream region of a body. The 

general flow pattern in the wake is illustrated in Figure 2.4. A horseshoe vortex on the 

leeward wall is generated by the horseshoe vortex of the windward wall through the shear 

layers on the side walls. A large circulation flow along the center line of the building in 

the wake is driven by the shear flow on the roof. The pressure on the leeward wall is 

negative (due to the separation flow) and almost constant over its surface (due to low 

velocity and highly turbulent flow). The flow pattern in the wake is dependent on not 

only the face of a structure presented to the approaching wind but also the streamwise 

length and general shape of a structure.  

2.2.3 Wind Loads on Low-rise Buildings 

2.2.3.1 Introduction 

Considerable progress has been made over the past years in specifying the 

appropriate wind loads on structures. This is due in large part to the improved 

technologies, such as the turbulent boundary layer wind tunnel, new data acquisition 

systems, and computers. Wind tunnel tests, full-scale measurements, and investigations 

of previous severe wind damage events have suggested that the most functional way to 

describe wind loading for design applications is to divide loads into three categories: 
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Determine the design wind loads for the main wind-force resisting system of the 

building or structure, 

Determine the design wind loads for the fasteners, cladding, and components 

which must resist the higher loadings induced over very small areas, and      

Determine the design wind loads induced by wind-borne debris or missile loads 

(Cermak, 1991). 

Wind load codes and standards based on extensive research have been largely 

developed and widely accepted during recent years. Although the variations of formats 

and parameters still exist in current codes and standards, they regularly contain the 

following aspects:  

“1) A specification of a basic or reference wind speed for various locations, or 

zones, within a jurisdiction. Almost always a reference height of 10 m in open country 

terrain is chosen. 

2) Modification factors for the effects of height and terrain type, and sometimes 

for: change of terrain, wind direction, topography, and shelter. 

3) Shape factors (pressure or force coefficients) for structures of various shapes. 

4) Some account of possible resonant dynamic effects of wind on flexible 

structures (Holmes, 2001).” 

2.2.3.2 Wind Loads on Low-rise Buildings in ASCE 7-05 

The definition of low-rise buildings given by ASCE 7 (2005) is enclosed or 

partially enclosed buildings that comply with the following conditions: First, mean roof 

height h is less than or equal to 60ft (18m); Second, mean roof height h does not exceed 

the least horizontal dimension of the building. 

In general, low-rise buildings are included in the rigid-structure category, since 

they have high fundamental frequency and are not to expect exhibit significant dynamic 

amplification effects under wind action. 

There are three methods currently used in ASCE 7 for estimating the wind loads 

on low-rise buildings. They are the simplified procedure, the analytical procedure and the 

wind-tunnel procedure. The structure is conceptually divided into MWFRS and C & C. 

The design pressure coefficients related to MWFRS and C&C are described as follows. 

a. Main Wind Force Resisting System (MWFRS) 
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The definition of MWFRS given in ASCE 7, Section 6.2, is an assemblage of 

structural elements assigned to provide support and stability for the overall structure. The 

system generally receives wind loading on more than one surface. 

Structural components can be part of MWFRS when they help in transferring 

general loads, for example, cross-bracing, shear walls, roof trusses, and roof diaphragms. 

In a diaphragm building, MWFRS can be divided into vertical diaphragms (e.g., shear 

walls, X-bracing, or moment frames) and horizontal diaphragms (i.e., floors and roofs). 

Wind forces are transferred from horizontal diaphragms to vertical diaphragms. 

Pressures induced by wind are transient, and fluctuate significantly in both time 

and space. Therefore, it is necessary to average over not only time but also to spatially 

average the pressure coefficients generated from wind-tunnel experiments to obtain 

quasi-static loadings. For MWFRS, fluctuating pressures across large surface areas, such 

as that on the windward face of a building, which are measured in points, are generally 

less correlated when the points are widely separated by space. Thus conventionally, mean 

pressure coefficients have been used in the procedure to develop code wind-load 

equations for the design of MWFRS. These coefficients must then be amplified by a gust 

response factor.  

There are two sets of pressure coefficients involved in the analytical procedure for 

MWFRS design purpose. One is measured in the uniform flows of low turbulence and is 

applicable for the buildings of all heights. These pressure coefficients should multiply the 

gust effect factor, G, which accounts for the longitudinal loading effects due to both the 

interaction between wind turbulence and structures and dynamic amplification 

experienced by flexible buildings and structures. The other is based on the wind tunnel 

experiments conducted in the 1970s at the UWO, Canada. These pressure coefficients are 

“pseudo” pressure coefficients which envelope the maximum induced force components 

(bending moment, shear, and thrust) for all possible wind directions and exposures. 

b. Components and Cladding (C&C) 

In ASCE 7, Components and Cladding are defined as elements of the building 

envelope that do not qualify as part of the MWFRS. Components typically receive wind 

loads directly or they receive wind loads from cladding and transfer the load to the 

MWFRS. Cladding receives wind loads directly.  
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Examples of components include purlins, roof decking, roof trusses, fasteners, 

parapets and studs. Engineers using the wind loadings to design components should be 

cautious. In some circumstances, certain components require design for more than one 

type of load. For example, long span roof trusses should be designed for loads related to 

MWFRS, but specific elements of trusses should also be designed for component and 

cladding loads. Wall coverings, wall curtains, roof coverings, exterior windows (both 

fixed and operable), doors, and overhead doors are examples of cladding given by ASCE 

7. 

The procedures used to codify wind loads for components and claddings are 

complicated. First, the area associated with the components may be small; the point 

pressures involved usually fluctuate and may be highly correlated. Second, the localized 

pressures induced by wind may change considerably with respect to specific locations on 

the building. Many factors should be considered, such as tributary area, direction of the 

wind, height above ground level (for windward faces), terrain exposure category, and 

local geometric discontinuity in building surfaces. 

The pressure coefficients specified for the C&C design given in ASCE 7 are peak 

pressure coefficients determined by an envelope approach. They are largely based on 

wind tunnel experiments. The peak pressure coefficient is denoted by the symbol pGC , 

which indicates the value of the peak pressure coefficient equals to the product of the 

gust effect factor and the mean pressure coefficient. The effects of approaching wind 

direction have been eliminated by providing an envelope of the maximum observed 

values corresponding to all possible wind directions. The surfaces of the building have 

been “zoned.” 

2.2.3.3 Techniques for Evaluating Area Loads  

The short duration peak loads acting over a tributary area are of main interest in 

design. Some technologies have been developed to assess the area loads. There are two 

techniques current used for evaluating wind loads on building components (i.e. roof panel 

and cladding) today. One is pneumatic averaging method proposed by Surry and 

Stathopoulos (1977) and the other is the area-averaged method - individual point pressure 

time series measured at N pressure taps within an effective area, are weighted by the ratio 
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of the tributary area of each tap to the total effective area, and electrically summed 

together to form an area-averaged pressure coefficient time series. The latter has been 

widely accepted and used both in full-scale measurements and wind tunnel tests. 

For evaluating wind loads on primary structural systems, the on-line computer 

weighting method proposed by Surry and Stathopoulos (1977), the covariance integration 

method  proposed by Holmes and Best (1981), and the load-response-correlation method  

proposed by Kasperski and Niemann (1992) are largely applied in current research.  

All of the above methods are based on the assumption that the average of discrete 

fluctuating point pressures, sampled within a finite area of a surface, adequately 

approximates the continuous average aerodynamic load on the surface of consideration 

(Holmes, 2001). 

Historically, an alternative method, which is known as the “equivalent time 

averaging”, has been used to adjust the fluctuating wind pressure at a point, to account 

for their reduced effect on a whole structure or on a tributary area of finite size. The 

“equivalent steady gust model”, UL /5.4≅τ ,  is first proposed by Lawson (1976, cited 

from Holmes, 2001) for determining wind loads acting over finite surface areas from 

point pressures. The averaging time (load duration), τ , was estimated by the 

characteristic length, L ,usually taken as the diagonal of the loaded area, and  U , the 

mean wind speed. In this approach, the time series of fluctuating point pressures are 

passed by means of a moving average filter. Holmes (1997) pointed out that the 

“equivalent steady gust model” was unconservative due to the moving average filter 

formed by the coherence function instead of the aerodynamic admittance function and a 

more appropriate form, UL /0.1≅τ , was suggested. 

2.2.4 Factors Affecting Wind Loads on Low-rise Buildings 

2.2.4.1 Terrain Roughness 

The design mean wind speed profiles in wind codes and standards are directly or 

indirectly derived from the logarithmic law which is influenced by terrain roughness. The 

variation of terrain roughness will change the roughness length ( 0z ) and ‘zero-plane 

displacement’ ( dz ), which are parameters of the logarithmic law. A full-scale study 
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conducted by Gardner (2004) pointed out that both ASCE 7 and AS1170.2 overestimated 

the 3-second gust wind speeds by approximately 6 and 11% respectively due to the 

underestimation of 0z  in the suburban terrain. It also noted that ignoring the effects of dz  

could result in mean wind speed underestimations as high as 35%. Since the design wind 

pressures are proportional to the square of the design wind speed, the terrain roughness 

has crucial effects on wind loads on structures. A common practice to include the effect 

of the various well-established terrain roughness is dividing the terrain roughness into 

different exposure categories (i.e. ASCE 7 has Exposure B, C and D). On the other hand, 

the effects of a terrain transition zone, of which the surface roughness is between the 

different exposures categories, are evaluated by transition zone models.   

In general, the rougher the terrain, the higher the wind fluctuations or wind 

pressures. However, the trend of the variations of the pressure coefficients due to marked 

changes in terrain roughness is not always consistent. The reason is that the pressure 

coefficient is expressed in dimensionless form and its magnitude is dependent on both the 

pressures (the numerator) and the dynamic pressures (the denominator). 

2.2.4.2 Wind Direction 

Previous studies have demonstrated that wind pressures are dependent on the 

wind direction (angle of attack of wind on the building). When the approaching wind is 

normal to a face of a building, the windward wall and the leading edges of the sidewalls 

experience high pressures and high suctions, respectively. When a structure is presented 

to quartering winds, high suctions occur near the leading roof corner region. In Codes and 

Standards, the design pressure coefficients are normally given based on a “worst wind 

direction” assumption. In general, this is not true, because the orientations of the 

buildings are various, the wind flow in an area is random, and the response of a structural 

is direction-dependent. Studies on the influence of wind direction (Davenport, 1993) 

suggested that the magnitude of the “effective pressure coefficient”, the ratio of the once-

in –50-year pressure to the dynamic pressure based on the once-in –50-year wind speed, 

is approximately 10-30% less than the maximum (minimum) pressure coefficient. The 

argument also applies in hurricane areas due to the narrow range of wind direction within 

which the true peak wind speeds will occur.  
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2.2.4.3 Building Geometry 

Although wind loads increase with the building height, it was found by Davenport 

(1978) that the dependence of the pressure coefficients on height can be reduced 

considerably by referencing them to the dynamic pressure at the mean roof height (for 

low pitch roofs). For buildings with height-to-width ratios and length-to-width ratios 

from 1.0 to 3.0 the wind loads do not depend significantly on the building length (ASCE 

Committee, 1987) and the magnitude of the pressures on the longer wall are generally 

smaller than on the shorter wall.  

The study concerning wind loads on very large, very low buildings carried out by 

Gerhardt and Kramer (1992) pointed out that the roof pressure distribution was strongly 

affected by the height to width ratios when they are greater than or equal to 0.1. 

Recent wind tunnel experiments of generic low building models were carried out 

at the UWO. Comparisons of the test results using the models, which had similar 

geometries but different plan dimensions and building heights over an open country area, 

indicated that the mean and r.m.s. pressure coefficients agreed well except that the model 

having largest plan size showed slightly higher mean pressures at the leading edge (Ho et 

al., 2005). 

The studies conducted by Ho et al. (2005) confirmed that roof slopes less than 10˚ 

have similar aerodynamic behavior - the pressure distributions on the low pitch roofs 

were continuous across the ridge and almost identical with respect to the same incident 

wind. For the range of pitched roofs about 10˚ to 20˚, there is a marked change at the 

ridge and the pressure distribution is similar to that at the leading edge but reduced 

rapidly towards the trailing edge. These are due to the second flow separation which 

results in the increase suctions on both sides of the ridge and the reattachment of the 

downwind flow with an accompanying recovery in pressure. It should also be noted that 

the steeper the slope, the higher reduction of the suctions at the leading edge of the 

building and the higher increase of the suctions behind the ridge. For a roof slope greater 

than 20˚, positive pressures occur on the windward roof face, and relatively uniform 

suctions occur on the leeward roof face resulting from fully separated flows without 

reattachment after the ridge (Holmes, 1983; ASCE Committee, 1987). 
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2.2.4.4 Time Averaging 

The wind speed in majority wind codes and standards is the peak value averaged 

over a certain period. The specification of the averaging time of the wind speed should 

correspond to the duration of the peak load action, which is a significant factor affecting 

structural behavior. The averaging time is normally chosen from 2 seconds to 1 hour. In 

general, as the averaging time decrease, the peak wind speed for a given return period 

increase. On the other hand, the shorter the load duration, the higher the peak pressure 

coefficients. 

2.2.4.5 Area Averaging 

The wind induced pressures over an effective area vary both in space and time. 

Research (Marshall, 1977; Davenport, 1978; Stathopoulos, 1981; Holmes and Best, 1981) 

has been carried out to assess area averaging effects on wind loads. It was found that 

using single point pressure measurements for an area for design purpose is highly 

conservative, since the unsteady pressures over an entire effective area were usually not 

fully correlated except for very small effective area. The larger the effective area, the less 

the correlation of the high frequency components of the wind induced pressure.  

The studies conducted by Davenport et al. (1978) showed that the high 

instantaneous suctions on roof surfaces, especially near eaves and corners, were reduced 

significantly if a tributary area representative of a panel was considered. It also noted that 

the magnitude of non-simultaneous averaged peaks would decrease more if the peak 

value of pressures averaged simultaneously over the area was taken. 

The experiments focused on wind loads on flat roofs carried out by Stathopoulos 

(1981) pointed out that the mean pressures had good correlations over an effective area. It 

was also found that the overestimation of the area-averaged peak pressures by pneumatic 

averaging the individual peaks was dependent on the location on the roof area with 

respect to the wind direction. Full-scale measurements on a mobile home carried out by 

Marshall (1977) indicated that both the r.m.s. pressure coefficient and the peak pressure 

coefficient obtained from spatially averaged pressure series were significantly less than 

the averaged values obtained by single point analysis. He also pointed out that the 

reduction was more pronounced for surfaces on the streamline than for the surfaces 

normal to the flow and, for the roof when the tributary area included pressure taps located 
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along the leading edge as well as the taps near the middle of the roof. However, the 

pressures over an area on the windward wall were expected to be highly correlated for 

tributary areas which are small compared to the scale of turbulence (Bhavaraju, 1993). 

The spectra analysis of both wind speed and wind loads given by Kim and Mehta (1977) 

indicated that wind loads over an area on the roof with respect to a certain range of 

frequency were little affected by the small scale turbulence generated by the interaction 

of the wind and the roof. 

2.2.4.6 Turbulence of the Approaching Wind 

The turbulence of the approaching wind is characterized by turbulence intensity 

and the integral length of turbulence. The magnitude of the r.m.s. pressure coefficient 

depends on the turbulence intensity of the flow field upwind and the location on the 

building surface. For low pitch roofs ( the range of roof pitches is 0º to 10º), the increase 

of the upwind turbulence will move the mean reattachment region on the roof closer to 

the leading edge and reduce the separation bubble size, thus generate high suctions under 

the bubble.  

2.2.4.7 Internal Pressure 

Internal pressures can form a high proportion of the total design wind loads for 

the structural parts (i.e. walls and roof) of low-rise buildings. Due to the variation of 

building permeability, the determination of internal pressures is difficult. It was found 

that internal pressures were time-dependent and spatially well-correlated. The main 

features of internal pressures with opening distributions ignoring the leakage of the 

building are depicted in Figure 2.6. 
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Figure 2.6 Variation of internal pressure with exterior openings  

for a typical building (after Liu, 1982) 

2.2.4.8 Shelter and Interference Effects 

Most low-rise buildings are located in an urban area and surrounded by buildings 

of similar size. The shelter and aerodynamic interference effects of upstream buildings 

are significant. Krishna (1995) pointed out that “even if one could get the most accurate 

set of pressure coefficients for a building (in the “stand alone” situation), the information 

will not be representative of the building when placed amongst a ‘mixed’ immediate 

terrain.” Three flow regimes depending on the building spacing were identified by Lee 

and Soliman (1977) and Hussain and Lee (1980). They are skimming flow, wake 

interference flow, and isolated-roughness flow. The study on tropical houses conducted 

by Holmes (1994) showed that the pressures on the walls and at the leading edge of the 

roof were reduced significantly by the upstream buildings of the same height, while the 

pressures on the other parts of the roof had less change. The ratio of the building height to 

the building spacing was a major parameter and the number of shielding rows is less 

important. A series wind tunnel pressure experiments carried out by Ho et al. (1990, 

1991) indicated that compared to an isolated building, the variation of peak wind load 

with direction on a building in ‘random city’ environments was less-distinct and the 

expected peak loads were much lower. It was also noted that a high coefficient of 
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variation (60% to 80%) of wind loads was found on the building in an urban area due to 

the variation in location of the building. Stuckley (2003) pointed out that both ASCE 7-

05 which does not consider shielding and the results given by Holmes and Best (1979) 

were conservative. 

2.2.4.9 The others 

Terrain roughness described in section 2.2.4.1 only includes the influence of small 

features, such as buildings, vegetation, walls and fences. The change of terrain generated 

by the large features such as hills and valleys are considered to be the topographic effects.  

Architectural features, such as mullions, overhangs and parapets, affect the wind 

flow close to the building and are able to modify the effective wind loads on low-rise 

buildings. For details refer to Simiu (1996). 

2.3 Some Issues Related to the Reliability Assessment of Wind Loads  

The comprehensive assessments of wind loads in ASCE 7 were carried out in the 

late 70’s and 90’s. A number of issues which the code calibration exercise identified that 

could not be solved in the late 70’s were still under investigation in the past few decades. 

The issues and the corresponding research are reviewed and outlined as follows: 

1) The reliability index, β, obtained by the calibration conducted in 1979 to 

existing acceptable designs for wind was about 0.5 less than that for structures in which 

gravity loads governed. In probabilistic terms, the limit state probabilities on first 

yielding of diagonal bracing or formation of the first hinge in flexural members were on 

the order of 5 times higher when wind load governed (Galambos, et al., 1982). Recent 

research carried out by Minciarelli et al. (2001) highlighted that the discrepancy between 

estimates of safety indices for gravity loads and wind loads was an artifact that could be 

removed by using current knowledge on probability distributions of extreme wind speeds. 

2) The treatment of wind directional effects. Research focusing on this issue has 

been conducted by Simiu (1980), Simiu and Heckert (1998) and Rigato et al. (2001), but 

none have resulted in generalized conclusions for codification. However, there is 

consensus that in general, it is not appropriate to account for wind directional effects by 

specifying a blanket reduction factor for the wind loads as suggested in ASCE 7-05. 
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3) The treatment of wind pressures for MWFRS and C&C of low-rise buildings 

using the same wind load factor is questionable. The first calibration conducted by 

Ellingwood et al. (1980) pointed out the issue but no solution was given. The second 

calibration conducted by Ellingwood and Tekie(1997) suggested that for comparable 

reliability of MWFRS and C&C design in the non-hurricane regions, the load factor for 

C&C would have to increase to 1.5. While consider the consequences of cladding failure 

centering more on economic than on life-safety issues, the load factor of 1.3 for C&C 

may be sufficient. It should be noted that no wind directionality factor was included in 

the above wind load factors. It also should be pointed out the latter calibration was not 

based on either theoretical analysis or, wind tunnel or full-scale experiments. Besides the 

two studies mentioned above, to the best of the author’s knowledge, very few study 

focusing on the issue is available in the current literature. 

4) It has been long recognized that the current wind load factors specified by 

ASCE 7-05 fail to provide a consistent design risk for all buildings, regardless of site, to 

maintain uniform reliability of buildings and other structures at all sites across the United 

States. This problem remains unsolved and extensive investigations have been 

undergoing in the past years.  
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CHAPTER III  

EXPERIMENT DETAILS AND DATA 

3.1 Field Site and Instrumentation 

3.1.1 The Wind Engineering Research Field Laboratory (WERFL) 

The WERFL is located at Texas Tech University in Lubbock, Texas. It includes a 

30×45×13 ft (9.1×13.7×4.0 m) prefabricated metal building and a 160 ft (49 m) high 

meteorological tower, which are shown in Figure 3.1. 

 
Figure 3.1 The WERFL building and the meteorological tower  

(after Levitan and Mehta, 1992) 

The WERFL building has the unique feature of being able to be rotated to control 

the angle of attack of the approach wind relative to the building. The meteorological 

tower is located 150 ft (46 m) west (280º wind azimuth) of the center of the WERFL 

building. Instrumentation is installed at six levels on the tower: 3, 8, 13, 33, 70, and 160 

ft (or 1, 2.5, 4, 10, 21, and 49 m). Gill UVW anemometers were used at all 

instrumentation heights to record the wind speeds for Mode 1001 (McElrath, 2005). 

Barometric pressure, temperature, and relative humidity sensors are mounted at the 13 ft 

(4 m) on the tower. They monitor and record the data simultaneously with the wind speed 

and the wind pressure data. 
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One sonic anemometer is installed on the center of the building roof. It is 30 ft 

(9.1 m) high above ground. The sonic anemometer measures wind speed and direction by 

transmitting and receiving sonic signals in three orthogonal directions. The sonic 

anemometer responds linearly and is free from contamination of the pressure, humidity, 

and temperature measurements, and the interference from other velocity components 

(Gardner, 2004).  

A fixed concrete block building located inside the test building serves as a center 

for data collection. The terrain surrounding the building is flat and open. 

The definition of the wind azimuth, the building position and the wind angle of 

attack is depicted in Figure 3.2.  

 
Figure 3.2 The definition of the wind azimuth, the building position  

and the wind angle of attack (after Levitan and Mehta, 1992) 
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3.1.2 The WERFL Building Tap Numbering System  

In this study, there are 204 pressure taps installed on all surfaces of the WERFL 

building. The tap numbering arrangement is based on the tap nominal coordinates. Each 

tap is given a five-digit number sxxyy, where s represents the surface on which the tap is 

located. The building short wall with the door is numbered 1 and the other walls are 

numbered clockwise. The roof surface is assigned the number 5. On a given surface, the 

two pairs of digits xx and yy represent the nominal local coordinates of the tap in feet. 

The left lower corner on any surface visible from the outside of the building is the origin 

for the surface and the coordinates of each tap are measured corresponding to this origin. 

Figure 3.3 shows the surface number and the pressure tap number of the WERFL 

building. 
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Figure 3.3 The definition of the surface number and the pressure 
 tap number of the WERFL building 
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3.1.3 Pressure Measuring System 

Pressures were measured using Omega (Honeywell) pressure transducers, with 

system response higher than 20 Hz. The pressure signals were sampled at 30 Hz. Each 

run had a 15-minute duration. The reference static pressure was measured from an 

underground box, which has a smooth lid with a small hole having an inside diameter of 

0.5 in (1.27 cm). It is located 75 ft (23 m) west of the center of the building. More details 

about the pressure measuring system can be found in Levitan and Mehta (1992). 

3.2 Qualified Data 

Several full-scale measurements have been carried out at WERFL in the past 

using different pressure tap combinations. Each configuration was assigned a different 

mode number or name. In this project, the set of runs is called Qualified Runs. It is 

selected from mode 1001.01 (84 runs) and mode 1001.02 (483 runs).  

A quality assurance program has been carried out by the WERFL team to collect 

reliable data during the past years. It includes a daily check of the field laboratory, 

frequent instrument calibrations and maintenance, and timely preliminary analysis of the 

data. The work is tedious but important in the data validation procedure. 

One important step in the data analysis procedure is the stationarity check of wind 

speed and wind direction. The stationarity of wind speed and direction is crucial in three 

aspects. First, if a stochastic process is stationary, its statistics (such as mean and standard 

deviation) are independent of the origin of time and are meaningful for practical 

applications. Second, many well-developed state-of-the art analysis procedures assume 

the time series are stationary. Last, the wind pressure measured in full scale with 

stationary wind speed and wind direction will be substantial to reproduce the 

phenomenon in wind tunnel and to calibrate the wind tunnel techniques. Stationary is 

established using the Run and Reverse arrangements test (Bendat, 2000). 

In this study, the results generated from the full-scale data will be compared with 

those specified in ASCE 7-05. To ensure the legitimacy of the comparison, the runs 

included in Qualified Runs should satisfy the following conditions: 1) the longitudinal 

wind speed is stationary, 2) the wind direction is stationary, and 3) the mean wind speed 

measured at 13 ft height is faster than 15 mph (the time length of the wind speed series is 

15 min). There were a total of 567 runs used in this study. Each run contained 317 time 
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series, including 204 point surface pressure coefficient time series. Each time series had 

26,999 point values which were recorded in a15-min duration. 

3.3 Wind Pressure Coefficient 

3.3.1 Introduction 

Wind-induced pressures are very small compared with the absolute atmospheric 

pressure. In practice, it is measured as the difference from the ambient static pressure. 

Wind pressure coefficients are the wind-induced pressures reduced to the form of non-

dimensional parameters. It may be written as 
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where  =)(tpT the total pressure representing the total energy in the flow which may be 

recorded as pressure, 

=)(tpS the static pressure, and 

=refq  the reference dynamic pressure which is equal to 25.0 refairVρ , where airρ  

is the density of air and refV  is the reference wind speed. 

Usually the reference dynamic pressure is corresponding to the hourly-mean wind speed, 

which is employed to remove the contributions of the wind climate and to leave the 

contributions from both the atmospheric boundary layer and the structure. This definition 

is the required form for ideal analysis of wind loading on structures, giving statistical 

independence and stationarity of records with time length longer than 1 hour. The values 

of the loading coefficients are therefore dependent on the site terrain characteristics as 

well as the shape and size of the building structure.  

The best form of coefficient is one which is the least sensitive to variations in the 

load duration, the site terrain, etc., and easy to apply (Cook, 1985). 

3.3.2 Area-averaged Pressure Coefficient 

Compare to the local wind loads at a point, the global wind loads or the area-

averaged wind loads are more realistic in engineering practice. They are the main focuses 

of this study. The area-averaged wind loads differ from the point wind loads since they 
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are representing wind loads over an area or the whole of the building structure, such as 

those experienced by the wall and roof. Therefore, it is desirable to use area-averaged 

pressure coefficient to account for the spatial and temporal correlations of the measured 

instantaneous point wind pressure within that area.  

The WERFL wind pressure data are documented as the point pressure coefficients 

which were obtained as the ratio of the aerodynamic forces at the points to a velocity 

pressures at the eave height of the WERFL building. 

To calculate area-averaged pressure coefficients, the tributary area assigned to 

each tap on the walls (the roof or the roof zones) of the WERFL building were 

established. The area ratio of each tap on each wall (the roof or each roof zone) of the 

building as a weighting factor was developed. The tributary area and area ratio of each 

tap on each wall and roof of the WERFL building were summarized in Bi (2004). The 

area ratio of each tap on each roof zone will be included in the attached CD of this 

dissertation. 

 The area ratio is calculated by dividing the tributary area assigned to each tap by 

the total area of the wall or the roof or the roof zone, depending on where the tap is 

located. For tap i  assigned to a tributary area Ai, the weighting factor for the pressure 

coefficient of tap i , Aiδ , was computed using 
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where iA  is the tributary area for tap i , kA  is the tributary area for the pressure tap k , 

k is the tap number, which ranges from 1 to n , and n  is the total number of pressure taps 

on a wall or a roof or a roof zone.  

To obtain the area-averaged pressure coefficient time series for each wall or the 

roof or the roof zone, each point pressure coefficient time series was multiplied by the 

corresponding weighting factor, Akδ , and summed. The equation is  

),()(
1

tCtC Pk

n

k
AkPA ∑

=

= δ        (3.3) 



 37

where )(tCPA  is the area-averaged pressure coefficient time series for each wall, )(tCPk  

is the measured point pressure coefficient time series for tap k , and n  is the total number 

of the pressure taps on the wall or the roof or the roof zone.  

The mean, root mean square, minimum and maximum area-averaged pressure 

coefficients are computed as follows: 

Mean area-averaged pressure coefficient, 
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Root mean square area-averaged pressure coefficient, 
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Minimum area-averaged pressure coefficient PAC
(

 is the single smallest PAC   

among the time series; 

Maximum area-averaged pressure coefficient PAC
)

 is the single largest PAC  

among the time series; 

where m  is the total number of the data points in each area-averaged pressure coefficient 

time series. In this study, m  is equal to 26,999. 

3.3.3 Mean Area-averaged Pressure Coefficient 

In ASCE 7-05, some design pressure coefficients known as mean pressure 

coefficients were measured in the wind tunnels with a uniform flow (no variation of wind 

speed with height) and very low incident turbulence. They multiply a gust effect factor to 

attain the peak pressures on structures. The gust effect factor is derived through dynamic 

analysis. The mean pressure coefficients in ASCE 7-05 are directly comparable to the 

mean pressure coefficients measured in wind-tunnel and full-scale experiments. Detailed 

discussion about the mean area-averaged pressure coefficient can be found in Akins 

(1976) and Akins et al. (1979). For research about the mean force and moment 

coefficients, refer to Akins and Peterka (1977).  
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3.3.4 Pseudo-Steady Pressure Coefficient 

The pseudo-steady pressure coefficient was proposed by Cook (1985). It was so 

named to differ from the mean pressure coefficient used to predict the peak wind pressure 

based on the quasi-steady assumption. 

The peak wind loads estimated based on the quasi-steady assumption and the 

wind tunnel measurement can be expressed in the forms of  

pt CVp 2ˆ
2
1ˆ ρ≅  (the quasi-steady assumption)    (3.6) 

phr CVp ˆ
2
1ˆ 2

1−= ρ  (the wind tunnel measurement)   (3.7) 

where tV̂  is the peak wind speed averaged in t  second and depends on which kind of 

p̂ we are interested, such as the peak wind loads on the claddings or on the structures. 

The selection of the value of t  is based on the “equivalent static gust” approach. Using 

eqns. (3.6) and (3.7), we can get 

p
hr

t
p C

V
V

C
2

1

ˆˆ
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
≅

−

       (3.8) 

To change the standard symbol ""≅  to ""≡  , Cook defined the pseudo-steady 

pressure coefficient, pC~ . 

p
hr

t
p C

V
V

C ~ˆ
ˆ

2

1
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≡

−

       (3.9) 

Due to the improvement of the technology, we can record a large number of point 

pressure coefficients within an area in which we are interested. The pressure coefficients 

for MWFRS design and C&C design are determined by the area-averaged method in 

stead of the “equivalent static gust” approach. The pseudo-steady pressure coefficient 

used in the codes and standards can be determined from the peak area-averaged pressure 

coefficients generated from the full-scale or model-scale experiments as follows: 

2

2

1

sec3 /ˆ
ˆ

ˆ~ GC
V
V

CC p
hr

pp =⎟⎟
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⎞
⎜⎜
⎝

⎛
=

−
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CC p
hr

pp

((
=⎟⎟

⎠

⎞
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⎝

⎛
=

−

−  (3.10) 

where G  is the gust factor.  
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3.3.5 Data Reduction 

In this study, we focus on area-averaged pressure coefficients. They are 

summarized in the following paragraphs.   

It should be noted that the original definition of the wind angle of attack,θ , is 

based on the building reference and shown in Figure 3.2. In this study, most of the 

analyses refer to the wind angle of attack as the local wind angle of attack, φ, which is 

based on each wall and the symmetry about the wall is applied. For example, the 0º wind 

angle of attack of the wall 1 is defined when the direction of the approaching wind is 

normal to the wall 1; the 180º wind angle of attack of the wall 1 is defined when the 

direction of the approaching wind is normal to the wall 3. In this dissertation, we name θ  

the original wind angle of attack and name φ the local wind angle of attack. 

Wall area-averaged pressure coefficient 

The statistics of the wall area-averaged pressure coefficients generated from full-

scale data are named with respect to the wall 1, the wall 2, the wall 3, and the wall 4, 

which is defined in Section 3.1.2 and depicted in Figure 3.3. We further categorize the 

statistics of the wall area-averaged pressure coefficients into the short walls and the long 

walls. The short walls are the wall 1 and the wall 3; the long walls are the wall 2 and the 

wall 4. This categorization is such defined in order to make a justified comparison to the 

wall design pressure coefficients in Figure 6-6 (ASCE, 2005).  

Roof zone area-averaged pressure coefficient 

The roof is zoned to generate the pressure coefficients for the roof zones that are 

comparable to those specified in Figure 6-6 in ASCE 7-05. The four roof zones are 

shown in Figure 3.4. For details about the roof zones on the WERFL building refer to 

Appendix A. 
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Figure 3.4 The definition of the four roof zones on the WERFL building (Unit: ft) 

Force coefficient 

In this study, the force coefficient time series for the WERFL building are 

expressed in the forms of  

WHV
tF

tC
ft

x
Fx 2

13min,155.0
)(

)(
−

=
ρ

          (3.11) 

LHV
tF

tC
ft

y
Fy 2

13min,155.0
)(

)(
−

=
ρ

        (3.12) 

WLV
tF

tC
ft

z
Fz 2

13min,155.0
)(

)(
−

=
ρ

        (3.13) 

The coordinate system used to describe the forces is shown in Figure 3.5. 

It should be pointed out that the magnitude of the roof area-averaged pressure 

coefficient is equal to the uplift force coefficient (
zFC ), since the roof slope is 

approximate zero. The time series of 
xFC  (

yFC ) are generated by the area-averaged 

pressure coefficient time series on the wall 1 (the wall 2) minus the area-averaged 

pressure coefficient time series on the wall 3 (the wall 4). 
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Figure 3.5 The coordinate system for defined wind forces 
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CHAPTER IV  

CHARACTERISTIC STUDY OF THE INCIDENT WIND  

NEAR BUILDING AND BUILDING PRESSURE 

4.1 Introduction 

The specification of appropriate wind loads for low-rise buildings has never been 

an easy job for wind engineers. However, significant improvements have been achieved 

during the past years in understanding the wind structures and the mechanisms 

underlying the interaction between wind and structures. These were reviewed in Chapter 

II. 

In this chapter, we will compare the mean wind speed profile and the wind 

turbulence intensity profile generated by the full-scale data recorded at WERFL with 

those presented by ASCE 7 (2005) and ESDU (1991). The comparisons of the PDF and 

the spectra of the wind speeds and the wind pressures and those demonstrated by 

previous research will be also conducted. The correlation between the wind speed and the 

simultaneously measured wind loads on structures will be examined.   

4.2 The Mean Wind Speed Profile and the Turbulence Intensity Profile 

The mean wind speed profile established for the WERFL building is based on the 

power law. The mean wind speed is the mean of a 15-min wind speed time series. 

Although the open terrain surrounded the WERFL building is mainly flat, a large 

variation in flow characteristics was observed. The summary statistics for the terrain 

roughness, the power law exponent, and the turbulence intensities at six levels are 

outlined in Table 4.1. 

The mean wind speed profile employed in ASCE 7-05 is also based on the power 

law. The power law exponent for exposure C is 5.6/1 . The equation used to derive the 

turbulence intensity as a function of the height above ground is eqn. 6-5 given by ASCE 

7 (2005). A range of roughness length 0z is specified for different exposure categories 

and the typical values of 0z  corresponding to derivation of the velocity pressure exposure 
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coefficients zK  are also given. For Exposure C, the range of 0z  is 0.01 m to 0.15 m 

(0.033 ft to 0.49 ft), and the typical value of 0z  is 0.02 m (0.066 ft). 

ESDU (1991, Data Item 82026) provides an accurate method for estimating 

hourly mean wind speeds in the neutral atmospheric boundary layer near the ground. It is 

based on the logarithmic law. ESDU (1991, Data Item 83045) enables us to estimate the 

expected maximum wind speed averaged over much shorter periods from the knowledge 

of the mean hourly wind speed. Since these data are generated based on extensive 

research, the results have been widely adopted by various studies.   

The comparisons of the mean wind speed profiles and the turbulence intensity 

profiles established from three different sources are shown in Figure 4.1. It indicates that 

there are uncertainties involved in using these profiles for wind load design purposes. The 

10th and 90th percentile of the mean wind speed profiles and the turbulence intensity 

profiles derived from the full-scale data are also shown in Figure 4.1. 
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(a) The mean wind speed profile 

Turbulence intensity profile
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(b) The turbulence intensity profile 

Figure 4.1 The mean wind speed profile and the turbulence intensity profile 
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Table 4.1 Summary statistics for the roughness length, the power law exponent,  
and the turbulence intensities at six levels (after Long, 2004) 

Parameters  z0* α I3 I8 I13 I33 I70 I160 

Mean 0.012 (0.041) 0.160 0.224 0.207 0.198 0.180 0.166 0.148
Standard 
deviation 0.011 (0.037) 0.022 0.024 0.026 0.027 0.025 0.025 0.03 

Minimum 0.0006 (0.002) 0.111 0.173 0.154 0.128 0.116 0.102 0.087

Maximum 0.116 (0.38) 0.229 0.368 0.371 0.366 0.365 0.361 0.336

10th Percentile 0.003 (0.010) 0.133 0.195 0.176 0.165 0.150 0.136 0.116

90th Percentile 0.027 (0.087) 0.190 0.255 0.242 0.234 0.212 0.199 0.187

# of data points 737 737 711 689 737 617 693 528 
Note: * the number outside the brackets is in meter and the number within the brackets is in feet. 

4.3 Spectra of Wind Speed and Wind Pressure 

4.3.1 Wind Speed Spectrum   

Davenport (1961) introduced the statistical concepts of stationary time series to 

the wind loading on structures. In this approach, it was assumed that although gusts 

occurred in a purely random sequence, their statistical properties over a suitable period 

could be regarded as constant and independent of the origin of time. Typically, a period 

between five minutes and an hour appears to be satisfactory. A prerequisite of any 

solution by using Davenport’s method is the knowledge of the spectrum of the gustiness 

which defines the frequency-wise distribution of turbulent energy in the wind.  

Since only the energy of the horizontal velocity component possesses major 

contributions both in the synoptic and the micrometeorological frequency range, the 

existence of a spectral gap between these ranges suggests a rather convenient separation 

of mean and turbulent flow in the atmosphere: flow averaged over a period of an hour is 

to be regarded as “mean” motion, deviations from such mean motion are considered to be 

“turbulence”. Attempts had been made to assess the possible changes in the spectrum due 

to variations in the mean wind velocity, the ground roughness, and the height above 

ground. These variations were reflected in several empirical expressions suggested for the 

spectrum of the horizontal gustiness in high winds which might be suitable for the wind 
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loading of structures. Interested readers are referred to Simiu (1996) and Tieleman (1995) 

for details. 

Figure 4.2 presents the spectra of the longitudinal velocity components measured 

at 13 ft and 30 ft heights at WERFL. The time length of the longitudinal velocity 

component time series is 15 minutes. They were sampled at 30 Hz. The spectra were 

calculated using Matlab SPA function, which uses the Blackman-Tukey method. 

Two sets of the longitudinal wind speed and its components at 13 ft height were 

recorded at WERFL. They are measured by the 3-cup anemometer and the UVW 

anemometer respectively. At 30 ft height, the longitudinal wind speed and its components 

were recorded by the sonic anemometer. Thomas (1996) pointed out that the deficiency 

of the 3-cup and the UVW spectra in high frequency range was due to insufficient high 

frequency response of those anemometers, which was caused by mechanical inertia 

filtering. The same phenomenon is also shown in Figure 4.2. The observed linear increase 

of the spectral densities for both the 3-cup and the UVW anemometers beyond the wave 

number (n/Vmean) 0.7 cycles/meter is generated by the noise. The sonic spectrum is 

considered to provide a more accurate description of the actual field conditions than the 

3-cup and the UVW anemometers. 
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Figure 4.2 Spectra of the longitudinal velocity components recorded by  

three different anemometers at WERFL (Run 2637, θ = 83.33º) 

4.3.2 Wind Pressure Spectrum 

The investigation of wind pressure spectra from the full-scale data measured on a 

low-rise building with 10º, 15º and 22.5 º roof pitches at Aylesbury was conducted by 

Eaton and Mayne (1978). It was found that the point pressure spectra might be divided 

into three categories. The first type was from windward wall and had one major peak 

which was very similar to the wind speed spectrum measured at the roof height. The 

second type was from the windward roof and was characterized by the absence of the 

main peak of the velocity spectrum. The third type was from leeward wall, leeward roof, 

the side walls, and the internal pressure. These spectra showed two major peaks: the 

lower frequency peak corresponded to the peak in the free-stream velocity spectrum and 

the higher frequency peak corresponded to the superimposed building-induced 

turbulence. 

The high-quality full-scale data recently collected at WERFL give us a general 

view of the spectra of the point and the area-averaged wind pressures. Figure 4.3 depicts 

the spectra of the point wind pressures recorded in Run 2637 (θ = 83.33º) in five flow 

regions on the WERFL building. They are: 
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(a) windward wall: near the stagnation (Tap 22508) 

(b) side wall 1: the separation at the leading edge of the side wall (Tap 33008) 

(c) side wall 2: the re-attachment on the downwind part of the side wall (Tap 

30008) 

(d) leeward wall: the re-circulation on the leeward wall (Tap 42008) 

(e) roof 1: the separation at the leading edge of the roof (Tap 53025) 

(f) roof 2: the re-attachment on the downwind part of the roof (Tap 50025) 

The angle of the approaching wind of Run 2637 deviates from the normal direction to the 

wall 2 about 6.67º. The wave number (n/Vmean) with respect to the peak of the selected 

point pressure spectrum on the windward wall shown in Figure 4.3 (a) is close to that of 

the longitudinal velocity component spectrum at 13 ft height.  

In this study, we focus on the area-averaged wind pressures and the structural 

forces. The spectra of the area-averaged wind pressures on the windward wall, the 

leeward wall, the side wall and the roof, and the structural forces including CFx, CFy, and 

CFz are shown in Figure 4.4. The selected time series is Run 2637. Compare Figure 4.4 to 

Figure 4.3, it suggests that the high-frequency fluctuations caused by the turbulence 

generated by the building itself are averaged out for the area-averaged wind pressures and 

the structural forces. The analysis also indicates that the deviation of the angle of the 

approaching wind from the normal direction to the wall 2 results in more complicated 

turbulent flow around the building than the wind blows normal to the wall 2.    

              

 



 
49

 
Fi

gu
re

 4
.3

 S
pe

ct
ra

 o
f t

he
 p

oi
nt

 w
in

d 
pr

es
su

re
s m

ea
su

re
d 

on
  

th
e 

W
ER

FL
 b

ui
ld

in
g 

(R
un

 2
63

7,
 θ

 =
 8

3.
33

º) 



 
50

 
Fi

gu
re

 4
.4

 S
pe

ct
ra

 o
f t

he
 a

re
a-

av
er

ag
ed

 w
in

d 
pr

es
su

re
s o

f t
he

 w
al

ls
  

an
d 

w
in

d 
fo

rc
es

 o
n 

th
e 

W
ER

FL
 b

ui
ld

in
g 

(R
un

 2
63

7,
 θ

 =
 8

3.
33

º) 



 51

4.4 PDFs of Fluctuating Components of Wind Speed and Wind Pressure 

4.4.1 PDF of Fluctuating Components of Wind Speed 

The PDF of fluctuating wind speed components within the atmospheric boundary 

layer are usually assumed to be Gaussian distributions based on the central limit theorem. 

ESDU (1991, Data Item 85020) pointed out that when larger gusts and longer lulls 

occurred more frequently than indicated by the Gaussian distribution, atmospheric 

turbulence contained “patches” of a significantly non-Gaussian nature (particularly in the 

lower 30 m). The non-Gaussian nature of the fluctuating wind speed components was 

also indicated by the analyses conducted by Davenport (1978), Panofsky and Dutton 

(1984), and Smith (1993).   

The PDFs of two fluctuating wind velocity components are plotted in Figure 4.5 

for Run 2637. It indicates that the PDFs of the two wind velocity components are non-

Gaussian. However, the assumption of Gaussian distribution for the calculation of wind 

loads on structures and the response of structures in strong winds is normally acceptable 

in most applications (ESDU, Data Item 85020, 1991). The distribution of the lateral 

fluctuating wind velocity component recorded by the UVW anemometer is narrower than 

that of the sonic anemometer. This indicates the UVW anemometer is insufficient to 

capture the large and fast fluctuations of the wind speed (Wu, 2000).  
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           Longitudinal wind velocity component         Lateral wind velocity component 

(a) UVW anemometer at the meteorological tower (13 ft above ground) 

 
           Longitudinal wind velocity component         Lateral wind velocity component 

(b) Sonic anemometer on the WERFL building roof (30 ft above ground) 

Figure 4.5 PDF plots of the fluctuating wind velocity components recorded 
by two different anemometers (Run 2637, θ = 83.33º) 
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4.4.2 PDF of Fluctuating Wind Pressure 

Knowledge of the PDF of the fluctuating wind pressures on buildings is important 

in the design of structural components. The research conducted by Stathopoulos (1979) 

indicated that the statistical distribution of local pressures on low-rise buildings was not a 

Gaussian distribution. It suggested that the positive skewness of the PDF of wind 

pressures acting on windward walls was mainly attributed to the non-Gaussian character 

of the wind speed distribution at the low heights, whereas the negative skewness of the 

pressures in the wake region appeared to be a basic property of separated flow fields. The 

study also proposed that the PDFs of area wind loads were expected to be Gaussian when 

the area became large, which was a consequence of the central limit theorem applied 

because of the low correlation of pressures acting on various points of a large area.  

Holmes (1981) conducted the study of the non-Gaussian characteristics of wind 

pressure fluctuations. He theoretically derived the PDF of the fluctuating wind pressures 

based on the equivalent steady gust model of the quasi-steady theory and the assumption 

that the PDF of the longitudinal fluctuating wind speed is Gaussian. His study showed 

that at high turbulence intensities of 20% - 30%, the difference between the theoretical 

PDF and the Gaussian distribution was significant. 

Letchford et al. (1993) studied the application of the quasi-steady theory to full- 

scale measurements on the WERFL building. They compared the PDF of the wind 

pressure generated from full-scale data with the theoretically derived PDF based on the 

quasi-steady linearised model and the assumption that the longitudinal, lateral and 

vertical fluctuating wind speed components were independent of each other. The study 

also assumed that all three fluctuating wind speed components were of Gaussian 

distribution. The comparisons indicated that the area-averaged pressures were closer to 

Gaussian distribution than point pressures, whereas skewness of the distributions still 

occurred. The study improved the prediction of the PDF of the fluctuating wind pressures 

by incorporating non-linear terms into the quasi-steady linearised model.   

The probabilistic study of wind pressures on buildings carried out by Yin (1996) 

suggested that the shifted lognormal distribution was the best model for point fluctuating 

wind pressures on the windward wall, in the separation bubble, on the delta-wind vortices 

zones, and in reattachment regions of the roof. The area-averaged pressures on the roof 
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corner with the averaging areas of 50 ft2 and 120 ft2 were also found to be best presented 

by the shifted lognormal distribution. It was observed that the turbulence intensity of the 

approaching wind flow had negligible effects on the PDFs of the wind pressures while 

the wind angle of attack had marked effects. The best PDFs of wind pressures presented 

in his study were determined by fitting the full-scale data to the selected standard PDFs.  

Figure 4.6 presents the PDFs of the normalised area-averaged wind pressures on 

the walls and the roof of the WERFL building. The angle of attack of the approaching 

wind of Run 2637 and the WERFL building position is schematically shown in Figure 

4.7. As shown in Figure 4.6, it is clear that the probability distributions of the area-

averaged pressures depart from the Gaussian distribution at the tails; even for the wall 2, 

which is almost perpendicular to the direction of the approaching wind and its area is 585 

ft2. It is believed that the departure of Gaussian distribution at the tails of the wall 2 area-

averaged pressure is due to both the large range of the fluctuating wind angle of attack (φ 

= 0º ~ 55º, the corresponding range of the fluctuating wind azimuth, α, is 35º ~ 114º) and 

the non-Gaussian nature of the fluctuating wind speed. 
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Figure 4.6 PDF plots of the fluctuating area-averaged wind pressures of the walls of  

the WERFL building (Run 2637, θ = 83.33º) 
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Figure 4.7 Plan view of the meteorological tower  

and the WERFL building 
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4.5 Correlation between Wind Speed and Wind Pressure (Force) Coefficient 

In ASCE 7, the wind loads are determined by the product of the extreme value of 

the pseudo-steady pressure coefficient and the reference velocity pressure (usually at the 

eave height of the building) derived from the gust wind speed at 10 m (33 ft) height with 

a 50-year mean recurrence interval. In addition, some factors are specified to account for 

certain reduction effects on wind loads, such as the wind directionality factor. Although 

the outcomes are generally acceptable, the wind effect reduction factors do not account 

for the uncertainties explicitly. The correlation between the wind speed and the wind 

pressure coefficient is recognized, however, no specification is given by the codes and 

standards. 

In this section, we will examine the correlation between the wind speed and the 

wind pressure (force) coefficient. The full-scale data measured at WERFL were used. 

Without specification, the wind speed at 13 ft height means the wind speed measured by 

the UVW anemometer at 13 ft height at the meteorological tower and the wind speed at 

30 ft height means the wind speed measured by the sonic anemometer on the roof of the 

WERFL building (the height of the sonic anemometer above the ground is 30 ft). The 

term, pressure coefficients used throughout the course of this dissertation, are referred to 

as area-averaged pressure coefficients hereafter. 

4.5.1 Correlation between the Wind Speed and Its Components at 13 ft Height and at 30 

ft Height 

Run 2637 was selected in this section to depict the correlation between the wind 

speed and its components at 13 ft height and at 30 ft height.  

The cross correlation functions shown in Figure 4.8 are as follows: 

(1) wind speeds at 13 ft height and at 30 ft height, 

(2) longitudinal component (u component) of the wind speeds at 13 ft height and 

at 30 ft height, 

(3) lateral component (v component) of the wind speeds at 13 ft height and at 30 

ft height. 

Figure 4.8 indicates that the lateral components of the wind speeds at 13 ft height 

and 30 ft height are highly correlated when considering the time delay. The highest 
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correlation coefficient is 0.89. The longitudinal components of the wind speeds at 13 ft 

and 30 ft heights are also strongly correlated when considering the time delay. The 

highest correlation coefficient is 0.68. The time shift (time lag) of the highest point is 

around 5.3 seconds, which is approximately the time needed for the wind to travel from 

the meteorological tower to the roof center. The cross correlation coefficient function 

between the wind speeds at 13 ft height and at 30 ft height is closely following the pattern 

of the cross correlation coefficient function between the longitudinal components of the 

wind speeds at 13 ft height and at 30 ft height. The highest correlation coefficients for 

both the wind speeds and their longitudinal components are significantly lower than that 

of the lateral components.  

 
Figure 4.8 Correlation coefficient function between the wind speed  

and its components at 13 ft and at 30 ft heights (Run 2637, θ = 83.33º) 

4.5.2 Correlation between the Wind Speed and Its Components at 13 ft Height and the 

Wind Pressure (Force) Coefficients 

The cross correlation functions shown in Figure 4.9 for Run 2637 are as follows: 

(1) u component of the wind speed at 13 ft height, and the wall and roof pressure 

coefficients; 
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(2) v component of the wind speed at 13 ft height, and the wall and roof pressure 

coefficients; 

(3) wind speed at 13 ft height, and the wall and roof pressure coefficients. 

Figure 4.9 (a) shows that the highest correlation coefficient is 0.58 for the u 

component of the wind speed at 13 ft height and the wall 2 pressure coefficient. It also 

shows that the highest correlation coefficient for the u component of the wind speed at 13 

ft height and the roof pressure coefficient is about 0.73, which is larger than that of the u 

component and the wall 2 pressure coefficient.  

The correlation functions between the wind speed at 13 ft height and the wall and 

roof pressure coefficients shown in Figure 4.9 (c) generally follow those of the u 

component and the wall and roof pressure coefficients shown in Figure 4.9 (a). The 

values of the corresponding highest correlation coefficients are very similar in these two 

cases. The time shift (time lag) for the highest correlation coefficient of the windward 

wall (the wall 2) is about 5.4 seconds in Figure 4.9 (a) and (c), which is approximately 

equal to the time needed for the wind to travel from the meteorological tower to the wall 

2. Compare to Figure 4.9 (a) and (c), the patterns of the cross correlation coefficient 

functions between the v component of the wind speed and the wall and roof pressures 

shown in Figure 4.9 (b) are different and reflect more complicated flow. 

The cross correlation functions shown in Figure 4.10 are as follows: 

(1) u component of the wind speed at 13 ft height and the force coefficients 

(2) v component of the wind speed at 13 ft height and the force coefficients 

(3) wind speed at 13 ft height and the force coefficients 

Figure 4.10 (a) indicates that the highest correlation coefficient is 0.65 for the u 

component of the wind speed at 13 ft height and the force coefficient CFy. The time shift 

(time lag) for the highest correlation coefficient is 5.5 seconds, which is very close to that 

of the windward wall (the wall 2) shown in Figure 4.9 (a). Since the uplift force 

coefficient is the same as the roof pressure coefficient (the roof slope is almost zero), its 

correlation coefficient function is identical to that of the roof shown in Figure 4.9 (a). 

Figure 4.10 (c) indicates that the highest correlation coefficient is 0.68 for the 

wind speed at 13 ft height and the force coefficient CFy. The time shift (time lag) for the 

highest correlation coefficient is 5.4 seconds. The patterns of the correlation coefficient 
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functions shown in Figure 4.10 (a) and (c) are very similar. Figure 4.10 (b) reflects more 

complicated flow related to the v component. 
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4.5.3 Correlation between the Wind Speed and Its Components at 30 ft Height and the 

Wind Pressure (Force) Coefficients 

The cross correlation functions shown in Figure 4.11 for Run 2637 are as follows: 

(1) u component of the wind speed at 30 ft height and the wall and roof pressure 

coefficients 

(2) v component of the wind speed at 30 ft height and the wall and roof pressure 

coefficients 

(3) wind speed at 30 ft height and the wall and roof pressure coefficients 

The cross correlation functions shown in Figure 4.12 for Run 2637 are as follows: 

(1) u component of the wind speed at 30 ft height and the force coefficients 

(2) v component of the wind speed at 30 ft height and the force coefficients 

(3) wind speed at 30 ft height and the force coefficients 

The highest correlation coefficient observed in Figure 4.11 (a) for the windward 

wall (the wall 2) is 0.67 and the time shift (time lag) is equal to 0. The highest correlation 

coefficient for the roof shown in Figure 4.11 (a) is 0.79 and the time shift (time lag) is 

equal to 0. The patterns of the correlation coefficient functions shown in Figure 4.11 (c) 

follow closely to those shown in Figure 4.11 (a). The values of the highest correlation 

coefficients shown in Figure 4.11(a) are generally higher than those shown in Figure 4.9 

(a).  

The highest correlation coefficient observed in Figure 4.12 (a) for CFy is 0.76 and 

the time shift (time lag) is equal to 0. The patterns of the correlation coefficient functions 

shown in Figure 4.12 (c) follow closely to those shown in Figure 4.12 (a). Compare to 

Figure 4.10 (a), the values of the highest correlation coefficients shown in Figure 4.12 (a) 

are higher. 
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4.5.4 The Correlation Coefficient (time lag = 0) of the Wind Speed at 30 ft Height and 

the Wind Pressures (Forces) on the WERFL Building as a Function of AOA (φ)  

The wind speeds at 30 ft height and the wall pressures 

Figure 4.13 (a) and (b) depict the correlation coefficients at time lag 0 of the wind 

speeds at 30 ft height and the wind pressures as a function of AOA (φ) for the short walls 

and the long walls respectively. The summary statistics of the correlation coefficients 

w.r.t. five AOA (φ) intervals ([0, 5], [40, 50], [85, 95], [130,140], [175,180]) are outlined 

in Table 4.2.    

 
Figure 4.13 The correlation coefficient of the wind speeds at 30 ft height  
and the wall pressures on the WERFL building as a function of AOA (φ) 
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Table 4.2 Summary statistics of the correlation coefficients (time lag = 0) of  
the wind speed at 30 ft height and the wall pressures on the WERFL building 

Local wind angle of attack 
(φ) [0,5] [40,50] [85,95] [130,140] [175,180] 

# of points 32 34 72 43 32 

Max 0.71 0.48 -0.32 -0.37 -0.30 

Min 0.53 0.03 -0.79 -0.73 -0.77 

Std 0.05 0.11 0.10 0.09 0.11 

Short Wall 
Cp vs. Vsonic,30ft 

Mean 0.64 0.18 -0.60 -0.56 -0.63 

# of points 36 41 64 43 36 

Max 0.71 0.48 -0.41 -0.35 -0.28 

Min 0.51 0.01 -0.77 -0.76 -0.85 

Std 0.05 0.12 0.08 0.09 0.13 

Long Wall 
Cp vs. Vsonic,30ft 

Mean 0.62 0.27 -0.62 -0.59 -0.54 

# of points 68 75 136 86 68 

Max 0.71 0.48 -0.32 -0.35 -0.28 

Min 0.51 0.01 -0.79 -0.76 -0.85 

Std 0.05 0.12 0.09 0.09 0.13 

Total Wall 
Cp vs. Vsonic,30ft 

Mean 0.63 0.23 -0.61 -0.57 -0.58 
 

The wind speeds at 30 ft height and the roof zone pressures 

The correlation coefficients (time lag = 0) of the wind speeds at 30 ft height and 

the wind pressures of the four roof zones as a function of AOA (φ) are presented in 

Figure 4.14 (a), (b), (c) and (d) for the short walls and in Figure 4.16 (a), (b), (c), and (d) 

for the long walls. The four roof zones w.r.t. the short walls and the long walls are shown 

in Figure 4.15 and 4.17 respectively. The summary statistics of the correlation 

coefficients w.r.t. the AOA (φ) interval [0, 5] are outlined in Table 4.3.    
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Figure 4.14 The correlation coefficient (time lag = 0) of the wind speeds at 30 ft 

height and the wind pressures of the four roof zones w.r.t. the short walls  
on the WERFL building as a function of AOA (φ) 
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Figure 4.15 The definition of the four roof zones w.r.t. the short walls 
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Figure 4.16 The correlation coefficient (time lag = 0) of the wind speeds at 30 ft 

height and the wind pressures of the four roof zones w.r.t. the long walls  
on the WERFL building as a function of AOA (φ) 
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Figure 4.17 The definition of the four roof zones w.r.t. the long walls 
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Table 4.3 Summary statistics of the correlation coefficients (time lag = 0) of the wind 
speed at 30 ft height and the roof zone pressures on the WERFL building 

Roof Zone Local 
wind angle 
of attack 

(φ) 

Statistics  Zone 1 
(68)* 

Zone 2 
(68) 

Zone 3 
(68) 

Zone 4 
(68) 

Max -0.60 -0.36 -0.43 -0.20 

Min -0.88 -0.78 -0.84 -0.84 

Std 0.05 0.08 0.09 0.13 
[0, 5] 

Mean -0.77 -0.59 -0.62 -0.59 

* The number in the parenthesis is the number of the points used to generate the statistics 
for each zone. Each zone combined those shown in Figures 4.15 and 4.17.  
 

The wind speeds at 30 ft height and the structural forces 

Figure 4.18 (a) and (b) show the correlation coefficients (time leg = 0) between 

the wind speeds at 30 ft height and, the horizontal shear forces CFx and CFy on the 

WERFL building as a function of AOA (φ) respectively. The summary statistics of the 

correlation coefficients w.r.t the five AOA (φ) intervals ([0, 10], [40, 50], [85, 90], 

[130,140], [170,180] or [165,180]) are outlined in Table 4.4. 

Figure 4.18 (c) shows the correlation coefficients (time leg = 0) between the wind 

speeds at 30 ft height and the roof uplift force (CFz) on the WERFL building as a function 

of AOA (φ). The summary statistics of the correlation coefficients w.r.t. three AOA (φ) 

intervals ([0, 10], [40, 50], [85, 90]) are outlined in Table 4.4.    
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Figure 4.18 The correlation coefficient (time lag = 0) of the wind speeds at 30 ft height 

and the wind forces on the WERFL building as a function of AOA (φ) 
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Table 4.4 Summary statistics of the correlation coefficients (time lag = 0) of the wind 
speed at 30 ft height and the structural forces on the WERFL building 

Local wind 
angle of 

attack (φ) 
[0,10] [40,50] [85,90] [130,140] [170,180] 

# of points 66 36 15 7 13 

Max 0.83 0.62 0.36 -0.33 -0.61 

Min 0.59 0.23 0.05 -0.51 -0.75 

Std 0.05 0.10 0.09 0.07 0.05 

CFx vs. Vsonic,30ft 

Mean 0.72 0.42 0.21 -0.40 -0.69 
Local wind 

angle of 
attack (φ) 

[0,10] [40,50] [85,90] [130,140] [165,180] 

# of points 62 17 12 26 7 

Max 0.87 0.75 0.40 -0.37 -0.59 

Min 0.59 0.53 0.06 -0.79 -0.76 

Std 0.05 0.07 0.10 0.09 0.06 

CFy vs. Vsonic,30ft 

Mean 0.73 0.62 0.16 -0.62 -0.71 
Local wind 

angle of 
attack (φ) 

[0,10] [40,50] [85,90] [130,140] [165,180] 

# of points 79 43 36 - - 

Max -0.56 -0.42 -0.58 - - 

Min -0.88 -0.79 -0.88 - - 

Std 0.07 0.09 0.06 - - 

CFz vs. Vsonic,30ft 

Mean -0.76 -0.65 -0.74 - - 
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CHAPTER V  

ASSESSMENT OF WIND LOADS ON LOW-RISE BUIDLINGS  

5.1 Introduction 

When logically considering the wind effects on structures, three fundamental 

aspects should be specified (Cook, 1985): 

“(1) the wind climate, comprising the weather systems that produce strong winds;  

 (2) the atmospheric boundary layer, comprising the lower layers of the 

atmosphere in which the wind is modified by the rough surface terrain; and 

 (3) the structure, which is immersed in the boundary layer and is itself a single 

element of the terrain.”  

Cook also pointed out that the typical wind climate shown by different scale and 

frequency was independent of the other two aspects and could be separated from them. 

Based on the same arguments, he pointed out that it was reasonable to assess the 

boundary layer and the structure together. Figure 5.1 shows the way in which the ideal 

assessment of wind loading is approached. 

 
Figure 5.1 Ideal assessment of wind loading (after Cook, 1985) 

In practice, the extreme design wind speed related to wind climate is determined 

by analyzing the annual wind speed collected at the meteorological station based on the 

extreme value theory. The design loading coefficients (both maxima and minima are of 

interest) related to the loading actions are obtained from wind tunnel or full-scale 

experiments.  
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The current codes and standards are based primarily on the data generated from 

boundary-layer wind tunnel tests with comparison to the full-scale data where available. 

The dependence of wind-load specifications on wind-tunnel tests is significant. The 

uncertainties inherent in wind tunnel experiments are acknowledged. Considerable 

advancement of wind tunnel techniques has been achieved during the past fifty years, 

while continued improvement and reality checks need to be made on a regular basis. The 

full-scale measurements conducted at TTU provide a key role to check the art and science 

of wind tunnel testing. 

In this chapter, the assessment methods for wind loads on static structures will be 

reviewed; the techniques employed to predict peak pressure (force) coefficient will be 

examined; the calibration of the quasi-steady method and the peak-factor method will be 

conducted; the wind load model in ASCE 7 will be discussed; and the probability density 

functions of the extreme pseudo-steady pressure (force) coefficient will be investigated. 

5.2 Assessment Methods of Wind Loads on Static Structures 

The term “static” used above means that the loading effects, the instantaneous 

stresses, strain and deflections, are all proportional to the instantaneous load (Cook, 

1985). The principle design parameter for the ultimate limit state of a static structure is 

the maximum load likely to be experienced in its life time. When the structure becomes 

more dynamic, it oscillates at its natural frequency and the deflection is no longer related 

directly to the load.  

Numerous models were developed to predict the wind loads on structures during 

the past half-century. Four major methods with respect to different models are used to 

assess wind loads, namely, the quasi-steady, the peak-factor, the quantile-level, and the 

extreme-value methods. They are described as follows. Most of the literature in this 

section was extracted from the extensive review given by Cook (1985).  

a. The Quasi-steady Method  

There are three models based on the quasi-steady method. The first one is the 

quasi-steady model, which is the earliest model to evaluate the action of turbulent wind 

based only on the mean values of the pressure coefficients. The simple and inaccurate 
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assumption under the model is that the fluctuations of the wind load follow exactly the 

variations in the incident wind. The instantaneous wind pressure, )(tp , is given by: 

},{)(
2
1)( 2 βαθρ += pCtUtp                                                                          (5.1) 

where  ρ  is air density; 
2222 )()( wvuUtU +++= ; 

U is the mean wind speed; 

)(tU is the instantaneous wind speed;  

,,vu and w  are longitudinal, lateral, and vertical fluctuating wind speed, 

respectively; 

},{ βαθ +pC  is the mean pressure coefficient with respect to the incident wind; 

θ  is the mean wind angle of attack; 
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varctanα , the angle that the lateral fluctuating wind speed deviates 

from the sum of  the mean and longitudinal fluctuating wind speeds in the horizontal 

plane; 
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warctanβ , the angle that the vertical fluctuating wind speed deviates 

from the sum of  the mean and longitudinal fluctuating wind speeds in the vertical plane. 

The second is the linearised model or the modified quasi-steady model. By 

removing small second order terms from the squared instantaneous velocity and 

assuming the fluctuating wind directions have linear relationship for small v and w , the 

instantaneous pressure is expressed as 
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The last is known as the equivalent steady gust model. Two simplifications are 

made to produce this model. one is to discard the lateral and vertical fluctuating wind 

speed as the second model does and the other is to limit the duration of the extreme by 

adopting the time constant, t , given by “TVL formula”, LVT 5.4= . In this equation, T  

is the averaging time in seconds, V is the hourly mean wind speed, and  L is the distance 
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(either diagonal or co-ordinate) over which the maximum correlation is to be achieved. 

However, the analysis conducted by Holmes (1997) indicated that the “TVL formula” 

was unconservative and the area-averaging technique was preferred. 

b. The Peak-factor Method     

The peak-factor method, which was also known as the “gust loading factor” 

method or the gust-factor method, was originally proposed by Davenport (1961). In this 

scheme, the equivalent-static wind loading used for design purpose is equal to the mean 

wind force multiplied by the gust loading factor which is actually based on the 

displacement response. The general expressions are given by  

pCUp ˆ
2
1ˆ 2ρ=   or   pCUp

(( 2

2
1 ρ=                                                                  (5.3) 

where 
pCpp gCC σ+=ˆ and 

pCpp gCC σ−=
(

; 

)(ˆ pp ( = maximum (minimum) pressure; 

U = hourly mean wind speed or equivalent; 

pC = mean pressure coefficient; 

)(ˆ
pp CC

(
= maximum (minimum) pressure coefficient; 

pCσ = the standard deviation of pressure coefficient; 

)]ln(2[
5772.0)]ln(2[

T
Tg

ν
ν += , the peak factor; 

T = time interval over which mean velocity is measured; 

ν = mean crossing rate at which the mean pressure coefficient is crossed. 

Because of its simplicity, the peak-factor method is adopted by wind loading 

codes and standards around the world, especially for dynamic response analysis. Several 

formulations of the gust loading factor have been advanced. For details refer to Kareem 

(2003).  

c. The Quantile-level Method     

The quantile-level method was developed by Lawson (1975). The corresponding 

model is known as the Lawson’s model and is expressed by eqn. (5.4). 

pCUp ˆ
2
1ˆ 2ρ=   or   pCUp

(( 2

2
1 ρ=                                                                  (5.4) 
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The maximum (minimum) pressure, )(ˆ pp ( , is determined by hourly mean wind 

speed or equivalent,U , and maximum(minimum) pressure coefficient, )(ˆ
pp CC

(
. The 

design risk specified by this model is 0.05%. Since the model obtains the design value 

from direct measurement, the length of the pressure coefficient time series should be the 

same as that of the wind speed. This is impossible for both full-scale and model-scale 

measurements. The alternative way is to increase the risk, such as 1%, or use the 

extrapolation method provided by Lawson (1980). The extrapolation method is based on 

the wind tunnel test of a high-rise building model conducted by Peterka and Cermak 

(1975) and the knowledge of the PDF of the pressure coefficient is required. The general 

expressions for determining the peak pressure coefficients with 0.05% design risk from 

those with 1% design risk are shown in eqn. (5.5). 

25.073.073.1

25.042.042.1

%1%05.0

%1%05.0

−<−=

−≥−=

pppp

pppp

CforCCC

CforCCC
                               (5.5) 

d. The Extreme-value Method 

The extreme-value method, which was also known as the Cook-Mayne method, 

was developed by Cook and Mayne (1979, 1980). This scheme derives the wind speed 

and the pressure coefficient from an extreme-value point of view. The expressions are the 

same as those shown in eqn. (5.4). Cook and Mayne (1979, 1980) pointed out that if U  

is the mean wind speed over 1 hour to 10 minutes, Û  (the annual maximum hourly mean 

wind speed) and )(ˆ
pp CC

(
, the peak pressure coefficient within that hour, can be 

considered as statistically independent since they are from two distinct frequency 

domains separated by a spectral gap. Both Û  and )(ˆ
pp CC

(
 follow Type I extreme 

distribution. The joint PDF of Û  and )(ˆ
pp CC

(
 is calculated and the design risk based on 

the joint PDF can be derived to give a design )(ˆ
pp CC

(
 with specified probability of 

exceedence. 
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5.3 Calibration of Assessment Methods for Static Structures 

5.3.1 Introduction  

Before the requirements for modeling the atmospheric boundary layer were 

adequately understood, the mean pressure coefficients yielded from the wind tunnel tests 

with simulated uniform flow formed the basis of prediction of peak wind loads in the 

codes and standards. With the adoption of the atmospheric boundary layer wind tunnel 

measurements, the mean pressure coefficients were largely superseded by the peak 

pressure coefficients and a few validated mean pressure coefficients remain in the current 

codes and standards.  

The acceptance of the peak pressure (force) coefficients was deemed a significant 

improvement. One of the further questions is which peak pressure (force) coefficients 

should be used, the single extreme values directly generated from the full-scale or model-

scale experiments or the predicted values based on the extreme value theory.  

In this study, the techniques employed to predict the peak pressure (force) 

coefficients are calibrated by analyzing the predicted mean extreme pressure (force) 

coefficients of a 15-min duration and the measured single 15-min extreme pressure 

(force) coefficients. The single 15-min extreme pressure (force) coefficients are used for 

both the calibration of the assessment methods for static structures and the generation of 

the pseudo-steady pressure (force) coefficient.  

5.3.2 Calibration of the Techniques  

5.3.2.1 Introduction 

The probability distribution of the peak pressure coefficient achieved during a 

design storm at a particular location on a building is skewed with a long tail. Several 

procedures have been suggested in the previous research (Davenport, 1964; Sockel, 1979; 

Mayne and Cook, 1979; Dalgliesh and Templin, 1979; Grigoriou, 1982; Peterka, 1982, 

1983) for determining the statistical characteristics of the peak pressure coefficient 

yielded from wind-tunnel model studies. The method proposed by Peterka (1982) using 

the mth highest extremes to fit a Type I extreme distribution is simple and fast with 10% 

errors. In his study, the data were sampled without testing for independence, but retained 
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only the m highest values. The suggested optimum value of m for a single 1 hour 

observation period was 100, which was large enough to include much more data than the 

single extreme, but was not so large that the extremes were significantly correlated or 

insufficiently converged towards the Type I extreme asymptote. The predicted peak 

pressure coefficient adopted in Peterka’s analysis had the probability of exceedence of 

22% (the reduced variate =1.4). It was initially suggested by Cook (1985) for codification 

purposes. 

The study of the peak pressure coefficients measured on the WERFL building has 

been carried out by Letchford and Mehta (1992), Attili (1993), and Long (2004). 

Letchford and Mehta (1992) predicted the peak pressure coefficients near the roof corner 

by extracting 20 largest independent peaks from a pressure time series of a 15-min 

duration fitted to a Type I extreme distribution. In their study, the reason to select 20 

peaks was that it gave enough peaks at least two standard deviations away from the mean 

and the independence of the 20 peaks was satisfied. It was found that the predicted mean 

extreme area-averaged pressure coefficients matched the single largest peaks well. Attili 

(1993) extended the work of Letchford and Mehta to examine how the time gap between 

the selected peaks and the record length affected the mode and the dispersion of the fitted 

Type I extreme distribution of different flow zones, such as the separated flow, the 

reattachment flow and the wake. In her study, no consistent parameters of the Type I 

extreme distribution of the peak pressure coefficients of different flow zones were found; 

the use of 45-min record length was recommended; and the fitted peak pressure 

coefficient distributions were found not affected by different rates of data collection. 

Long (2004) employed two methods to determine the peak pressure coefficients. Method 

I used 20 independent peaks to fit a Type I extreme distribution. The independence of the 

peaks was separated by the time lag which was defined by the point that the pressure 

coefficient autocorrelation function first passing the zero value. Method II was adopted 

from Sadek and Simiu (2002). The results generated by Method I indicated a better match 

to the observed single largest value and Method II was considered to be much more 

conservative. 

The mean extreme pressure (force) coefficients of a 15-min duration employed in 

this section are generated by: first, the 15-min time series is divided into 20 segments 
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which have the same time length, 15 min/20 = 0.75 min; second, the peak of each 

segment is selected; last, the 20 peaks are fitted to a Type I extreme distribution to 

determine the mean extreme pressure (force) coefficients. For the fitted type I extreme 

distribution to be valid, all the 20 peaks need to be statistically independent. In this study, 

two cases are considered. Case I, assume the time length of the 20 segments, 0.75 min, is 

large enough to validate the independence assumption. Case II, the independent peaks is 

justified if the time length of the 20 segments is larger than the time lag when the 

autocorrelation coefficient functions of the pressure (force) coefficient first pass zero. 

The reasons to include Case I in this study are: 1) it is simple; and 2) it is interesting to 

find out whether the autocorrelation coefficient of zero, which indicates the independence 

of the peaks, is also required to validate the independence of the area-averaged pressure 

coefficients and the structural force coefficients.   

The comparison of Case I and Case II is based on the regression analysis. The 

single 15-min extreme pressure (force) coefficient is adopted as the independent variable 

of the regression analysis. 

5.3.2.2 Wall and Roof Area-averaged Pressure Coefficients 

The regression analyses for Case I and Case II are presented in Figures 5.2 (a) and 

(b), respectively. Figure 5.2 (b) shows that the 15-min mean extreme pressure 

coefficients are about 9% larger than the single 15-min extreme pressure coefficients for 

the walls. It is justifiable to predict the mean extreme pressure coefficients by using the 

single 15-min extreme pressure coefficients for the walls and the roof. Compare Figures 

5.2 (a) and (b), it indicates that there is minor difference between Case I and Case II.  It 

suggests that the value of the segment length is large enough to validate the assumption 

of the independence of the 20 peaks. In other words, the autocorrelation coefficient of 

zero, which indicates the independence of the peaks, might be changed for the wall and 

roof area-averaged pressure coefficients.  
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(a) Regression analyses for Case I 

 



 81

 
(b) Regression analysis for Case II 

Figure 5.2 Regression analyses of the measured extreme pressure coefficients  
(single largest or single smallest values of a 15-min duration) of the  

walls and roof, and the predicted 15-min mean extreme values  

5.3.2.3 Structural Force Coefficients  

The regression analyses for Case I and Case II are presented in Figures 5.3 (a) and 

(b), respectively. Figure 5.3 (b) shows that the 15-min mean extreme horizontal shear 

force coefficients are about 10% larger than the single 15-min extreme horizontal shear 

force coefficients. It is justifiable to predict the mean extreme force coefficients by using 

the single 15-min extreme force coefficients. Compare Figures 5.3 (a) and (b), it indicates 
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that there is minor difference between Case I and Case II.  It suggests that the value of the 

segment length is large enough to validate the assumption of the independence of the 20 

peaks. In other words, the autocorrelation coefficient of zero, which indicates the 

independence of the peaks, might be changed for the structural force coefficients.  

 

 
(a) Regression analysis for Case I 
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(b) Regression analysis for Case II 

Figure 5.3 Regression analyses of the measured extreme wind force coefficients  
(single largest or single smallest values of a 15-min duration), and  

the predicted 15-min mean extreme values  
 

5.3.3 Calibration of Previous Assessment Methods  

5.3.3.1 The Quasi-steady Method 

The quasi-steady method assumes that all fluctuations of the wind load are due to 

the corresponding gusts in the approach flow. This assumption is known not to hold 

exactly. 
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The calibration of the quasi-steady method is conducted by analyzing the single 

15-min extreme pressure (force) coefficients and the 15-min mean pressure (force) 

coefficients for the wall and roof pressures (the structural forces). The regression plots 

are shown in Figures 5.4 to 5.7. Although the values of R2 are good in Figures 5.4 and 

5.6, there is a step change between the single largest and the single smallest pressure 

(force) coefficients at either side of zero, where the method is expected to be deficient. 

The regression analyses of the single largest or the single smallest pressure (force) 

coefficients are shown in Figure 5.5 (Figure 5.7). The regression plots shows that the 

scatter is very large and the regressions are poor. 

Wall and roof area-averaged pressure coefficients 

 
(a) Regression analyses w.r.t. the wall 1, the wall 2, the wall 3, and the wall 4 
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(b) Regression analyses w.r.t. the short walls, the long walls, and the total walls 

Figure 5.4 Regression analyses of the measured single largest and  
single smallest pressure coefficients of a 15-min duration  

and the 15-min mean pressure coefficients  

 
Figure 5.5 Regression analyses of the measured single largest  
or single smallest pressure coefficients of a 15-min duration  

and the 15-min mean pressure coefficients 



 86

Structural force coefficients 

 
Figure 5.6 Regression analyses of the measured single largest  

and single smallest force coefficients of a 15-min duration  
and the 15-min mean force coefficients 
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Figure 5.7 Regression analyses of the measured single largest  

or single smallest force coefficients of a 15-min duration  
and the 15-min mean force coefficients 

5.3.3.2 The Peak-factor Method 

The peak-factor approach estimates the peak loading by eqn.(5.3) as the sum of 

the mean loading and a proportion of the rms loading given by the peak factor, g. The 

value of the peak factor is usually estimated using Davenport’s model.  

In this study, the value of g is calibrated by linear regression analyses of  the 

difference between the single 15-min extreme pressure (force) coefficients and the 15-

min mean pressure (force) coefficients, and the measured rms pressure (force) 

coefficients for the wall and the roof pressures (the structural forces). The regression 

plots are shown in Figures 5.8 to 5.11. The values of R2 are good for Figures 5.8 and 

5.10. Figures 5.8 and 5.10 show no step change between the positive and the negative 

values at either side of zero. The regression analyses of the single largest or the single 

smallest pressure (force) coefficients are shown in Figure 5.9 (Figure 5.11). The 

regression analyses shown in Figures 5.9 and 5.11 are poor. This may be due to the 

outliers included in the analyses. Further examination is required. However, the scatter of 

the data shown in Figures 5.8 to 5.11 is reduced in comparison with that shown in Figures 
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5.4 to 5.7. This indicates that the peak-factor method is better than the quasi-steady 

method. 



 89

Wall and roof area-averaged pressure coefficient 

 
(a) Regression analysis w.r.t. the wall 1, the wall 2, the wall 3, and the wall 4 
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(b) Regression analysis w.r.t. the short walls, the long walls, and the total walls 

Figure 5.8 Regression analyses of g value (combine the single largest  
and the single smallest pressure coefficients of a 15-min duration) 
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Figure 5.9 Regression analyses of g value (separate the single largest  

and the single smallest pressure coefficients of a 15-min duration) 
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Structural force coefficients 

 
Figure 5.10 Regression analyses of g value (combine the single largest  

and the single smallest force coefficients of a 15-min duration) 

 
Figure 5.11 Regression analyses of g value (separate the single largest  

and the single smallest force coefficients of a 15-min duration) 
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5.3.4 Comparison to ASCE 7-05  

In ASCE 7-05, the design wind speed is 3-second gust. To make a legitimate 

comparison to the design pressure coefficients specified in ASCE 7-05, the single largest 

(or smallest) pressure (force) coefficients measured on the WERFL building should be 

transformed to the pseudo-steady pressure (force) coefficients defined in Section 3.3.4. 

The value of G2 is equal to 2
min15sec3 )( −− VV

)
and G is the gust factor.  

The analyses of the maximum wind speeds of a 15-min duration recorded by the 

UVW anemometer installed at 13 ft of the meteorological tower indicate that the 

maximum wind speeds are approximately equal to 2~3 second gusts (Smith, 2006). It 

was observed that the maximum wind speeds recorded by the 3-cup anemometer at 13 ft 

height are close to those recorded by the UVW anemometer at 13 ft height. It is 

interesting to establish the relationship between the pseudo-steady pressure (force) 

coefficients nondimensionlised by the velocity pressures based on the two sets of the 

maximum wind speeds. It should be pointed out that the pseudo-steady pressure (force) 

coefficients based on the 2~3 second gusts recorded by the UVW anemometer are the 

bases. 

Wall pseudo-steady pressure coefficients 

The wall design pressure coefficients used for MWFRS in Figure 6-6 in ASCE 7-

05 are mean (area-averaged) pressure coefficients. Multiplying the mean pressure 

coefficient by the gust effect factor, G, results in a peak pressure coefficient to be used 

with a 3-second gust wind speed for the design of a MWFRS component. This product is 

comparable to the wall pseudo-steady pressure coefficient derived in this study. The gust 

effect factor applied to the ASCE MWFRS pressure coefficient is taken as 0.85. The 

mean pressure coefficient and the corresponding product of the mean pressure coefficient 

and the gust effect factor from ASCE 7-05 are listed in Table 5.1.  

The comparison of the pseudo-steady pressure coefficients developed from the 

full-scale data and those obtained from ASCE 7-05 (G*Cp) is shown in Figure 5.12, for 

the short walls and the long walls of the WERFL Building. The pseudo-steady pressure 

coefficients plotted in Figure 5.12 (a) and (b) are related to the UVW anemometer while 
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the pseudo-steady pressure coefficients plotted in Figure 5.12 (c) and (d) are related to 

the 3-cup anemometer.  

Figure 5.12 (a) and (b) shows that the G*Cp given by ASCE 7-05 over-predicts 

the average (mean) of the pseudo-steady (extreme) pressures on both the short walls and 

the long walls for all angles of attack. Compare Figure 5.12 (a) and (b) to (c) and (d), it 

indicates there is minor difference by using the two sets of maximum wind speeds. The 

regression plots of the two sets of the pseudo-steady pressure coefficients are shown in 

Figure 5.13. It suggests the pseudo-steady pressure coefficients related to the UVW 

anemometer are 5% lower than those related to the 3-cup anemometer. 

Table 5.1 Wall design pressure coefficients in ASCE 7-05 for the WERFL building 

Wall mean pressure coefficient , Cp G*Cp  Wall 
Type windward side Leeward windward side Leeward 
short 0.8 -0.7 -0.4 0.68 -0.595 -0.34 
long  0.8 -0.7 -0.5 0.68 -0.595 -0.425 

 

 

Figure 5.12 Scatter plots of the pseudo-steady pressure coefficients 
 of the short walls and the long walls as a function of AOA (φ) 
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Figure 5.13 Regression analyses of two sets of the pseudo-steady pressure coefficients  

of the short walls and the long walls respectively 

Roof zone pseudo-steady pressure coefficients 

The roof zone pressure coefficients used for MWFRS design in Figure 6-6 in 

ASCE 7-05 are mean (area-averaged) pressure coefficients. The roof of the WERFL 

building is divided into four zones with respect to the height-to-length ratio which is less 

than 0.5. Multiplying the mean pressure coefficient by the gust effect factor, G, results in 

a peak pressure coefficient to be used with a 3-second gust wind speed for the design of a 

MWFRS component. This product is comparable to pseudo-steady pressure coefficient 

derived in this study. The gust effect factor applied to the ASCE MWFRS pressure 

coefficient is taken as 0.85. The mean pressure coefficient and the corresponding product 

of the mean pressure coefficient and gust effect factor from ASCE 7-05 are listed in 

Table 5.2.  

The comparison of the pseudo-steady pressure coefficients developed from the 

full-scale data and those obtained from ASCE 7-05 (G*Cp) is shown in Figure 5.14, for 

the four roof zones of the WERFL Building. It indicates that the range of G*Cp for zone 

1 given by ASCE does not correctly predicts the pseudo-steady pressure coefficients 

derived from the full-scale data. This is also true for zone 2, although the improvement is 

recognized. For zone 3 and zone 4, the range of G*Cp given by ASCE 7-05 are 

acceptable. It should be pointed out that the smallest (in magnitude) G*Cp of zone 1 for 

the high rise buildings given by ASCE 7-05 fitted to the pseudo-steady pressure 
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coefficients, shown in Figure 5.14 (a), better than that for the low rise buildings specified 

by ASCE 7-05. 

The pseudo-steady pressure coefficients plotted in Figure 5.14 (a) to (d), Figure 

5.15 (a) to (d), and Figure 5.16 (a) to (d) are related to the UVW anemometer. The 

pseudo-steady pressure coefficients plotted in Figure 5.14 (e) to (h), Figure 5.15 (e) to 

(h), and Figure 5.16 (e) to (h) are related to the 3-cup anemometer.  

Figure 5.15 and 5.16 show the scatter plots of the pseudo-steady pressure 

coefficients of the four roof zones w.r.t. the short walls and the long walls as a function of 

AOA (φ) respectively. The regression plots of the two sets of roof zone pseudo-steady 

pressure coefficients are shown in Figure 5.17. It indicates that the regression is improved 

when the roof zone is further away from the leading edge of the roof. However, the 

difference between the two sets of the roof zone pseudo-steady pressure coefficient is 

significant.  

 

Table 5.2 Roof zone design pressure coefficients in ASCE 7-05 for the WERFL building 

Roof mean pressure coefficient, Cp G*Cp Cp 
range Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4 
max -0.18 -0.18 -0.18 -0.18 -0.153 -0.153 -0.153 -0.153 
min -0.9 -0.9 -0.5 -0.3 -0.765 -0.765 -0.425 -0.255 
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Figure 5.14 Scatter plots of the roof zone pseudo-steady pressure coefficients  

(combine those w.r.t. the short walls and those w.r.t. the long walls) 
 as a function of AOA (φ) 
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Figure 5.17 Regression analyses of two sets of pseudo-steady pressure coefficients  

of the four roof zones on the WERFL building 

Pseudo-steady horizontal shear force coefficients 

The values of the design horizontal shear force coefficients (sum of the windward 

and leeward wall pressure coefficients multiplied by the gust effect factor) for MWFRS 

given by ASCE 7-05 are 1.02 for the short walls and 1.105 for the long walls. The 

comparison of the pseudo-steady horizontal shear force coefficients developed from the 

full-scale data and those obtained from ASCE 7-05 is shown in Figure 5.18 for Fx and Fy. 
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Figure 5.18 shows that ASCE 7-05 over-predicts the average (mean) of the pseudo-steady 

(extreme) horizontal shear forces (Fx and Fy, defined in Figure 3.5) for all angles of 

attack. 

The pseudo-steady pressure coefficients plotted in Figure 5.18 (a) and (b) are 

related to the UVW anemometer while the pseudo-steady pressure coefficients plotted in 

Figure 5.18 (c) and (d) are related to the 3-cup anemometer. Compare Figure 5.18 (a) and 

(b) to (c) and (d), it indicates there is minor difference by using the two sets of maximum 

wind speeds. The regression plots of the two sets of the pseudo-steady horizontal shear 

force coefficients are shown in Figure 5.19. It suggests that the pseudo-steady horizontal 

shear force coefficients related to the UVW anemometer are 5% lower than those related 

to the 3-cup anemometer. 

 

 

Figure 5.18 Scatter plots of the pseudo-steady force coefficients  
(CFx, CFy) as a function of AOA (φ) 

 
 



 102

 
Figure 5.19 Regression analyses of two sets  

of the pseudo-steady force coefficients (CFx and CFy, respectively) 

5.4 Wind Load Models   

5.4.1 Introduction  

The wind load effects, such as stresses, deflections, are the main concern of 

modern methods treating the interaction of wind with buildings and structures. The 

magnitudes of these effects form the criteria by which the safety and utility of a structure 

must be judged. Since the occurrence of a particular value of wind speed at a given 

location and at a given time is a random event, all effects resulting from the wind action 

will be treated the same way. Therefore, the wind-effect problems normally reduce to the 

calculation of the magnitude of a wind effect which has a specified probability of 

occurrence. Generally, for well-designed structures, the wind effects of interest are large 

(in magnitude) values with small associated probabilities of occurrence. 

For low-rise buildings, wind effects can be related to wind loads by the equations 

of structural mechanics. The problem of calculating the probability of occurrence of a 

wind effect is further reduced to the problem of calculating the probability of a wind load.  

Thus, the prediction of wind loads with the small probabilities of occurrence can 

be established if long-term wind load data are available. In practice, the measurements of 

wind loads over a long period of time are not realistic. To achieve the target, a causal link 

between wind loads and wind speed measured at meteorological stations is established 
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because the long-term data of wind speeds are collected on a routine basis at 

meteorological stations, in the form of hourly mean wind speed or 3-second gust wind 

speed. 

R

Z

M

BuildingMeteorological station

Height
  (m)

20

10

0

V(Z;t)

Several kilometers 

V(M;t)

V(R;t)

F4(t)

F3(t)F2(t)   

F1(t)

  
Figure 5.20 Relation between forces on a building  

and reference wind speeds (after Harris, 1982) 

The relation between wind forces on a building and reference wind speeds is 

depicted in Figure 5.20. In a conventional code, the discrete gust method is applied to the 

static structures. The relation between wind forces and wind speeds is of the form 

2)](ˆ[)(
2
1ˆ RVCAF iPii ρ=       (5.6) 

where iF̂ = the maximum wind force acting on the ith surface of the building; 

iPC )( = a constant pressure coefficient for the ith surface of the building; 

iA = the reference area of the ith surface; 

)(ˆ RV = the maximum value of the 3-second gust measured at R;  )(ˆ RV  equals to 

)(ˆ MVS , where S  is a numerical factor which is supposed to compensate for differences 

between M and R in the nature of the terrain and the height above ground level, )(ˆ MV is 

the maximum value of the 3-second gust measured at the meteorological  station M . 
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In this approach, it implies that the probability distribution (which represents the 

risk of exceeding particular values) of the wind loading force and of the incident wind are 

the same. This is usually not true since the aerodynamic and meteorological mechanisms 

producing random fluctuations in local pressures are different. 

A new causal link between wind loads and wind speeds measured at 

meteorological stations proposed by Cook and Mayne is expressed in the form  

2)];()[(
2
1)( tZUtCAtF Piii ρ=       (5.7) 

where )(tFi = the wind force acting on the ith surface of the building; 

)(tCPi = an aerodynamic pressure coefficient for the ith surface of the building 

which is varying with time; 

iA = the reference area of the ith surface; 

);( tZU = the continuous wind speeds generated by passing the instantaneous 

wind speed measured at height Z, );( tZV , through a low-pass filter with a time constant 

of abut 1 hour which will contain only fluctuations in the macro-meteorological range of 

time scales. 

The method proposed by Cook and Mayne enables evaluation of the probability 

density function of the time-dependent pressure coefficient independently through wind 

tunnel testing and then evaluation of the joint probability density of the resulting wind 

force or pressure as the product of this distribution and that of the incident wind. This 

method is based on the hourly mean wind speed and is uniform with modern methods 

developed for more complex structures. This study is based on the assumptions of the 

Cook-Mayne method. 

5.4.2 Wind Load Model in ASCE 7-05 

The basic wind load equation used in ASCE 7-05 is 
2VKKcGCW dzP=        (5.8) 

where c = a conversion factor that reflects air mass density for the standard atmosphere, 

with a temperature of 15ºC (59ºF), sea level pressure of 101.325 kPa (29.92 inches of 

mercury) and conversion of miles per hour to ft per second; 

G = gust effect factor; 
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PC = mean pressure coefficient; 

zK = exposure factor; 

dK = wind directionality factor, required to be applied when used in conjunction 

with load combinations specified in Section 2.3 and 2.4; 

V = 50-yr MRI 3-sec gust wind speed referenced to a height of 10 m (33 ft) in 

open terrain and determined from a statistical analysis of annual extreme 3-sec gust wind 

speed. G  is determined from dynamic analysis and PC  is generated from wind tunnel 

measurements with relatively smooth flow. The product pGC  in eqn. 5.8 is comparable 

to the pseudo-steady pressure coefficient derived from the full-scale data. 

The statistics of the above parameters formed the basis for ASCE 7-05 and were 

summarized by Ellingwood (1981). They were based on the wind load data available at 

the late 70’s. They are shown in Table 5.1. It should be noted that the statistics of the 

wind pressure in Table 5.1 was related to the main wind force-resisting structure rather 

than the cladding. 

Table 5.3 Wind load statistics (after Ellingwood, 1981) 

Parameter Mean/Nominal COV CDF 

Exposure factor, Kz 1.0 0.16 Normal 

Gust factor, G 1.0 0.11 Normal 

Pressure coefficient, Cp 1.0 0.12 Normal 

50-yr maximum wind speed, V* 1.0 typ 0.12 typ Typer I 

Wind Pressure, W/Wn** 0.78 0.37 Typer I 
Note:* the statistics were derived from the fastest-mile wind speed records of seven cities located 
in the non-hurrican prone regions. ** Wn is the nominal wind load in ANSI A58.1-1972 
corresponding to a 50-yr mean recurrence interval wind speed. A reduction factor 0.85 was 
included in the derivation of the statistics. 

The parameters of the Type I extreme distribution of the wind pressure were determined 

by fitting the Type I extreme distribution to the CDF of the wind pressure in the region 

above its 90th percentile. The probability of the nominal ANSI wind load (Wn) being 

exceeded in 50 years was 19%, while the 1.3Wn  being exceeded in 50 years was 5.4%. 

This is depicted in Figure 5.21. It should be pointed out that the wind load factor 1.3, 
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which was incorporated a reduction factor 0.85, was specified by ASCE 7 before the 98 

version.  
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Figure 5.21 PDF of maximum 50-year wind load based on ANSI A58  
(Type I extreme distribution, mode = 0.65, dispersion = 1/4.45, POE  
means probability of exceedence, after Hart and Ellingwood, 1982) 

5.4.3 Methods Related to Wind Directional Effects 

Two methods for estimating wind loads are currently in use. The non-directional 

method is one in which the wind loads are calculated by replacing the set of aerodynamic 

coefficients measured for each wind direction by a single aerodynamic coefficient, which 

equals to the maximum value in this set. Unlike the non-directional method, the 

directional method accounts explicitly for the dependence upon direction of both the 

wind speeds and the aerodynamic coefficients. The adoption of the non-directional 

method by many codes and standards is because of the conservatism inherent in the 

method, particularly for ultimate level wind loads. However, research carried out by 

Simiu (1980), Simiu and Heckert (1998) and Rigato et al. (2001) demonstrates that in 

general, it is not appropriate to account for wind directional effects by multiplying wind 
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loads determined without regard for these effects by a blanket reduction factor as 

suggested in ASCE 7-05.  The two methods summarized by Simiu and Heckert (1998) 

are briefly reviewed below. The applications of these two methods will be presented in 

Chapter VI. 

5.4.3.1 The Directional Method  

The method is applicable provided that wind loads depend on wind speed and 

wind direction in the form 

2)()(
2
1)( θθρθ VCp p=        (5.9)  

where ρ  is the air density, )(θpC  is the aerodynamic coefficient, p is the pressure, V  is 

the wind speed, θ  is the wind direction. The estimation method is based on the analysis 

of the set of N time series 

)](max[)()(
2
1)( 2

ipijipij CVCp θθθρθ =     (5.10) 

where Ni ,,2,1 L=  denotes the direction, Mj ,,2,1 L= , M is the number of years (for 

non-hurricane regions) or the number of hurricane events (for hurricane-prone regions), 

)]([max ipi C θ is the largest of the values )( ipC θ , and maxi denotes the maximum of the 

values with respect to all wind directions. In the United States, for non-hurricane regions 

data are available for a number of directions of 8=N and for hurricane-prone 

regions 16=N . From these time series we form the single time series 

)]([max ijij pp θ=  

To within a constant factor, jp  is the largest wind load in year (or hurricane) j  . Rather 

than analyzing the time series jp , we analyze the time series of  

2/1

5.0 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

ρ
j

eq

p
V        (5.11) 

The analysis yields the extreme values, where denotes the mean recurrence 

interval (MRI). The extreme wind load for the MRI of interest is 

2)]}([{max
2
1

eqipiR VCp θρ=        (5.12) 
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5.4.3.2 The Non-directional Method  

The non-directional method is used in most codes and standards. First form the 

time series 

)]([maxmax
ijij VV θ=        (5.13) 

max
jV is the largest wind speed in year (or hurricane) j , regardless of its direction. Second, 

from the analysis of this time series, obtain the estimated RV , which is the non-directional 

estimate of the R-year wind speed, where R denotes a nominal MRI. The corresponding 

non-directional estimate of the wind effect with an R-year nominal MRI is 

2)]}([{max
2
1

RipiR VCp θρ=       (5.14) 

Rp  is obtained by following exactly the same steps used in Section 5.4.3.1 to estimate 

Rp , except that in eqn. (5.10) the factor )( ipC θ  is replaced by the factor )]([max θpi C .  

5.4.4 Proposed Models for Evaluating the Directional and the Non-directional Methods 

In this study, both the wind speed and the pseudo-steady pressure (force) 

coefficients are considered as random variables with specified distribution. The 

investigation of the distributions of the extreme pseudo-steady pressure (force) 

coefficients will be conducted in Section 5.5. The extreme value of the proposed wind 

load effect models for the directional and the non-directional methods are shown in eqns. 

(5.15) and (5.16), respectively. 

[ ]2

sec3 )(ˆ)(~
2
1)( iipi VrCabcp θθρθ −=                   (5.15) 

[ ]2
sec3

ˆ~
2
1

−= VrCabcp pρ                         (5.16) 

where the definitions of the uncertainty parameters a , b , c , and r  are the same as those 

proposed by Minciarelli (2001) and are quoted as follows: a , denotes aerodynamic errors 

resulting from the specific wind tunnel facility in which the tests are conducted, which 

are considered inherent in each wind tunnel; b , represents aerodynamic errors due to 

both the use of wind tunnel rather than full-scale measurements and the imperfect 

calibration of wind tunnel of full-scale data; c , reflects errors in the transformation of 

aerodynamic  effects into stresses or other structural effects; and r , is a conversion factor 
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accounting for wind speed averaging time. The parameters ( a , b , and c ) can be 

evaluated by comparing the pseudo-steady pressure (force) coefficients listed in Section 

1.2 derived from the wind-tunnel data and the full-scale data. They are assumed to be 

unity when investigating the statistics of the extreme wind loads in this study since only 

the full-scale data are adopted. The other parameters shown in eqns. (5.15) and (5.16) are 

referred to those defined previously.  

Although the parameters reflecting the uncertainties in the wind load effect 

models are not the focuses of this study, the parameters a , b , and c proposed in eqns. 

(5.15) and (5.16) can be quantified by comparing the full-scale data collected at TTU and 

the model-scale data generated at Texas Tech University (TTU), Colorado State 

University (CSU), and the University of West Ontario (UWO), Canada. The parameter 

r can also be quantified by using the flow parameters recorded at WERFL, TTU. 

5.5 PDF Model for Pseudo-Steady Pressure (Force) Coefficients 

5.5.1 Introduction  

To determine the extreme wind loads on low-rise buildings within the probability 

framework proposed by Ellingwood et al. (1980), the knowledge of the PDF of the 

pseudo-steady pressure (force) coefficient is essential. In this study, the PDF of the 

extreme pseudo-steady pressure (force) coefficient is assumed Type I extreme 

distribution, which is the same assumption for the Cook-Mayne method. The PDF of the 

extreme pseudo-steady pressure (force) coefficients will be derived for the directional 

method and the non-directional method respectively. For the directional method, the PDF 

of the extreme pseudo-steady pressure (force) coefficient will be determined for each of 

the eight wind directions at 45-degree intervals, with four falling along primary building 

axes. The selection of the wind directions was the same as those employed to develop the 

directional wind speeds in ASCE 7-05 (Figure C6-3). The pseudo-steady pressure (force) 

coefficients adopted in this study were the single 15-min extreme pressure (force) 

coefficients nondimensionlised by the velocity pressure derived from the 3-sec gust wind 

speed measured by the UVW anemometer at 13 ft height at the meteorological tower. 



 110

5.5.2 Wall Pseudo-Steady Pressure Coefficient 

The Non-directional Method 

ASCE 7-05 uses the non-directional method to determine the extreme pressures 

generated by wind. There are five sets of mean wind pressure coefficients primarily 

developed in the code. One set for the windward wall, one set for the side wall, and three 

sets for the leeward wall with respect to different L/B values, where L is the horizontal 

dimension of building measured parallel to wind direction and B is the horizontal 

dimension of building measured normal to wind direction. Only two sets of pressure 

coefficients of the leeward wall were employed in this study.  

The pseudo-steady pressure coefficients calculated from the full-scale data were 

used to determine the parameters of the fitted Type I extreme distributions. The selected 

pseudo-steady pressure coefficients for the windward wall, the side wall, the short 

leeward wall, and the long leeward wall are depicted in Figure 5.22.  

Figure 5.23 indicates that the selected pseudo-steady pressure coefficients fit to 

the Type I extreme distribution quite well. The probability of exceedence of G*Cp given 

by ASCE 7 (2005) is shown in Table 5.4. It was derived from the Type I extreme 

distribution of the 15-min extreme pseudo-steady pressure coefficient. 

        
Figure 5.22 The selected pseudo-steady pressure coefficients  

for the windward wall, the leeward wall, and the side walls respectively 
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Table 5.4 Summary of the statistics of Type I extreme distributions  
of the pseudo-steady pressure coefficients of the windward wall,  

the leeward walls, and the side wall  

15-min extreme 1-hour extreme ASCE Prob.+++ POE+++ 

 
Mode Dispersion R2 Mode+ Dispersion+ G*Cp (X<G*Cp) (X>G*Cp) 

Windward Wall 0.38 0.07 0.97 0.47 0.07 0.68 98.8% 1.2% 

Side Wall -0.39 -0.08 0.98 -0.50 -0.08 -0.595 7.1% 92.9 % 

Short  
Leeward Wall++ -0.20 -0.04 0.82 -0.26 -0.04 -0.34 3.8% 96.2% 

Long  
Leeward Wall++ -0.20 -0.04 0.95 -0.26 -0.04 -0.425 0.5% 99.5% 
+  Mode_1hour = Mode_15min+ln(4)*Dispersion_15min; Dispersion_1hour =Dispersion_15min.                          
++  Short leeward wall: ];1,0(/ ∈BL  Long leeward wall: ];2,1(/ ∈BL L is the horizontal 
dimension of building measured parallel to wind direction; B is the horizontal dimension of 
building measured normal to wind direction. 
+++ Prob.:probability; POE: probability of exceedence. 
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Figure 5.23 Fitted Type I extreme distributions of the pseudo-steady  

pressure coefficients of the windward wall, the leeward walls,  
and the side wall respectively 

 

The Directional Method 

Five sets of the directional pseudo-steady pressure coefficients were selected to 

determine the parameters of their corresponding Type I extreme distributions. The 

corresponding AOA (φ) intervals are [0, 5], [40, 50], [85, 95], [130, 140], [175, 180]. 

Each of the five sets of the pseudo-steady pressure coefficients fitted to the Type I 

extreme distribution very well. This is shown in Figure 5.24. The summary of the 

statistics of the Type I extreme distributions of the directional pseudo-steady pressure 

coefficients are listed in Table 5.5. 
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Table 5.5 Summary of the statistics of Type I extreme distributions of  
five sets of the directional pseudo-steady pressure coefficients of the walls  

15-min extreme 1-hour extreme 
Set Local wind angle of 

attack (φ) 
# of 
Data Mode Dispersion R2 Mode+ Dispersion+

1 [0,5] 68 0.38 0.07 0.97 0.47 0.07 

2 [40,50] 91 0.26 0.06 0.98 0.34 0.06 

3 [85,95] 136 -0.39 -0.08 0.98 -0.50 -0.08 

4 [130, 140] 94 -0.32 -0.07 0.97 -0.41 -0.07 

5 [175, 180] 68 -0.20 -0.04 0.91 -0.26 -0.04 
+Mode_1hour = Mode_15min+ln(4)*Dispersion_15min; Dispersion_1hour =Dispersion_15min. 
   

 

-2 -1 0 1 2 3 4 5
0

0.2

0.4

0.6

0.8
(a) set 1

reduced variate, y

Ps
eu

do
-s

te
ad

y 
C

p

mode = 0.3760
dispersion = 0.0682
R2 = 0.97

# of points = 68

-2 -1 0 1 2 3 4 5
0

0.2

0.4

0.6

0.8
(b) set 2

reduced variate, y

Ps
eu

do
-s

te
ad

y 
C

p

mode = 0.2580
dispersion = 0.0614
R2 = 0.98

# of points = 91

-2 -1 0 1 2 3 4 5
-0.8

-0.6

-0.4

-0.2

0
(c) set 3

reduced variate, y

Ps
eu

do
-s

te
ad

y 
C

p

mode = -0.3943
dispersion = -0.0768
R2 = 0.98

# of points = 136

-2 -1 0 1 2 3 4 5
-0.8

-0.6

-0.4

-0.2

0
(d) set 4

reduced variate, y

Ps
eu

do
-s

te
ad

y 
C

p

mode = -0.3182
dispersion = -0.0650
R2 = 0.97

# of points = 94

-2 -1 0 1 2 3 4 5
-0.8

-0.6

-0.4

-0.2

0
(e) set 5

reduced variate, y

Ps
eu

do
-s

te
ad

y 
C

p

mode = -0.2046
dispersion = -0.0399
R2 = 0.91

# of points = 68

 
Figure 5.24 Fitted Type I extreme distributions of five sets  

of the directional pseudo-steady pressure coefficients of the walls 
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5.5.3 Roof Zone Pseudo-Steady Pressure Coefficient 

The Non-directional Method 

The smallest (most negative) pseudo-steady pressure coefficients were selected 

for each roof zone to determine the parameters of the corresponding Type I extreme 

distributions. They were generated by the wind parallel to the primary building axes. The 

deviation of the direction of the approaching wind from the primary building axes was 

not larger than 5 degree.  

The fitted Type I extreme distributions for the smallest pseudo-steady pressure 

coefficients of the four roof zones are shown in Figure 5.25. It indicates a good fit. The 

parameters of the Type I extreme distributions are summarized in Table 5.6. The 

probability of exceedence of G*Cp of each roof zone given by ASCE 7-05 was calculated 

and presented in Table 5.6. It was derived from the Type I extreme distribution of the 15-

min extreme pseudo-steady pressure coefficient.  

The directional method is not analyzed for the roof zone pseudo-steady pressure 

coefficients. 

Table 5.6 Summary of the statistics of Type I extreme distributions of the pseudo-steady 
pressure coefficients of the four roof zones w.r.t. the AOA (φ) interval [0, 5] 

15-min extreme 1-hour extreme ASCE Prob.++ POE++ Roof 
Zone Mode Dispersion R2 Mode+ Dispersion+ G*Cp (X<G*Cp) (X>G*Cp)

-0.765 98.9% 1.1% 1 -0.96 -0.13 0.97 -1.14 -0.13 
-0.153 > 99.99% < 0.01% 

-0.765 37.6% 62.4% 2 -0.69 -0.11 0.89 -0.83 -0.11 
-0.153 > 99.99% < 0.01% 

-0.425 3.5% 96.5% 3 -0.28 -0.04 0.97 -0.34 -0.04 
-0.153 > 99.99% < 0.01% 

-0.255 45.2% 54.8% 4 -0.23 -0.06 0.98 -0.31 -0.06 
-0.153 97.3% 2.7% 

+Mode_1hour = Mode_15min+ln(4)*Dispersion_15min; Dispersion_1hour =Dispersion_15min. 
++ Prob.:probability; POE: probability of exceedence. 
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Figure 5.25 Fitted Type I extreme distributions of the smallest  

(most negative) pseudo-steady pressure coefficients of the four roof zones  
 

5.5.4 Pseudo-Steady Structural Force Coefficient 

The Non-directional Method 

There are three sets of the horizontal shear force coefficients indicated in ASCE 

7-05 with respect to different leeward wall design pressure coefficients. Only two sets of 

these horizontal shear force coefficients are employed in this study. They are depicted in 

Figure 5.18.  

The selected pseudo-steady horizontal shear force coefficients (CFx and CFy) are 

with respect to the AOA (φ) interval [0, 10]. They were used to determine the parameters 

of the corresponding Type I extreme distributions. Figure 5.26 shows that the selected 

pseudo-steady horizontal shear force coefficients (CFx and CFy) fit to the Type I extreme 

distribution quite well. The summary of the statistics of the fitted Type I extreme 

distributions is listed in Table 5.7. The probability of exceedence of the peak design 

horizontal shear force coefficients given by ASCE 7 (2005) is summarized in Table 5.7.  
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Table 5.7 Summary of the statistics of Type I extreme distributions of  
the pseudo-steady CFx and CFy w.r.t. the AOA (φ) interval [0,10] 

15-min extreme 1-hour extreme ASCE Prob.++ POE++  Local wind 

angle of 

attack (φ) Mode Dispersion R2 Mode+ Dispersion+ G*Cp (X<G*Cp) (X>G*Cp) 

CFx [0, 10] 0.58 0.06 0.96 0.66 0.06 1.02 99.93% 0.07% 

CFy [0, 10] 0.48 0.07 0.96 0.57 0.07 1.105 99.99%  0.01% 
+Mode_1hour = Mode_15min+ln(4)*Dispersion_15min; Dispersion_1hour =Dispersion_15min. 
++ Prob.:probability; POE: probability of exceedence. 

 

 
Figure 5.26 Fitted Type I extreme distributions of the pseudo-steady CFx and CFy 

The Directional Method 

Five sets of the pseudo-steady horizontal shear force coefficients (CFx and CFy) 

were selected to determine the parameters of their corresponding Type I extreme 

distributions. The corresponding AOA (φ) intervals are [0, 10], [40, 50], [85, 90], [130, 

140], [175, 180] ([165, 180] for CFy). Figures 5.27 and 5.28 indicate that each of the five 

sets of the pseudo-steady horizontal shear force coefficients fits to the Type I extreme 

distribution well. The summary of the statistics of the fitted Type I extreme distributions 

is listed in Table 5.8. 

Three sets of the smallest (most negative) pseudo-steady uplift force coefficient 

(CFz) were selected to determine the parameters of their corresponding Type I extreme 

distributions. The corresponding AOA (φ) intervals are [0, 10], [40, 50], [85, 90]. Figure 

5.29 shows that each of the three sets of the smallest pseudo-steady uplift force 
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coefficients fits to the Type I extreme distribution well. The summary of the statistics of 

the fitted Type I extreme distributions is listed in Table 5.8. 

Table 5.8 Summary of the statistics of Type I extreme distributions  
of the directional pseudo-steady force coefficients (CFx, CFy and CFz, respectively) 

15-min extreme 1-hour extreme 
Set Local wind angle of 

attack (φ) 
CF 

Type Mode Dispersion R2 Mode+ Dispersion+

1 [0,10] CFx 0.58 0.06 0.96 0.66 0.06 

2 [40,50] CFx 0.46 0.07 0.98 0.56 0.07 

3 [85,90] CFx 0.28 0.05 0.97 0.35 0.05 

4 [130, 140] CFx -0.49 -0.08 0.97 -0.60 -0.08 

5 [170, 180] CFx -0.56 -0.09 0.97 -0.67 -0.09 

1 [0,10] CFy 0.48 0.07 0.96 0.57 0.07 

2 [40,50] CFy 0.52 0.07 0.91 0.62 0.07 

3 [85,90] CFy 0.26 0.05 0.98 0.32 0.05 

4 [130, 140] CFy -0.48 -0.08 0.97 -0.59 -0.08 

5 [165, 180] CFy -0.49 -0.08 0.97 -0.61 -0.08 

1 [0,10] CFz -0.35 -0.05 0.90 -0.42 -0.05 

2 [40,50] CFz -0.36 -0.06 0.98 -0.44 -0.06 

3 [85,90] CFz -0.44 -0.07 0.92 -0.53 -0.07 
+Mode_1hour = Mode_15min+ln(4)*Dispersion_15min; Dispersion_1hour =Dispersion_15min. 
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Figure 5.27 Fitted Type I extreme distributions of five sets of the pseudo-steady CFx 
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Figure 5.28 Fitted Type I extreme distributions of five sets of the pseudo-steady CFy 

 
Figure 5.29 Fitted Type I extreme distributions of three sets of the pseudo-steady CFz 
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CHAPTER VI  

RELIABILITY ASSESSMENT OF WIND LOADS ON LOW-RISE BUILDINGS 

6.1 Introduction 

The extreme wind loads given by ASCE 7-05 for ultimate limit state design are 

determined by the product of the 50-year wind load and a wind load factor, 1.6. The 50-

year wind load is calculated by the product of the extreme value of the pseudo-steady 

pressure coefficient and the extreme value of the gust velocity pressure. The probability 

exceedence of the design wind speed specified by ASCE 7-05 is 2% in one year. 

However, the probability of exceedence of the design pseudo-steady pressure coefficient 

is not clearly defined. It is very important to resolve this issue in order to achieve 

consistent specifications of the extreme wind loads. 

What is the value of the peak loading coefficient, which will result in a design 

load of the desired design risk when given a wind speed of the same risk? Before answer 

the question, a series questions arise: which method do we consider (i.e., the directional 

method or the non-directional method), what is the sufficient record length based on 

which the peak loading coefficient should be specified, what is the appropriate 

distribution of the peak loading coefficient, what is the appropriate return period of the 

peak loading coefficient for codification purposes, what is the uncertainties involved in 

the estimation of the peak loading coefficients.    

Research conducted by Cook and Mayne (1985) suggested that the peak wind 

loading coefficient with a return period of 4.5-hour (the reduced variate, y =1.4) based on 

record lengths of 1 hour was appropriate for UK use. It also pointed out that the adoption 

of this proposed peak loading coefficient should be based on the characteristic product of 

the annual maximum wind speed or dynamic pressure and the value of the characteristic 

product should not differ from that of UK significantly. The proposed peak loading 

coefficient was also known as a “Cook-Mayne Coefficient”. The method adopted in their 

analysis was the non-directional method and the peak wind speed and the peak wind 

loading coefficient were both treated as random variables with Type I extreme 

distributions. A sound theoretical basis for the Cook-Mayne method was given by Harris 

(1982). Kasperski (2003) calibrated the “Cook-Mayne coefficient” by considering the 
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peak wind speed and the peak wind loading coefficients having Type III extreme value 

distributions. Only the uncertainties related to the wind speed and the wind loading 

coefficient are considered by the Cook-Mayne method. Before adopting the “Cook-

Mayne Coefficient”, the assumptions of the Cook-Mayne method should be satisfied.  

 The framework developed by Ellingwood et al. (1980) for implementing 

reliability methods into building codes in the context of LRFD is widely accepted. Within 

the framework, the structural behavior can be addressed at or near the state(s) that are 

essential for adequate safety and serviceability; design uncertainties arising from 

randomness and modeling error can be treated rationally and quantitatively; the new 

knowledge from research is allowed to be incorporated into the code and standard 

explicitly. To date, the lack of qualified data prevents us from fully understanding the 

statistics of the parameters involved in the wind load effect model and the uncertainties 

related to the estimation of the aerodynamic, micrometeorological, and climatological 

parameters. However, current available qualified data enable us to identify the possible 

effects of the factors which contribute to the inconsistent specification of the extreme 

wind load design. 

Large amounts of validated full-scale data recently collected at WERFL, TTU 

enable investigation of the correlation coefficient (time lag = 0) between the wind loading 

coefficients and the undisturbed wind speed. The values of the correlation coefficients as 

a function of AOA (φ) were established and summarized in Section 4.5.4. The PDF of the 

pseudo-steady pressure (force) coefficients w.r.t. eight major AOA (φ) intervals was also 

examined. It suggested that the Type I extreme distribution fitted to the pseudo-steady 

pressure (force) coefficients very well. The corresponding statistics were outlined in 

Section 5.5. All the above information can be incorporated into the framework developed 

by Ellingwood et al. (1980) and enables us to identify their possible effects on the 

extreme wind load. The uncertainties pertaining to the estimation of the aerodynamic, 

micrometeorological, and climatological parameters are not taken into account in this 

study. 

In this chapter, the results presented in previous chapters will be employed to 

examine their possible effects on the extreme wind loads, specifically the wind load 
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factors. This is done in Section 6.2 and 6.3. The wind directional factor is investigated in 

Section 6.4.  

The wall pseudo-steady pressure coefficients, the pseudo-steady horizontal shear 

force coefficients, and the extreme wind speeds recorded in the non-hurricane regions are 

employed in this chapter. The results drawn from here are only for case study. General 

results can be derived when extensive information about the other wind load parameters 

and the uncertainties related to the wind load modeling are included. 

6.2 Effects of the Wind Load Factors by Selecting the Design Load Coefficients 

 with a Specified Consistent Risk of Exceedence   

The values of the design loading coefficients specified by ASCE 7 do not have an 

explicitly defined consistent risk. However, a design wind load coefficient, which can 

result in a design load of the desired design risk given a wind speed of the same risk, is 

what we expected.  

In this study, we found the Type I extreme distribution fitted to the pseudo-steady 

pressure (force) coefficients very well. The regression analysis of the predicted 15-min 

mean extreme loading coefficients and the single extreme pseudo-steady loading 

coefficients of a 15-min duration indicates consistent relationship between these two 

values for both the wall pressures and the horizontal shear forces. The predicted 15-min 

mean extreme loading coefficients are about 9 % higher than the single extreme pseudo-

steady loading coefficients of a 15-min duration. The predicted hourly mean extreme 

pseudo-steady loading coefficients are also calculated in this study. 

If we assume that the ultimate wind loads presented in ASCE 7 correctly reflect 

the real scenario of the wind loads on low-rise buildings and the mean extreme loading 

coefficients are superior to the design loading coefficients specified in ASCE 7 (2005), 

we can examine the variations of the wind load factors by adopting the hourly mean 

extreme pseudo-steady loading coefficients. On the other hand, we also want to find out 

the difference by adopting the 15-min mean extreme pseudo-steady loading coefficients 

and the hourly mean extreme pseudo-steady loading coefficients. In this section, such 

investigations were carried out for the wall pressures and the horizontal shear forces.   
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Wall pressures 

Two sets of wind load factors named γwind,1 and γwind,2  were developed for the 15-

min mean extreme pseudo-steady pressure coefficients and the hourly mean extreme 

pseudo-steady pressure coefficients of the walls respectively. They are shown in Table 

6.1. The variation of the values of γwind,1 and γwind,2  with the windward wall, the side wall 

and the leeward wall implies the inconsistent specification of the extreme wind loads by 

ASCE 7-05. The difference between the values of γwind,1 and γwind,2  for each type of the 

wall is partly due to the adoption of the mean extreme pseudo-steady pressure 

coefficients of different time durations. 

Table 6.1 The wind load factors related to the assumed wall design pressure coefficients  

Pseudo-steady Cp 

Wall Type 15_min 
mean 

extreme 

1_hour 
mean 

extreme 

ASCE 7 
Design G*Cp γwind,1

+ γwind,2
++ 

Windward 0.42 0.51 0.68 2.6 2.1 

Side -0.44 -0.55 -0.595 2.2 1.7 

Short Leeward -0.23 -0.29 -0.34 2.4 1.9 

Long Leeward -0.23 -0.29 -0.425 3.0 2.4 
+ γwind,1=1.6*(G*Cp)/15-min mean extreme pseudo-steady Cp; 
++ γwind,2=1.6*(G*Cp)/1-hour mean extreme pseudo-steady Cp. 

Structural forces 

Two sets of wind load factors named γwind,1 and γwind,2  were developed for the 15-

min mean extreme pseudo-steady horizontal shear force coefficients and the hourly mean 

extreme pseudo-steady horizontal shear force coefficients respectively. They are shown 

in Table 6.2. The variation of the values of γwind,1 and γwind,2  with CFx and CFy implies the 

inconsistent specification of the extreme wind loads by ASCE 7. The difference between 

the values of γwind,1 and γwind,2  for the same horizontal shear force coefficient is partly due 

to the adoption of the mean extreme pseudo-steady horizontal shear force coefficients of 

different time durations. 
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Table 6.2 The wind load factors related to the assumed design  
horizontal shear force coefficients 

Pseudo-steady CF 
 15_min mean 

extreme 
1_hour mean 

extreme 

Design 
G*CF γwind,1 γwind,2 

CFx 0.62 0.70 1.02 2.7 2.3 

CFy 0.52 0.61 1.105 3.4 2.9 
+ γwind,1=1.6*G*CF/15-min mean extreme pseudo-steady CF; 
++ γwind,2=1.6*G*CF/1-hour mean extreme pseudo-steady CF. 

6.3 Effects of the Wind Load Factors by Considering the Correlation between the Wind 

Speed and the Wind Loading Coefficient and Their Type I Extreme Distributions 

In this section, how the correlation between the wind speed and the horizontal 

shear force coefficient affect the wind load factors is examined. The probability density 

function of the wind speed is assumed Type I extreme distribution and the parameters are 

adopted from Table 5.3. The statistics of the exposure factor Kz are also adopted from 

Table 5.3. Type I extreme distribution was found to fit the pseudo-steady horizontal shear 

force coefficients well in this study and the parameters of the Type I extreme distribution 

were determined. The correlated and uncorrelated random data used in this analysis were 

generated by Monte Carlo simulation. The PDF of W/Wn fitted to a Type I extreme 

distribution in the region above its 90th percentile very well. The extreme wind speeds 

adopted here were recorded in the non-hurricane region and were fastest-mile wind 

speed. The fastest-mile wind speed can be transformed to 3-sec gust by multiplying a 

factor of 1.2 (Simiu et al., 2003). The target reliability, β, included in this study is equal 

to 3. 

The summarized results are shown in Table 6.3, which indicate that with the 

magnitude of the correlation coefficient between the extreme wind speed and the pseudo-

steady horizontal shear force coefficient increases, the mode of the PDF of W/Wn 

decreases, the dispersion of the PDF increases, and the characteristic product 

(mode/dispersion) decreases. The wind load factor increases with the correlation 

coefficient increases.  
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6.4 Application of the Directional Wind Load Coefficients to the Directional Method 

The issue related to the wind direction factor is still under investigation in the past 

few decades. In this study, the pseudo-steady pressure (force) coefficients derived from 

the full-scale data fitted to the Type I extreme distribution very well. The parameters of 

the fitted Type I extreme distributions w.r.t. eight major AOA (φ) intervals were clearly 

established. It enables us to treat both the directional extreme pseudo-steady loading 

coefficients and the directional extreme wind speeds as random variables. This is 

different from previous assessments of the wind direction factor which assumed that the 

directional extreme pseudo-steady wind loading coefficient was a constant value. The 

probability of exceedence of the directional extreme pseudo-steady loading coefficient 

was not specified in previous assessments. 

In this section, the examination of the wind direction factor is conducted by using 

the Type I extreme distributions of the hourly mean extreme pseudo-steady horizontal 

shear force coefficients and the directional extreme wind speed data collected at Huron, 

SD (Changery et al. 1984).  

The example shown in this section is to illustrate the difference of the values of 

the wind direction factors by treating the directional extreme pseudo-steady horizontal 

shear force coefficient as a constant value and as a random variable with Type I extreme 

distribution. The constant value adopted here is the hourly mean extreme pseudo-steady 

horizontal shear force coefficient, of which the probability of exceedence is 43% 

(reduced variate, y = 0.5772). This example also investigates the difference of the values 

of the direction factors by considering the correlation between the directional extreme 

pseudo-steady horizontal shear force coefficients and the directional extreme wind 

speeds.  

The plan view of the assumed building position and the horizontal shear force is 

shown in Figure 6.1. The mode and dispersion parameters w.r.t. the directional pseudo-

steady horizontal shear force coefficients are presented in Table 6.5 and the directional 

wind speed data are listed in Table 6.6. Figure 6.2 shows the fitted Type I extreme 

distributions of the directional wind speeds. The location and dispersion parameters of 

each fitted Type I extreme distribution are summarized in Table 6.7.    
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Three sets of wind direction factors, which are presented in column (2) to (4) in 

Table 6.4, are considered. The derivation of the three wind direction factors are explained 

as follows: 

501,50
ˆ)](max[ VCcp iFx

random θ=   , where c  is a constant, and 50V̂  is the estimated 

value of the 50-year wind speed from any direction by fitting the maximum non-

directional wind speeds to a Type I extreme distribution. )](max[ iFxC θ  is the maximum 

(in magnitude) mean extreme pseudo-steady horizontal shear force coefficient among the 

eight sets of the directional mean extreme pseudo-steady horizontal shear force 

coefficients. randomp 1,50  is comparable to the non-directional wind loads given by ASCE 7-

05.  
directionp 1,50  is calculated by fitting 20 maximum wind forces of each year to the Type 

I distribution and find the wind force with 50 year MRI. Each of the 20 maximum wind 

forces is selected from each of the 20 years and is equal to )]()(max[ 2
iiFx VCc θθ .  

directionp 2,50  is determined by selecting the maximum 50-year wind forces of the 

available eight wind directions. The maximum 50-year wind force of each wind direction 

is generated by fitting the simulated directional wind forces, which are based on the 

distribution of the directional extreme wind speed and  the directional pseudo-steady 

horizontal shear force coefficient (no correlation between these two parameters are 

considered), to the Type I extreme distribution and find the wind force with 50-year MRI.  
directionp 3,50  is determined by the same way as that of directionp 2,50  except that the mean 

correlation coefficient of the directional extreme wind speed and the directional pseudo-

steady horizontal shear force coefficient with respect to each major wind angle of attack 

is considered. 

The analysis of the three wind direction factors suggests that we can have many 

ways to establish the wind direction factor depending on the knowledge of the 

information of the wind load parameters. The uncertainty is inherent in the wind direction 

problem. This is not only due to the various definition of the wind direction factor but 

also the techniques used to calculate the wind direction factors. 
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Table 6.4 Summary of the wind direction factors of the 50-year horizontal shear forces 

 randomdirection pp 1,501,50 /  randomdirection pp 1,502,50 /  randomdirection pp 1,503,50 /  

(1) (2) (3) (4) 

wind direction 

factor 
0.84 0.80 0.94 
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Figure 6.1 Plan view of the assumed building position and the horizontal shear force 
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Table 6.6 The largest annual 3-sec gust wind speeds at 10 m above ground  
in open terrain in Huron, SD (The data were derived  
from the fastest mile wind speeds by multiplying 1.2) 

Huron,SD (1958-1977)      
  N NE E SE S SW W NW 

1 40.8 48 44.4 38.4 57.6 37.2 34.8 67.2 
2 67.2 30 30 37.2 58.8 55.2 54 66 
3 49.2 39.6 42 75.6 55.2 34.8 36 62.4 
4 40.8 57.6 31.2 51.6 49.2 75.6 49.2 55.2 
5 38.4 45.6 62.4 56.4 62.4 52.8 80.4 86.4 
6 44.4 48 58.8 49.2 52.8 34.8 64.8 79.2 
7 46.8 43.2 43.2 46.8 56.4 68.4 44.4 75.6 
8 46.8 43.2 31.2 48 46.8 56.4 28.8 62.4 
9 67.2 38.4 40.8 44.4 45.6 45.6 60 72 

10 44.4 62.4 36 50.4 50.4 46.8 45.6 75.6 
11 52.8 60 33.6 48 50.4 45.6 39.6 96 
12 67.2 50.4 32.4 46.8 46.8 45.6 44.4 74.4 
13 44.4 36 32.4 44.4 56.4 48 44.4 56.4 
14 48 45.6 45.6 45.6 60 50.4 49.2 57.6 
15 51.6 33.6 31.2 40.8 57.6 40.8 46.8 67.2 
16 57.6 45.6 40.8 60 46.8 40.8 45.6 61.2 
17 48 58.8 34.8 56.4 48 93.6 32.4 57.6 
18 43.2 34.8 44.4 74.4 45.6 56.4 45.6 69.6 
19 56.4 44.4 33.6 44.4 52.8 72 38.4 58.8 
20 52.8 60 34.8 48 46.8 60 38.4 60 

  
50.4 46.26 39.18 50.34 52.32 53.04 46.14 68.04 

 
8.81 9.56 8.97 10.16 5.37 15.01 11.90 10.76 

  
67.2 62.4 62.4 75.6 62.4 93.6 80.4 96 

All 
direction: 

 
= 50.72; 

 
 = 12.80 (Unit: mph)   

 
 

V
)( Vs

maxV

V )( Vs
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Figure 6.2 Fitted Type I extreme distributions of  

the directional wind speeds in Huron, SD 

Table 6.7 Summary of the statistics of the fitted Type I extreme distributions  
of the directional 3-sec gust wind speeds in Huron, SD 

 Mode Dispersion R2 Distribution 

N 46.28 7.88 0.95 Type I 

NE 41.79 8.53 0.95 Type I 

E 35.04 7.90 0.92 Type I 

SE 45.66 8.94 0.92 Type I 

S 49.81 4.80 0.95 Type I 

SW 45.94 13.56 0.97 Type I 

W 40.59 10.60 0.94 Type I 

NW 62.93 9.76 0.98 Type I 
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CHAPTER VII  

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The comprehensive assessments of wind loads in ASCE 7 were carried out in the 

late 70’s and 90’s. A number of issues which the code calibration exercise identified that 

could not be solved in the late 70’s were summarized by Ellingwood and Tieke (1997). 

These unresolved issues may contribute to the inconsistent specification of the extreme 

wind loads and the wind load factors in ASCE 7-05.  Extensive research conducted in the 

past indicated the possible factors which might cause such inconsistency, such as the 

statistical characteristics of the wind load parameters and the uncertainty factors related 

to the uncertainties of estimation of the aerodynamic, micrometeorological, and 

climatological parameters in the wind load model. To establish the correct statistical 

characteristics of the wind load parameters and the uncertainty factors, a large number of 

qualified data are needed.  

Large amounts of qualified full-scale data collected at WERFL, TTU enable us to 

systematically analyze the probability density functions of the area-averaged wind 

pressures and the wind forces on the low-rise buildings. In this study, the techniques used 

to predict the peak loading coefficients are investigated. The calibration of the assessment 

methods for low-rise buildings is conducted. Pseudo-steady pressure (force) coefficients 

comparable to the design values specified by ASCE 7-05 are derived. The PDFs of the 

directional pseudo-steady pressure (force) coefficients with respect to some major AOA 

(φ) intervals are established. The effects of the wind load factors by considering the Type 

I extreme distributions of the pseudo-steady pressure (force) coefficients and the 

correlation between the wind speeds and the wind pressures (forces) are examined. The 

wind direction factors are also investigated by considering these two results. Finally, 

several directions of future research are proposed. 

It should be pointed out that some outliers may remain in this study; however, 

their effects will not be significant and further investigation is needed to identify and 

remove these outliers. 

 The following results summarize the major contributions of this study: 
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 1. It is found that there is a minor difference between the peak pressure (force) 

coefficients predicted by the 20 peaks without testing their independence and the 20 

independent peaks, for the wall and roof pressures (the structural forces). It suggests that 

the autocorrelation coefficient of zero, which indicates the independence of the peaks, 

may be changed for the area-averaged pressure coefficients and the structural force 

coefficients. However, the actual reasons remain to be examined. The predicted 15-min 

mean extreme pressure coefficients are about 9 % larger than the single 15-min extreme 

pressure coefficients for the wall pressures. The predicted 15-min mean extreme 

horizontal shear force coefficients are about 10% larger than the single 15-min extreme 

horizontal shear force coefficients. The adoption of the mean extreme wind loading 

coefficients for codification purposes is justifiable and conservative. 

2. The comparison of the quasi-steady method and the peak-factor method 

suggests that it is deficient to adopt the quasi-steady method to predict the peak wind load 

while the peak-factor method is acceptable and conservative. 

3. Previous research indicated that the maximum wind speeds recorded by the 

UVW anemometer at 13 ft height at WERFL was approximately equal to the 3-sec gust 

wind speed. The regression analysis of two sets of the pseudo-steady pressure 

coefficients, which are referenced to the maximum wind speeds recorded by the UVW 

anemometer and by the 3-cup anemometer respectively, indicates the first set is about 5% 

smaller than the second set for both the wall pseudo-steady pressure coefficients and the 

pseudo-steady horizontal shear force coefficients. The consistent finding enables us to 

use the maximum wind speed collected by the 3-cup anemometer to generate the pseudo-

steady wind loading coefficients comparable to those specified by ASCE 7-05. However, 

the regression analyses of two sets of the pseudo-steady pressure coefficients of the four 

roof zones indicate poor predictions. The reasons behind this observation need to be 

further investigated. 

4. The study suggests that five sets of the wall pseudo-steady pressure coefficients 

with respect to the AOA (φ) intervals [0,5], [40,50], [85,95], [130, 140], and [175,180], 

four sets of  the roof zone pseudo-steady coefficients with respect to the AOA (φ) interval 

[0,5], five sets of the pseudo-steady horizontal shear force coefficients with respect to the 

AOA (φ) intervals [0,10], [40,50], [85,90], [130, 140], and [170,180] ([165,180] for CFy), 
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three sets of the pseudo-steady uplift force coefficients with respect to the AOA (φ) 

intervals [0,10], [40,50], [85,90], fit to the Type I extreme distribution very well. The 

parameters of the Type I distribution vary with both the locations and the AOA (φ). 

5. The correlation coefficients at time lag 0 of the wind speeds and the wall 

pressures, the wind speeds and the roof zone pressures, the wind speeds and the structural 

forces as a function of AOA (φ) are established. Each function has their unique pattern. 

6. The probability of exceedence (POE) of the design pressure (force) coefficients 

presented by ASCE 7-05 for the walls, the roof zones, and the structures was calculated. 

It is found that the POE of the wall design pressure coefficients and the design force 

coefficients is less than 8%. For roof zone design pressure coefficients, the POE of the 

small (absolute value) set is larger than 97% while the POE of the large (absolute value) 

set varies with roof zones. It should be pointed out that due to the limited size of the 

sample, the two parameters of the Type I extreme distribution remain estimations of the 

true values. The POE presented in this study is calculated based on the fitted Type I 

distribution of the extreme pseudo-steady pressure (force) coefficients of a 15-min 

duration. 

7. This study indicates that the inconsistency inherent in ASCE 7-05 can be 

eliminated by fully understanding the statistical characteristics of the wind load 

parameters adopted in the wind load models. No general conclusions can be drawn from 

this study; however, some primary results indicate that the PDF of the wind pressure 

(force) coefficients and the correlation between the wind speeds and the wind pressure 

(force) coefficients should be considered in the derivation of the wind load factors. The 

achievement of consistent extreme wind load design is promising.  

7.2 Future Work 

This study suggests the following areas where continued investigation should be 

pursued: 

1. quantifying the uncertainties related to a , b , c , and r in Section 5.4.4; 

2. investigating the PDF of the internal pressure coefficients; 

3. examining the sampling errors of the peak wind pressure (force) coefficients by 

adopting the techniques used for analyzing the peak wind speed; and 
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4. analyzing the wind load factors by incorporating the PDF models of the wind 

load parameters derived from the model-scale and the full-scale data (such as the Type I 

extreme distribution for the pseudo-steady pressure or force coefficients developed in this 

study) and the uncertainties determined either from the full-scale data and the model-

scale data or from the available literature, into the framework developed by Ellingwood 

et al. (1980). Such analysis will give a general view of how these factors affect the 

specification of the extreme wind loads. The achievement of a consistent specification of 

extreme wind loads for low-rise buildings is possible. 
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APPENDIX A 

This appendix provides the AutoCAD plan view of the location of the tap,  
the tributary area assigned to each tap of each roof zone, and  

the four roof zones of the WERFL building.
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