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ABSTRACT 

Time series models can provide an economical computational 

technique for an engineer for modeling wind speed, wind-induced pressures, 

and the response of a structure (or one of its components) to wind loads. 

Time series models are compact; yet contain almost all of the information 

that is in the original data. When combined with functional relationships 

that link the model parameters to physical parameters, a general description 

of the process is provided. 

Autoregressive (AR) models are used in this thesis to characterize wind 

speed, wind-induced pressure, and associated wind-induced purlin 

displacement response data. The data used for the characterization was 

collected at the Texas Tech University's Wind Engineering Research Field 

Laboratory (WERFL). Autoregressive models of order 3 characterize the 

wind speed, wind-induced pressure, and purlin response adequately. 

The AR model parameters exhibit linear correlation of varying degree 

depending on the data type (e.g. wind speed, wind-induced pressure, or 

purlin response). This implies that by establishing a single model parameter, 

the complete model is specified. The relationships of the model parameters 

to physical parameters are explored. This investigation shows that the AR 

(3) model parameters for wind speed are closely related to the variance of 

the wind speed. Although not fully developed in this work, there appears 

to be a functional relationship between the models for wind speed, wind-

induced pressure, and the associated structural response of a member. 

Preliminary investigation indicates that this relationship is likely to be 

independent of the angle of attack. Further, the residuals of autoregressive 



models on both wind speed and purlin response can be reasonably 

characterized using the log-logistic distribution. 
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CHAPTER I 
INTRODUCTION 

The design of a building or one of its components for wind loads requires 

that the wind and the associated wind-induced pressures acting over the area 

that influences the member's response be characterized. Structural 

mechanics is then employed to obtain the members response (shear, 

moment, or displacement) for design purposes. Currently, reductive 

provisions of codes and standards are used to characterize the peak 3-second 

wind speed and associated wind-induced pressures at some selected mean 

recurrence interval. Alternatively, time histories of wind and wind-induced 

pressures obtained in the wind tunnel (or full-scale) can be used directly in 

the design of buildings and their components. However, a direct use of these 

time series is somewhat limiting in the sense that the available time series do 

not represent all the possible realizations of the wind and the resulting wind-

induced pressures that can act on the structure or one of its components. 

Time series modeling of the processes involved (wind & wind-induced 

pressure), may provide the technique to characterize the phenomena thus 

provide a general, compact, stochastic description that can be used in design. 

Time series modeling appears to be a viable technique to characterize the 

wind (Smith, 1993), wind-induced point pressures (Kamarajan, Smith and 

Mehta, 1994) and area-average pressures (Stathoupolous, 1990). However, 

the question remains how useful and efficient are these stochastic models in 

characterizing structural response of members subject to wind loads, and 

what relationship exists between the models. These questions can be 

answered in part by using stochastic models to characterize the measured 



response of a structural member subjected to wind loads and comparing it to: 

(1) the stochastic model for the area-average pressure and (2) the stochastic 

model for response established using measured point pressures and an 

influence coefficient surface (Bharavaju, 1993). 

1.1 Objective and Scope of this Thesis 

The objective of this thesis is to develop stochastic models for: 

1. Wind speed; 

2. Area-average wind-induced pressure; 

3. Purlin displacement from (a) measured point pressures and an 

experimentally established influence coefficient surface and (b) purlin 

displacement measured in the field site of Texas Tech University. 

The investigation is limited to the data obtained at the Wind Engineering 

Research Field Laboratory (WERFL) for a few selected angles of attack of 

wind. Figure 1.1 shows WERFL and the surrounding terrain. 

Chapter II of this work provides background information on atmospheric 

flows, wind-structure interaction, time series modeling, and the previous 

application of time series techniques to wind data. Chapter III details the 

experimental setup and acquisition of the data used in this thesis. Analysis of 

the data to obtain the stochastic models of M15N799, which is data series 

number of WERFL, is presented in Chapter IV. Conclusions and 

recommendations for future research conclude this thesis. Appendices are 

provided for supporting work. 



Figure 1.1 Wind Engineering Research Field Laboratory and the 
surrounding terrain 



CHAPTER II 

LITERATURE REVIEW 

2.1 Atmospheric Flows 

As shown in Figure 2.1, atmospheric flows can be conceptually separated 

into a mean flow and the fluctuations about the mean. The fluctuations are 

interpreted as turbulence and gusts. The log law or the power law describes 

mean flow in the atmospheric boundary layer. Turbulence in the ABL 

(atmospheric boundary layer) is commonly described by its turbulence 

intensity, its integral scales, and its spectral density. 

2.1.1 Mean atmospheric flows 

The ABL can be separated into two regions, an inner (lower) layer, and 

an outer (upper) layer (Simiu and Scanlan, 1997). In the lower region, the 

mean flow can be described by the law of the wall, and in the upper layer the 

mean flow can be described by the velocity defect law. 

The log law is used to model the mean flow in the lowest part of the 

boundary layer. For a neutrally stable atmospheric, the log law is given as: 

Uiz) = ^\n^. (2.1) 
A ZQ 

Where: 

K= Von Karmen's constant, generally given as 0.4; 

U, =Shear velocity, ft/sec; 

Z = height above the ground, ft; 

Zo =Roughness length, ft, which is a measure of eddy size near the 

ground; and 



U (z) = mean speed of the wind at height z, ft/sec. 

The log law is valid up to the height z,, which is equal to: 

^.=b— (2.2) 

where: 

b = constant between 0.015 and 0.03; 

U. = Shear velocity; 

C = Coriolis parameter. 

For the heights above where the log law is applicable and below the gradient 

height (z, <z<Zg) the power law is used. The power law is: 

U(z,) = U{z,){^r . (2.3) 
^ 2 

where: 

z,, Z2 = Heights above the ground; 

a = an exponent dependent upon roughness of terrain; 

U(z^),U{z^)= Mean wind speed at heights z, and Z2, respectively. 

The power law exponent is a function of the terrain roughness and the 

atmospheric stability. At WERFL, the power exponent is approximately 

0.16. 

2.1.2 Fluctuating atmospheric flow 

Fluctuations about the mean flow are generated by the wind interacting 

with the roughness of the earth's surface and thermal heating of the 

atmosphere. Common descriptions of these fluctuations include its 

turbulence intensity, its integral scales of turbulence, and its spectra. 

Turbulence intensity, I, is defined as: 



J, . (j(z) 

^(^) = —^^- (2 4) 

where: 

U (z) = mean wind speed at height z; 

cr(z) = Standard deviation of the wind speed at height z. 

Generally speaking, turbulence intensity for an open terrain is smaller than 

in rough terrain. Fluctuating pressures on a building are a function of I. 

Integral scales of the turbulence are a measure of the size of the gusts of 

the mean flow. The scales of turbulence represent the length, width, and the 

heights of the gusts. The longitudinal integral scale is defined as: 

00 

Ll=U{z)\R{T)dT. (2.5) 
0 

where: 

U (z) = mean longitudinal wind speed component; 

R (.) = autocorrelation function for fluctuations in the longitudinal 

direction. 

The spectrum for the turbulence provides a measure of the amount of 

turbulent energy at a given frequency. Representation of the atmospheric 

turbulence in the frequency domain through spectral densities is the most 

common form. 

The fluctuating component of the wind can also be modeled using time 

series techniques (Smith, 1993). 

2.2 Wind Flow Pattern 

Most of buildings and structures are within the lower part of the 

atmospheric boundary layer (ABL) where wind flow is highly turbulent. 



When an incident wind impinges on a building, the flow cannot negotiate the 

sharp comers of the building (edges of eaves, walls, and roof ridges). As a 

result, the wind flow separates sharply from these edges. This interaction 

between the building and approaching wind induces additional turbulence to 

the flow near the building surfaces. The amount of additional turbulence 

introduced onto the flow is dependent on the surface (roof, windward wall, 

etc) and the location on that surface (separation region, reattached region, or 

under the conical vortex), and the angle of attack. The effects of angle of 

attack are clearly shown in Figure 2.1 for tap 50501 which is located near the 

comer of the test building. At angle of attack between zero and 100 degree, 

both the mean and rms pressures are small. As the angle of attack 

approaches 200 degrees, the mean and rms pressures become larger in 

magnitude. The increasing rms pressure coefficient implies more turbulence. 

A conceptual model on the flow pattem near a cubic building in an 

atmospheric boundary layer has been developed by Peterka (1985) isshown 

in Figure 2.2. This model is used to illustrate wind-structure interaction. 

Since stochastic models are used to characterize turbulence, i.e., the 

fluctuations about the mean, the stochastic models will also be a function of 

angle of wind on the building and the specified location on a surface. 

2.2.1 Wind flow over roof 

A separation bubble is formed along the upstream edge of the roof with a 

normal approaching flow. The streamline pattem is shown graphically in 

Figures 2.2 and 2.3 for buildingin an ABL flow. The joint effect of the wind 

profile, vortices in the shear layer along the separation boundary, and the 

Reynolds stress of ABL lowers the separated streamlines and leads to an 

7 



earlier reattachment of the separated flow to building roof (Cook, 1990). 

Higher suctions and turbulence are encountered along the leading edge of 

the roof The suction decreases in magnitude down stream from the leading 

edge. 

Strong conical vortices are produced at the roof comer when the incident 

flow is skewed from the direction normal to the windward wall. It is usually 

termed as the delta-wind vortices as it is analogous to the vortices formed on 

a delta aircraft wing. The general pattem of delta-wing vortices is illustrated 

in Figure 2.4. The turbulence under vortex is high. 

8 
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Figure 2.4 Delta-wing vortex (Cook, 1990) 
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2.3 Statistical Background 

Wind data collected at the Wind Engineering Research Field Laboratory 

(WERFL) is made up of sequences of observation in the time domain. In 

Mode 15, wind speed and direction data consist of a series of 9000 values 

for every instrument over a 15-minute time period. The sampling rate is 10 

hertz. Wind pressure data consist of a series of 36000 observations for each 

instrument. The details of data collection are discussed in Bhavaraju (1993) 

and Levitan and Mehta (1992 a, b). 

To model the uncertainty in the sequence of observations, each value can 

be considered as a random variable. This sequence of random variables is 

termed a stochastic process. 

When the values in the time history are not independent of each other, 

time series methods are applicable to their analysis. This dependent nature 

of the random variables is of interest in time series analysis. Stochastic 

process observations obtained at WERFL have a dependent structure, so 

time series methods are applicable to their analysis. 

Time series methods were originally developed by Box and Jenkins 

(1976). The main use of time series method is forecasting, characterization 

of data, and simulating events. Daily examples of time series include the 

price of the stock market, the monthly price index, and temperature. The 

main focus of this thesis is modeling the wind, the wind-induced pressure 

and the resulting structural response of a purlin using time series theory. 

For understanding the concept of time series theory, some basic ideas of 

statistics are necessary. The publication by Duran (1996) is recommended, 

and the publication of time series by Cryer (1986) is the most basic. 

13 



The methods developed here are for stationary data. Stationarity can be 

inherent in the original data set or the data may be transformed to make it 

stationary. The concept of stationarity is discussed in the next section. 

2.3.1 Basic statistical concepts 

The following content presents basic statistical background for both 

independent and dependent random variables. The presentation is concise. 

The concept of mathematical expectation (expected value) provides the most 

basic and important knowledge for the statistics and parameter estimation 

for both independent and dependent variables. The expected value of a 

random variable is the long-term theoretical average value for that random 

variable. Let X be a random variable, which has probability density f (x). 

Then a function of the random variable X, H (X), is also a random variable. 

Expected value for H (X) is defined as: 

00 

E[H(X)]= lH(X)f{X)dX . (2.6) 
—00 

In the case that the probability density is discrete instead of continuous, a 

summation sign replaces the integral, that is: 

E[H(X)] = Y,H{X)f(X) . (2.7) 

The mean is measure of central location of a probability density function. 

The mean for the random variable X is defined as 

ju = E[X]= r xfix)dx . (2.8) 
J-00 

Where: 

// = Mean value; 

E [X]=expected value of X; 
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X= random variable; 

f (x)= probability density funcfion of x. 

The variance, a^, provides a measure of the dispersion for the probability 

density about the mean value of the distribution. It is defined as 

<j'=E[X-E[X]]' = [jx-juynx)dx . (2.9) 

By using the linear operator properties of expected value function, the 

variance can be defined also as: 

a'=E[X']-ju\ (2.10) 

E[X^] is termed the mean square. So the variance is equal to the mean 

square minus the mean squared. Thus the mean square equals the variance 

(and the standard deviation equals the root mean square, rms) only if the 

mean value is zero. 

When considering a bivariate case, the covariance provides insight into 

the joint behavior of the two random variables. The covariance for the two 

random variables X and Y is defined as: 

Cov(X, Y) = E[(X -^J(Y-ju^)]. (2.11) 

Using the linear properties of the expected value operator again, the 

covariance can also be expressed as: 

Cov(X,Y) = E[XY]-M.JUy • (2-12) 

The correlation function provides a very simple and easy interpretable 

fianction. The correlation fiinction is defined as: 

CMXJ)_ (2.13) 
ylVar{x)Var(y) 
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The correlation fiancfion provides a relative measure of the strength of the 

linear relationship between the two random variables. The correlation 

function has upper and lower limits of 1 and - 1 . A correlation value of zero 

indicates that there is no linear correlation between the two random 

variables. The correlation value 1 means the variable X is perfectly 

correlated with variable Y. The value -1 of correlation indicates the variable 

X is perfectly negatively correlated with the variable Y. 

A run of time series data is a set of observations of the random variables, 

X, collected at the time points t. The data is completely defined by the joint 

distribution function of the random variables. Generally, each variable has 

any arbitrary distribution, and the time series can be comprised of n random 

variables fi-om m different distributions. 

Stationarity is a very important concept in time series field. Cryer (1986) 

conceptually defines stationary of time series data as 'statistical 

equilibrium,' that is the basic statistical properties producing the time series 

remain constant in time. Strict stationary of time series requires that the joint 

distribution of the whole set of variables is the same for all positive integers. 

This means that two realizations from a strictly stationary process would 

exhibit similar statistical characteristics. 

For the univariate case, strict stationarity requires that the distribution for 

the random variables in time series be identical. Thus the mean function of 

the time series can be defined as: 

^,=E[X,] . (2.14) 

And the variance function can be expressed as 

a^=y„=E{X,-^,f . (2.15) 
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For the bivariate case, strict stationary requires that the bivariate marginal 

distributions for the time series be identical. This means that in addition to 

the mean and variance functions being constant in time, the covariance 

matrix is also constant in time and dependent on the time lag t, only. For the 

time series data, the auto covariance function provides the conceptual 

extension of a covariance matrix for a finite set of random variables to an 

infinite set of random variables. The auto covariance fianction is expressed 

as: 

Cov{X^,X^) = r^^=E[{X^-E[XMX.-E[XM- (2.16) 

For a stationary stochastic case, it is convenient to define the covariance 

function as a function of a single variable. This auto covariance function is 

expressed as: 

rAh) = rx{r,s) = r,{KO) = Cov{x^^„x,). (2.17) 

The stationarity defined above, requiring only bivariate stationarity of the 

time series, is referred to as weak stationary. A description of weak 

stationary is given by Brockwell and Davis (1987). For a time series to be 

weakly stationary, three requirements must to be met: 

i E[X,f <oo 

ii £[X, ] =Constant 

iii Cov{X,, X^) = CoviX^^,, X,,,). 

Strict stationary further requires that all joint distributions be identical. For 

many applications, the assumptions of weak stationary are sufficient. 

The auto correlation function (ACF) is defined analogously to the 

correlation function for the independent random variable case. For a time 
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ing, the requirements of weak stationarity, the autocorrelation series meeting 

function is defined as 

/xv^) 
(2.18) 

The autocorrelation function for a stationary stochastic process provides 

information on the relationship of the random variables at the time lag h. 

The autocorrelation function includes the effects of the intermediate random 

variables in the value of ACF. In other words, ACF at lag h incorporates the 

correlation of the (h-1) random variables between X (h) and X (0). The 

autocorrelation fiinction is very useful in providing information on the order 

of the moving average portion of the ARMA (Auto Regressive Moving 

Average) model as well as on the stationarity of the data. 

The partial autocorrelation function (PACT) at lag h eliminates the effects 

of correlation of the intermediate random variables on the estimate. That is, 

the PACF provides information on the relationship between the random 

variable at lag zero and at lag h after adjusting for the effects of the (h-1) 

intermediate random variables. The PACF is computed by determining the 

inner product of the projection of the X (n+1) vector on the projection space 

spanned by X (n) and X (j) (Brockwell and Davis, 1987). This indicates a 

system of equations, which are then solved for the partial autocorrelation 

coefficients. The system of equations is: 

P(0) 

p(l) 
Pi2) 

P(l) 
P(0) 

P(2) 

P(l) 
. . . 

p{n-\) pin-2) Pin-3) 

... pin-\y 

... Pin-2) 

... piO) _ 

> « , " 

^«2 

_Tnn _ 

— 

>(1)" 
Pi2) 

pin) 

(2.19) 
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The partial autocorrelation coefficient at lag n^cin) is: 

ain) = (ff„„,n>\ . (2.20) 

The partial autocorrelation coefficient is useful for determining the order of 

the auto regressive part of the ARMA model. 

2.5 Concept of Time Series Modeling 

Wind data, which is collected from the WERFL, can be considered as 

time series data. Thus the methods developed by Box and Jenkins (1976) can 

be used to analyze the data. The basic concepts of time series modeling and 

the procedure used to model the data are discussed below. 

The assumptions for analysis of stochastic process are: 

i. The observations, X (t), are equally spaced in time; 

ii. X (t) is a random variable with a probability structure; 

iii. Observations, X (t), are statistically dependent; 

iv. The white noise variable is independent and identically distributed (iid); 

V. The index set for the stochastic process is time, T. 

The observations must be equally spaced in time to ensure that this is a 

dependent relationship of the random variables. The data collected at the 

WERFL field site are equally spaced. The wind speed data and the wind 

direction data are collected at 10 hertz and the building pressure and 

response data are collected at 40 hertz (for Mode 15). To consider the 

uncertainty in each observation, each observation is considered to be a 

random variable. Thus each X (t), which is a random variable, has a 

probability structure. 
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It is also assumed that the random variables have a dependent structure. 

The data collected at the field site is typically dependent in nature. Data, 

which meet those requirements, are called a stochastic process and can be 

represented by a linear process: 

X, =z,+(p,z,_,+(p^z,_^+... (2.21) 

where: 

X (t)=observation at time t; 

(pi = Weight at time i, and; 

z, = White noise random variable at time t. 

If the right-hand side of this expression is truly an infinite series, then certain 

restrictions must be placed: 

±cp^<^. (2.22) 
/=i 

If only a finite number of weights are nonzero, the process is called moving 

average process. The moving average process is defined as: 

x,=z, +e,z,_, +e,z,_, +...+e^z,_^. (2.23) 

Equation (2.23) is termed a moving average of order q, i.e., MA (q). 

Autoregressive process is as its name implies- regression on itself. A p 

th-order autoregressive process AR (p) satisfies the equation: 

X, = (l>,X,_, + (/>,X,_, + . . . + (l>^X,_^ + z , . (2.24) 

The current value of the series X (t) is a linear combination of the p most 

recent past values of itself plus an 'innovation' termz,, which incorporates 

everything new in the series at the time t that is not explained by the past 

values (Cryer, 1986). 
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The AR (p) models and MA (q) models developed above assume that the 

stochastic process has zero mean and is stationary. When the data is non-

stationary data, the data is first transformed to stationary data, and then the 

time series analysis can proceed. Common transformations of non-stationary 

data include filtering the data by using a moving average filter, eliminating 

the deterministic non-stationary trends, and eliminating the stochastic non-

stationarity by differencing methods. A thorough discussion of 

transformations is given in Box and Jenkins (1976). 

Once a stationary time series process is obtained, the ACF is used to 

estimate the order of the moving average process. An ACF, which has a 

sharp cutoff after time lag q, is just indicative of a MA (q) process. For a 

MA (q) process, the PACF decreases slowly. On the other side, a time series 

process, which has an ACF that does not show any sharp cutoff but has a 

PACF, that does have very sharp cutoff after time lag p, is indicative of an 

AR (p) process. Obviously, if there is no sharp cutoff in either ACF or 

PACF, then an ARMA (p, q) model is indicated. For an ARMA (p, q) 

process, the model order is found by trial and error. Generally, one 

parameter is held and other changed till the model is adequate. 

Once the model is estimated, the model diagnostics are used to evaluate 

the adequacy of the model. There are two subdivisions of model diagnostics, 

the examination of the residuals and the investigation of over fit models. 

Examination of residuals is discussed first. The residuals are defined as: 

Residual = Actual Predicted. (2.25) 

After plotting the residuals, their stationary characteristics can be evaluated 

visually. If the residuals appear stationary, then the ACF and PACF of 

residuals are plotted. If they are uncorrelated obviously, then the testing of 
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residuals to find out whether they are white noise or not are performed. If the 

ARMA model is correct and if the parameter estimates are close to the true 

values, then the residuals should have nearly the properties of independent, 

identically distributed, random variables (Cryer, 1986). In theory, the 

Portmanteau testing is used for the statistical testing to assure the residuals 

are white noise. If the outcome of the residual testing shows that the model 

is not adequate, then the loop of modeling continues till an adequate model 

is obtained. Even after a model is determined to be adequate, competing 

models are investigated until the optimum model, which explains the process 

best is achieved. 

The pdf for the residuals is established using commercially available 

software Best-fit by Palisade (1996). The log-logistic pdf is established as 

the best fit to the residuals based upon chi-square test. The form of log 

logistic pdf is: 

Fix) = { (2.26) 
1 + (^^)"" 

/^ 

where: 

a>0,^>0; 

x> y . 

2.6 Previous Work of ARMA Modeling of Wind Process 

Time series models can be used in characterization of data, for prediction, 

for understanding the process of the phenomena being studied. The classical 

work in time series modeling was completed by Box and Jenkins (1976). 
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Several authors, like Fuller (1976), Cryer (1986), and Brockwell and Davis 

(1987), published their books in this field. 

Fourtier and Scanlan (1979) were the first to try time series modeling of 

field collected wind-induced pressure data. They modeled the difference 

between the outside and the inside pressures of cooling towers. They found 

that the AR (2) model was appropriate to model the pressure data they 

obtained. In their work, the two parameters in their AR (2) model hint that 

the model parameters could be indicative of different flow regions. 

Reed (1980) used the work of Fourtier and Scanlan to develop a transfer 

model for cooling tower loading. As a result. Reed used ARMA model for 

wind velocity data collected on the top of cooling towers. She found that AR 

(1) model was appropriate for wind speeds below 33 ft/sec, and AR (2) 

model was appropriate for wind speeds above 33 ft/sec. Reed and Scanlan 

(1983) published their results of wind speed, pressure and transfer models. 

Stathopoulos (1990) developed simple time series models for the 

description of pressure coefficients acting on monoslope roofs, and found 

that the autoregressive model of first-order could summarize the measured 

data efficiently. The parameters in his research were almost linearly related 

to the wind direction in different zones. The use of this model for simulation 

has been found adequate for codification purposes. Smith (1993) developed 

AR (3) models, which express the characters of wind speed data at WERFL 

sufficiently. The model parameters are linked to the physical parameters like 

shear velocity, roughness length, and height above the ground. The white 

noise variance is also related to the shear velocity. 

These results provide information on the model order required to model 

the wind processes. According to the previous work, the AR (2) models 
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appear to be appropriate when modeling short time series. However, 

according to the analysis to those data obtained from the WERFL, it 

indicates that the number of parameters will increase when the resolution of 

time series increases. After the ARMA model is developed to characterize a 

process, it can be used in prediction. Simulation is accomplished by using 

Monte Carlo methods. 

2.7 Software Background 

A software package, named MATLAB (MATHWORKS INC. 1997), is 

used to perform the time series analysis. MATLAB is an integrated technical 

computing environment that combines numeric computation, advanced 

graphics and visualization, and a high-level programming language. 

MATLAB has more than hundred functions for data analysis and 

visualization, numeric and symbolic computation, engineering and scientific 

graphics, modeling and simulation, and GUI programming. For the time 

series process, there is a user's contributed TOOLBOX, TSA, which is 

specially designed for the autocorrelation function and the partial 

autocorrelation function. By using this TOOLBOX, the time-consuming job 

for plotting the ACF and PACF is expedited. 

After obtaining the ACF and PACF of the time series process, it is easy to 

estimate the order of MA, AR, or ARMA models. Another TOOLBOX, 

Signal Processing Toolbox, is used to do the parameter estimation. 

MATLAB offers a unique simulation and prototyping environment. The 

powerful technical language is both concise and descriptive, allowing you to 

model complex systems with small sections of easy-to-follow code. This 
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Toolbox is not the user contributed one like the TSA (Time Series Analysis) 

discussed above, but a built-in toolbox of MATLAB. This one supports a 

wide range of signal processing operations, from waveform generation to 

filter design and implementation, parameter modeling, and spectral analysis. 

The function Aryule is useful for the parameter estimation of AR model. 

The Yule-Walker AR method is an autoregressive technique for spectral 

density estimation. This method also solves for the AR model parameters by 

the autocorrelation method. Other functions, like LPC (Linear Prediction 

Coefficients), is also used for the AR modeling. For ARMA modeling, the 

Prony, and the Stmcb (Compute linear model via Steiglitz-McBride 

iteration) function can be used. In linear prediction (AR Modeling), the input 

X (t) is assumed a linear combination of past n outputs. In MATLAB, the 

functions discussed above for AR modeling is based on the Yule-Walker AR 

method. Thus the estimated model is stable, but may not model the process 

exactly even if the input data sequence is truly an autoregressive process of 

the correct order. This is a result of the autocorrelation method, which 

implicitly windows that data that assumes the signal samples beyond the 

length of X is zero. 

25 



CHAPTER III 

EXPERIMENTAL SETUP AND DATA COLLECTION 

3.1 Introduction 

The Wind Engineering Research Field Laboratory (WERFL) is located 

on the Texas Tech University campus in Lubbock, TX. The extensive 

instrumentation of the test building and the 160 feet meteorological tower 

provides an ideal opportunity to obtain the wind loads on low-rise buildings. 

Figures 3.1 and 3.2 illustrate the frame and the sketch of the WERFL test 

building. The details of the surrounding terrain and of the instrumentation of 

the test building and the meteorological tower are given by Levitan and 

Mehta (1992 a, b). Some of the features are given below. 

Field measurements are made at the WERFL, located in the flat open 

terrain in Lubbock, TX. The city of Lubbock is located on the High Plains of 

Texas at an elevation of 3300 ft above the sea level. The plains extend for 

many miles in all directions, most of the land being used for agricultural 

production. The terrain surrounding the test building is basically flat and 

open. Site parameters associated with the surrounding terrain are given in 

Levitan and Mehta (1992 a). 

The test building is an 30'x45'xl3' prefabricated metal building constructed 

on the rectangular rigid undercarriage, which rides on a circular steel track 

embedded in a concrete slab. A hydraulic jack is placed at each comer to 
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Figure 3.1 The frame of WERFL test building 

27 



Figure 3.2 Sketch of the WERFL test building 
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raise the building, and a pair of electrical motors rotate the building to the 

assigned angle of attack of the wind on this test building. 

About 150 ft west of the building is a 160 ft high meteorological tower 

equipped with six-wind speed measuring instruments (at the 3ft, 8ft, 13ft, 

33ft, 70ft, 160ft height), two wind direction sensors (at the 13ft and 160 ft 

height), two temperature sensors (at the 13ft and 33 ft height) and one 

barometric pressure sensor. This instrumentation provides all the data 

required for determining the needed wind parameters such as the mean and 

the fluctuating wind speeds, the wind direction, the profile and the 

turbulence of the wind, the gust spectrum, the integral scales and the density 

of air. 

The structure of the test building consists of three frames spanning the 30 

ft direction. Purlins and girts span between the frames. The girders of the 

frame are tapered, but the columns are of uniform cross section. The column 

section is built up from flat plates. The columns and the roof beams are all 

shop fabricated, complete with holes in the flanges for the attachments of the 

secondary structural members. High strength structural bolts are used for the 

assembly of the frame members. The end wall structural members are cold-

formed channel members designed and fabricated in accordance with the 

1980 AISI specifications. Precision roll-formed 8-inch deep Z-shaped 

sections are used for the purlins and channel-shaped sections are used for 

girts. 

The building has a two-layer skin system, which is shown in Figure 3.3. 

The inner layer of the roof and the walls is 22-gage standard corrugated 

steel. A 22-gage flat stock sheet is used as the outer layer of the building 
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Figure 3.3 Two-layer metal skin systems 
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covering. The flat stock sheet provides a smooth surface. It eliminates errors 

in the point pressure measurements on the building surface due to the 

corrugations. The two sheets are screwed together at 1-foot centers on all 

surfaces, using self-tapping screws. 

The data acquisition system for the collection of Mode 15 data used in this 

thesis uses a 20MHZ 80386-based personal computer with an 8 MB RAM 

and a math coprocessor. A MetraByte Corp. DAS-8, which has 8 channels, 

medium speed 12-bit analog to digital conversion board, is used to record 

the incoming signals. Three MetraByte compatible C10-MUX32 

multiplexers from Computer Boards Inc. are used to expand the input 

capacity to 96 channels. 

The data acquisition system operates continuously, monitoring the wind 

speed. Whenever the one-minute mean wind speed at the 13-foot height 

(building roof height) exceeds a predetermined trigger value, usually 20-25 

mph, the data acquisition system is triggered. Once triggered, the data 

acquisition system records the data for a specific duration of time depending 

on the data acquisition mode. The data used for this analysis is Mode 

15(M15) data, for which the record duration is 15 minutes. In this mode the 

pressure transducers are sampled at 40 hertz while the wind speed, wind 

direction and the displacement transducer instrumentation are sampled at 10 

hertz for the same time duration. 

Two types of differential pressure transducers, Validyne and Omega, are 

used to measure internal and external surface pressures. The Validyne 

transducers have a full-scale working range of +/- 0.20psi while the Omega 

transducers have a full-scale range of +/- 0.18 psi. Ambient atmospheric 

pressure is used as the reference pressure of the transducers. The ambient 
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pressure is obtained from a box below the ground located 75ft west from the 

building. The box has a smooth lid with a smooth hole of 0.5 inch inside 

diameter. 

3.2 Experimental Setup 

A roof purlin is used to investigate the structural response to wind-

induced pressures. The instrumented purlin, which is illustrated in Figure 

3.4, is a 24.958 ft long Z-shaped purlin, simply supported on the frame 

girders that are spaced at a distance of 23.5feet. There is 1.458 ft overhang 

adjacent to the wall. At the overhang end, the purlin is connected to a L-

shaped plate. The L-shaped plate runs continuously at the roof eave and is 

connected to the wall cladding using self-tapping screws, placed at 1 ft on the 

centers. The purlin connections at the girder and the wall provide a degree of 

rigid connectivity for the purlin at the overhang end. However, this rigidity 

does not affect the results obtained using the measured purlin response 

because purlin displacements are computed using an experimentally 

established influence coefficient surface. 

Six pressure taps, shown in Figure 3.5, are placed in the effective area of 

the instrumented purlin. Differential pressure transducers are used to 

measure the pressures at the taps. They are Omega Engineering Inc. Model 

PX 163-005 D 5V, with a full-scale range of+/- 0.18 psi. These transducers 

are solid-state piezosentive type with a fixed silicon diaphragm. The 

diaphragm strain is converted to an analog output voltage proportional to the 

applied differential pressure. The signal conditioning of these transducers is 

custom built. The frequency response of the roof tap 
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Figure 3.4 Details and arrangement of purlin (a) Arrangement of the purlin, 
DCDT and the support system (b) cross section of purlin. (Bhavaraju, 1993) 
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Figure 3.5 Location of the purlin and pressure taps on the roof (Bhavaraju, 
1993) 
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measuring system has been studied in detail by Sandri (1992). Figure 3.6 

shows the detail of pressure tap transducer. 

Two direct current displacement transducers (DCDT) manufactured by 

Trans-Tek Inc. are used for measuring the displacement response of the 

purlin. Model numbers 0354-000 and 0355-000, with ranges of+/- 1 and +/-

2 inches, respectively, were installed at the middle span of the purlin to 

monitor the vertical displacement of the purlin. The DCDT has a good 

frequency response up to almost 8 hertz. A W 6x9 beam, supported on the 

bottom flange of the girders supporting the purlin, is used to support the 

DCDT. Thus the purlin displacements measured by the DCDT were relative 

to these frame girders. 

The DCDT is calibrated incorporating the signal conditioning equipment. 

A micrometer is used for calibrating the DCDT. The output voltage from the 

voltmeter is recorded for a known displacement in inches and a regression 

analysis is performed on the data to obtain the calibration curves. 

Experiments are performed to determine if there is any drift in the output 

signal at constant temperature and it was found that the drift was negligible. 

3.3 Data Collection 

Thirteen records of Ml 5 are selected to investigate the ARMA model of 

the wind speed, wind-induced pressure, and the purlin response. These 13 

records are selected to cover a range of angles of attack fi*om 0 - 3 1 5 

degrees, shown in Figure 3.7. All the records are stationary in wind speed 

and the wind direction at 13 ft height. 
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Figure 3.7 Angle of attack of the data runs 
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CHAPTER IV 

DATA ANALYSIS 

4.1 Introduction 

The objective of this thesis is to develop stochasfic models for fluctuating 

components of (1) wind speed; (2) area-average wind-induced pressures in 

the effecfive area of a purlin and (3) the associated displacemental response 

of the instrumented purlin. The purlin response includes (a) computed 

purlin response using point pressures and an influence coefficient surface; 

and (b) measured purlin displacement. Development of the models follows 

the procedures given in Cryer (1986), Fuller (1987), and Brockwell and 

Davis (1990), which is summarized in Chapter II of this work. All the 

records used here are stationary in both speed and direction according to the 

sign and reverse arrangement tests (Bendat and Piersol, 1986). Section 4.2 

presents the development of the stochastic models for wind speed data. The 

model parameters obtained in this investigation are compared to those 

obtained by Smith (1993). Further, the linear relationship of the model 

parameters for the wind speed model is verified. Stochastic models for area 

average pressure data are developed in Section 4.3. The relationship between 

the model parameters and between the wind speed model and area-average 

pressure model is investigated. Section 4.4 and 4.5 develop models for the 

purlin's displacement response. Section 4.4 addresses the models for purlin 

response obtained by using measured pressures and the influence coefficient 

surface and the section 4.5 presents the models for measured purlin 
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displacement. Relafionships between model parameters and between the 

various models are also explored. Thirteen 15-minute duration records from 

varying angles of attack are selected for analysis. Time histories for record 

M15N799 is used to illustrate the modeling process in the body of this work. 

Similar results for the other records are contained in the Appendices. 

4.2 Analysis of Wind Speed Data 

At WERFL, wind data is collected at 3 ft, 8 ft, 13 ft, 33 ft, 70 ft, and 160 

ft on the meteorological tower. The instruments used to measure the wind 

speed data are three-cup anemometer, wind vanes, and UVW instruments. In 

this research, thirteen records of the wind speed data at 13 ft, which are 

horizontal wind speed, are investigated. The summary statistics for the wind 

speed measured with a 3-cup anemometer at 13 ft height for these thirteen 

records are given in Table 4.1. 

As described above, the first step of time series modeling is to 

determining the appropriate model and model order. To establish the model 

order, the ACF (Auto Correlation Function) and PACF (Partial Auto 

Correlation Function) are computed and plotted. 

Based on these ACF and PACF plots, an AR (3) model is chosen to 

model wind speed data. The ACF is slowly decaying that implies an AR 

process. PACF has 3 significant parameters, which implies AR (3) process. 

Figure 4.1 shows plots of the wind speed time history, the ACF and the 

PACF fiinctions and the residuals pdf of wind speed data at 13ft for record 

M15N799. Similar figures for the other records are contained in Appendix 

B. 
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Table 4.1 Summary stafisfics of wind speed (mph) at 13 ft 

Record 
number 
M15N326 
M15N525 
M15N539 
M15N540 
M15N541 
M15N542 
M15N690 
M15N695 
M15N787 
M15N792 
M15N793 
M15N795 
M15N799 

Mean (mph) 

19.4 
18.4 
21.7 
20.2 
20.3 
22.2 
14.9 
14.8 
17.7 
14.8 
16.6 
18.4 
13.6 

RMS (mph) 

4.2 
3.7 
4.2 
3.7 
3.9 
3.6 
3.3 
3.0 
3.8 
3.5 
3.6 
4.0 
3.0 

Maximum 
(mph) 
33.0 
31.7 
35.8 
33.6 
31.7 
34.8 
29.4 
23.8 
32.7 
26.0 
29.4 
34.3 
23.3 

Minimum 
(mph) 
7.8 
10.1 
11.1 
9.8 
10.8 
11.6 
6.7 
7.5 
8.5 
6.0 
8.3 
8.9 
3.9 
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The AR (3) model parameters estimated using the ARYULE method are 

given in Table 4.2. The magnitudes of the parameters ,̂ range from 1.341 to 

1.723, which is compared to the range obtained by Smith (1993) (1.255 to 

1.712). The white noise variance obtained in this work, however, is 

significantly smaller than Smith (1993) obtained. 

The AR (3) model parameters are linearly correlated, see Figure 4.2. This 

implies that if ,̂ can be provided the model can be almost completely 

specified (Smith, 1993). As shown in Figure 4.3, ,̂ appears to be 

independent of turbulence intensity, however shows a strong linear 

dependence on both the standard deviation and variance of the wind speed. 

This implies that the non-dimensional turbulence intensity can be used to 

estimate ,̂ for terrains other than smooth. For instance, given 1=0.30 and 

V=80mph the variance of the wind speed can be estimated and ,̂ 

established. The 2̂ and 3̂ are then established using the linear relationship 

between the parameters. 

4.3 Analysis of Area Average Pressure Data 

For structural design the wind-induced pressure in the purlin effective 

area is used. Bhavaraju (1993) used 2.5 ft on either side of purlin to calculate 

the effective area. However, the influence coefficient surface in his work 

shows that 5' on either side of purlin is more appropriate (shown in Tables 

4.3 & 4.4). 

Area average pressure coefficient is computed as: 

r = — Y r A (4.1) 
^^ p,area-average . Z.^ P' ' ' ^ 
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Table 4.2 AR (3) models of wind speed at 13 feet 

REC# 

M15N525 

M15N539 

M15N540 

M15N541 

M15N542 

M15N787 

M15N792 

M15N793 

M15N795 

M15N799 

M15N695 

M15N690 

M15N326 

PHI1 

1.5869 

1.6783 

1.6378 

1.6548 

1.741 

1.666 

1.4599 

1.6273 

1.7234 

1.3611 

1.4014 

1.4349 

1.6515 

PHI2 

-0.5862 

-0.7955 

-0.6893 

-0.7359 

-0.9038 

-0.7127 

-0.333 

-0.6359 

-0.8269 

-0.1223 

-0.2033 

-0.2547 

-0.714 

PHI3 

-0.0094 

0.1073 

0.0404 

0.0711 

0.1499 

0.0373 

-0.1366 

-0.0026 

0.0917 

-0.2475 

-0.2077 

-0.1892 

0.0491 

WNV 

0.0904 

0.1433 

0.1165 

0.1203 

0.133 

0.0952 

0.0951 

0.106 

0.1346 

0.06 

0.0646 

0.0705 

0.1764 
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PHIl of wind speed models vs. Turbulence intensity 
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PHIl of wind speed 
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PHIl of wind speed models vs. variance of wind speed 

Figure 4.3 Plots of PHIl of AR models for wind speed data versus 
turbulence intensity, standard deviation, and variance of wind speed 
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Figure 4.4 shows the areas, Ai, assigned to each pressure tap and Figure 

4.5 gives the average pressure coefficient fime history for record M15N799. 

The ACF, the PACF, the residuals, and the residual pdf are also shown in 

Figure 4.5. Table 4.3 presents the AR (3) models appropriate for the thirteen 

records. The relationship between AR (3) model parameters for wind 

pressure data models is shown in Figure 4.6. Similar to wind speed, the 

model parameters ,̂ and 2̂ show a strong linear relationship. However, the 

linear relafionship between^, and ^3, as well as, (p^ and 3̂ are not as well 

defined. Figure 4.7 shows the relationship between the angle of attack 

(AOA) and the first parameters of wind speed and wind pressure models. 

Based on this, the model parameter ,̂ appears to be independent of others 

and to angle of attack. 

Design of building components is the primary beneficiary of exhaustive 

probabilistic study of wind pressures. Different types of building 

components require a thorough description for pressures with different 

averaging times. In order to provide ARMA models for design of structural 

components of different types and calibration of current wind tunnel 

simulation techniques, it is significant to investigate the ARMA models of 

wind-induced pressures with different averaging time. In WERFL, the 

sampling rate of the pressure data is 40 Hz. Thus the peak area averaged 

pressure coefficients for different effective areas computed are 1/40-second 

average pressures. In order to compare these results to published results in 

ASCE codes, which are for pressure duration between 1 to 10 seconds, a 

moving average filter is used to generate the pressure coefficient series of 
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Figure 4.4 The locafion of the purlin, the pressure taps and the assigned 
effective area of each tap (Bhavaraju, 1993). 
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Table 4.3 Weighting fiincfions of the pressure taps by taking 2.5 feet on 
either side of the purlin as the effective area (Bhavaraju, 1993). 

Pressure Tap 

GIO 
G i l 
G12 
G13 
G14 
G15 

Volume of 
the Influence 

Coefficient surface 
2.966 
12.000 
10.38 
10.86 
10.86 
4.005 

2]^/= 51.071 

Percent of 
Total area 

0.0316 
0.1279 
0.1107 
0.1158 
0.1158 
0.0427 

Y,Wi = 0.544 

Weighting Function 

0.0581 
0.2350 
0.2032 
0.2126 
0.2126 
0.0784 
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Table 4.4 Weighting fiincfions of the pressure taps by taking 5 feet on either 
side of the purlin as the effective area (Bhavaraju, 1993). 

Pressure Tap 

GIO 
G i l 
G12 
G13 
G14 
G15 

Volume of 
the Influence 

Coefficient surface 
5.10 

20.59 
17.33 
18.25 
18.47 
7.07 

^ r / = 86.81 

Percent of 
Total area 

0.0544 
0.2195 
0.1848 
0.1946 
0.1969 
0.0754 

2 P F / = 0.9256 

Weighting Function 

0.0587 
0.2372 
0.1996 
0.2102 
0.2128 
0.0784 
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Figure 4.5 Time history, ACF and PACF, residual, and pdf of residual of 
area average pressure data (5ft on either side of purlin) 
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Table 4.5 AR (3) models of area-averaged pressure data 
(5 ft on either side) 

REC# 

M15N525 

M15N539 

M15N540 

M15N541 

M15N542 

M15N787 

M15N792 

M15N793 

M15N795 

M15N799 

M15N690 

M15N695 

M15N326 

PHI1 

1.0762 

1.4102 

1.4281 

1.4484 

1.4272 

1.4053 

1.1076 

1.1965 

1.1789 

1.2948 

1.3285 

1.2493 

1.3361 

PHI2 

-0.1155 

-0.49 

-0.5184 

-0.5569 

-0.5162 

-0.4964 

-0.1473 

-0.2612 

-0.2569 

-0.3244 

-0.4246 

-0.2464 

-0.4631 

PHI3 

0.026 

0.0772 

0.0782 

0.097 

0.0743 

0.0789 

0.0309 

0.0502 

0.0584 

0.0164 

0.0815 

-0.0134 

0.1079 

WNV 

2.09E-04 

9.46E-04 

9.45E-04 

0.001 

7.43E-04 

8.37E-04 

5.79E-04 

6.12E-04 

4.39E-04 

9.99E-04 

1.00E-03 

6.17E-04 

1.40E-03 
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The moving average duration in this research is 3 seconds. The equation 

for calculating the moving average is: 

C^.ns^condit) = - J - J ^ C ^ / ^ t ) . (4.2) 

Pressure coefficient time series averaged for 3 seconds is illustrated in 

Figure 4.8. It can be observed that pressure traces become smoother as the 

averaging time increases. Time averaging effect on the standard deviation 

and peak value on various parts of a building was investigated by using the 

ftill-scale data from WERFL, TTU (Letchford, 1992). It was observed that 

generally standard deviation and peak pressure values decrease in magnitude 

with increased averaging time and peak pressure values decrease more than 

standard deviation. Figure 4.8 also shows the ACF and PACF, residual, and 

pdf of residual of the time histories of time average area-averaged pressure 

data for M15N799. The linear correlation between the parameters of AR 

models for time average pressure data is shown in Figure 4.9. The AR (3) 

models of those time-averaged pressure data is shown in Table 4.4. From 

this table, the values of model parameters of time area average pressure 

model show little difference with the ones for an area average pressure 

model where the sampling rate is 40 hertz. 

4.4 Purlin Response Using Point Pressure and 

An Influence Coefficient Surface 

The characteristics of the pressure fluctuations over an area are affected 

by the angle of the attack of the wind. The angle of attack is defined as the 
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angle, e, shown in Figure 4.10, measured clockwise from the reference 

mark on the building to the wind direction. 
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Figure 4.8 Time histories, ACF and PACF, residual and pdf of residual of 
area average pressure data at 3 seconds average time 
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Table 4.6 AR (3) models of area and time-averaged pressure 
coefficient data 

REC# 

M15N799 

M15N795 

M15N793 

M15N792 

M15N787 

M15N695 

M15N690 

M15N542 

M15N541 

M15N540 

M15N539 

M15N525 

M15N326 

PHI1 

1.4791 

1.453 

1.3438 

1.283 

1.3047 

1.3208 

1.4362 

1.5037 

1.3035 

1.4553 

1.2837 

1.2985 

1.3264 

PHI2 

-0.1047 

-0.1022 

-0.039 

-0.0247 

-0.028 

-0.0375 

-0.107 

-0.1295 

-0.027 

-0.0883 

-0.0204 

-0.0378 

-0.0463 

PHI3 

-0.3745 

-0.351 

-0.305 

-0.2584 

-0.2769 

-0.2834 

-0.3292 

-0.3744 

-0.2767 

-0.3672 

-0.2636 

-0.2607 

-0.2803 

WNV 

1.79E-06 

6.19E-06 

2.14E-06 

2.56E-06 

5.87E-06 

2.59E-06 

1.83E-06 

1.36E-06 

7.94E-06 

2.45E-06 

9.37E-06 

6.0531 E-06 

5.20E-06 
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Figure 4.9 Plots of PHIl versus PHI2, PHI2 versus PHI3, PHIl versus PHI3 
of AR models for area and time average pressure coefficient data. 
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a — wind azimuth 
p " building position 
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Figure 4.10 Azimuth and the angle of attack (Levitan and Mehta, 1992 a). 
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e = fi±a . (43) 

a = Wind direction as azimuth, the angle between the true north and the 

direction of the wind, 

/? = Building position, measured clockwise from the true north to the 

building reference mark. 

A purlin is a secondary structural member, which supports the roof 

covering. It transfers the roof loads from the upper roof to the primary 

members, such as girders. The effective area of a purlin is defined by its 

influence coefficient surface. The influence coefficient surface is determined 

either by the principles of structural mechanics or by experimental methods. 

The effective area of the purlin is a function of the relative stiffness of the 

roof deck to the roof purlin. The higher the stiffness, the larger the effective 

area, and vice versa. 

The relative stiffness between the metal deck and the purlin is large. 

Hence the loads on the adjacent span significantly affect the displacement of 

the purlin. The influence coefficient surface, established over the entire roof 

for the instrumented purlin, was analyzed to establish the effective area of 

the purlin (Bhavaraju, 1993). Analysis of the influence coefficient surface 

indicated that in consideration with the effective area according to the 

normal design assumption, half the span on either side of the purlin, only 

about 54% of the actual effective area of purlin is being taken into account 

(Table 4.3). The roof system of the WERFL test building is very stiff Hence 

the loads act beyond the adjacent purlin also cause significant response of 

the instrumented purlin. Thus 5 feet, on the either side of purlin is used to 

establishing the weighting functions for the pressure taps. This area is 

around 92% actual effective area (Table 4.4). Figure 4.4 has shown the 
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purlin and pressure tap location and the assigned effective area of each 

pressure tap. To utilize the influence coefficient surface, an effective area is 

assigned to each pressure tap. This effective area is the same as the one used 

for the area-average investigation. The volume of the influence coefficient 

surface over each of these areas is calculated for both the cases, i.e., with 

half the span (2.5 feet) on either side and full span (5 feet) on either side of 

the purlin as the width of the effective area. The weighting function for 

both these cases, tabulated in Tables 4.5 and 4.6, are obtained by normalized 

the volume of the influence coefficient surfaces over these areas with the 

total volume of the influence coefficient surface over the entire roof 

In this thesis, ARMA models are developed for both the 5.0 ft and 10 ft 

wide effective area. Only the ones based on 5 feet effective width on either 

side of purlin are compared with the ARMA models of wind speed and 

purlin deflection. The displacement of the purlin from pressures in its 

effective area are computed as: 

Sit) = {f^ViC^Xt)}\pV . (4.4) 

where: 

Vi = volume under influence coefficient surface in tribute area; 

C = Pressure coefficient; 
Pi 

p = air density; 

V = Mean wind speed. 

This process is illustrated in Figure 4.11, where the six Cp time histories 

(one from each tap) are combined to yield the displacement time history. 
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A direct comparison of displacements computed using the influence 

coefficient surface for 5 ft on either side of the purlin and measured purlin 

displacement (M15N799) is given in Figure 4.11. As shown in Figure 4.11, 

these can be large differences in the computed and measured response. In 

particular the computed displacement overpredicts the measured response 

significantly. To make the comparison shown in Figure 4.11, the computed 

response time history is decimated from 40 hertz to lOhertz data to match 

the measured displacement sampling frequency. Figure 4.12 shows the 

purlin displacement time history for record M15N799 computed using point 

pressure and the influence coefficient surface for 5 ft either side of the 

purlin. Also shown are the ACF, PACF, residuals, and the pdf for the 

residuals. Table 4.7 shows the AR models of the predicted purlin response 

using area-averaged pressure data runs. The relationship between the 

parameters of those AR (3) models is shown in Figure 4.13. 

4.5 Analysis of Purlin Response 

In Chapter III, the process of experimental setup was introduced briefly. 

Two direct current displacement transducers (DCDT) are used to measure 

the vertical displacement of purlin. Their model numbers are 0354-000 and 

0355-000. Both of their locations are in the middle of purlin. 

The calibration of DCDTs is different. Actually, the data, which recorded 

at WERFL, is output voltage, not actual displacement. Their calibration 

equations are: 

L=-10.172+20.332*displacement (Model 0354-000). (4.5) 
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Computed purlin response using area-average pressure data 
(M15N799) 

0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 6 0 0 0 7 0 0 0 8 0 0 0 9 0 0 0 

Measured purlin response (M15N799L) 

1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 6 0 0 0 7 0 0 0 8 0 0 0 9 0 0 0 

The difference between those two responses 

Figure 4.11 Comparison of measured purlin displacement and purlin 
displacement computed using point pressures and the influence surface (5ft 

on either side of the purlin) 
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Figure 4.12 Time history, ACF and PACF, residual, and pdf of residual of 
purlin response data using point pressure data and an influence coefficient 

surface (5fl on either side of purlin). 
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Table 4.7 AR (3) models of purlin displacement computed using point 
pressures and the influence coefficient surface (5ft on either side). 

RECORD 

M15N799 

M15N795 

M15N793 

M15N792 

M15N787 

M15N695 

M15N690 

M15N542 

M15N541 

M15N540 

M15N539 

M15N525 

M15N326 

PHI1 

1.2948 

1.1789 

1.1965 

1.1076 

1.4053 

1.2483 

1.3269 

1.4272 

1.4484 

1.4281 

1.4134 

1.0762 

1.3349 

PHI2 

-0.3244 

-0.257 

-0.2612 

-0.1474 

-0.4964 

-0.2452 

-0.4222 

-0.5162 

-0.5569 

-0.5184 

-0.502 

-0.1154 

-0.4615 

PHI3 

0.0164 

0.0584 

0.0502 

0.0309 

0.0789 

-0.0136 

0.0806 

0.0743 

0.097 

0.0782 

0.0771 

0.026 

0.1074 

WNV 

0.2628 

1.8354 

1.7099 

1.0189 

3.0348 

1.0425 

1.802 

7.3395 

6.8448 

6.3285 

8.1625 

0.8889 

8.3497 

65 



0 . 1 2 ^ ^ 

0.1 l | L _ 

0.08 ^ L -

0.06 I H 
^ H I 

"" °°* mi 
0.02 H H 

0 M B 

-0.02 P M 
-0.6 

• • ^ < *** 

* ^ 

-0.5 

• 

-^ 

^^-'-t^' 

-0.4 

• 

-0.3 

PHI2 

t 

• • 

-0.2 

# • 

-0.1 

^ ^ 

0 

Figure 4.13 Plots of PHIl versus PHI2, PHI2 versus PHI3, PHIl versus 
PHI3 of AR models for purlin displacement computed using point pressured 

and the influence coefficient surface (5 ft on either side of purlin). 
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V=-4.296+8.579*displacement (Model 0355-000). (4.6) 

Hence, there are two sets of displacement data of purlin. Both of them 

are vertical values. The difference between them is the DCDT Model. In this 

thesis, only the displacement data L, model 0354-000,is investigated. The 

basic process for fime series analysis and modeling is same whatever the 

data is wind speed, wind pressure, or purlin response. 

Figure 4.14 shows the fime history, ACF & PACF, residual, and pdf of 

residual of the purlin displacement for M15N799. Table 4.8 illustrates the 

AR (3) models of the purlin response data. 

The relationship between the parameters of AR models for purlin 

response data is shown in Figure 4.15. As shown in the Figure 4.15, the AR 

(3) model parameters ,̂ and 2̂ present a strongly linear relationship, 

however, the 2̂ and ^3, as well as 3̂ and ^,, show scatter. 

4.6 Residual Analysis 

In time series modeling, residuals are a very important factor. Generally 

speaking, if the AR (ARMA) models are correct and if the parameter 

estimates are close enough to the true values, then the residuals should have 

nearly the properties of independent, identically distributed, random 

variables with zero means. According to this, if the model is adequate, the 

plot of residuals should be a rectangular scatter around a zero horizontal 

level with no trends whatsoever (Cryer, 1986). 

In this research, residuals of AR (3) models of wind speed, area-averaged 

pressure data, and purlin response data are plotted (see Appendix D), and the 

pdf (probability density fiinctions) are obtained. From the histogram of 
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Figure 4.14 Time history, ACF and PACF, residual and pdf of residual of 
purlin response data (Model 0354-000) 
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Table 4.8 AR models for purlin response data (Model 0354-000) 

RECORD 

M15N799 

M15N795 

M15N793 

M15N792 

M15N787 

M15N695 

M15N690 

M15N542 

M15N541 

M15N540 

M15N539 

M15N525 

M15N326 

PHI1 

1.3828 

1.2628 

1.253 

1.1046 

1.4029 

0.7155 

0.8354 

1.4582 

1.3858 

1.4437 

1.4331 

0.8294 

0.5522 

PHI2 

-0.3228 

-0.024 

-0.0042 

0.162 

-0.166 

0.2933 

0.2559 

-0.2699 

-0.2063 

-0.2545 

-0.2507 

0.216 

0.2901 

PHI3 

-0.0707 

-0.2624 

-0.2656 

-0.2825 

-0.251 

-0.0127 

-0.0952 

-0.2029 

-0.1893 

-0.1985 

-0.1922 

-0.0582 

0.1491 

WNV 

3.82E-09 

2.52E-09 

2.40E-09 

1.80E-09 

3.77E-09 

1.42E-09 

1.40E-09 

5.37E-09 

6.29E-09 

4.50E-09 

6.24E-09 

1.06E-09 

8.02E-09 
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Figure 4.15 Plots of PHIl versus PHI 2, PHI 2 versus PHI 3, PHIl versus 
PHI3 of AR models for purlin response (Model 0354-000) 
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these residuals, the probability distribution of the residuals can be 

established. 

The log-logistic distribution function is found to provide the best fit the 

residuals. Figure 4.16 shows the plot of input distribution of residuals of the 

wind speed, area-averaged pressure and purlin response models and the log-

logistic distribution. In order to analyze data in more convenient way, the 

residuals of area-averaged pressure data are divided into five sets. Each set 

presents three minutes time history. All of them fit well with the log-logistic 

distribution. The log-logistic distribution is a kind of distribution related of 

mortality rates or human-related variables. 

From these figures, it is clear that the residuals of AR models fit 

reasonably well with the log-logistic distribution function. The mismatch 

between the log-logistic pdf and the residuals is most likely due to sub 

setting the residual time histories into five parts. Each part often fits the log-

logistic distribution, but each subset has its own three parameters, which are 

different than the other subsets. This implies that the whole set of residuals 

will probably fit the log-logistic distribution, however the parameters are 

uncertain. 

4.7 Comparison of Results 

The objective of this research is trying to develop stochastic models of 

wind speed, wind-induced pressure, and purlin response data, and 

investigate the relationship between them. After obtaining the ARMA 

models of these time histories, a comparison of the models is now pursued. 

Previous research (Stathoupolus, 1991) found that the model parameters are 
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Figure 4.16 Plots of residuals of wind speed, area average pressure, 
computed purlin response using pressure data, and measured purlin 
displacement. 
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ftmctions of angle of attack. When the angle of attack is changed, the 

instrumented purlin is in different flow regions, such as reattachment region, 

or suction region (separated bubble). 

Fortunately, in the same region the parameters of AR models for wind 

speed, area-averaged pressure, and purlin response are close. That means the 

AR model has good potential to express the relationship between wind, wind 

pressure and purlin response. In other words, AR models show promise to 

simulate the structural displacement induced by wind. Figure 4.17 shows the 

relationship between the angle of attack and ,̂ of AR (3) models. The 

parameters of wind speed and area average pressure models are fixed in a 

small range with the changing of AOA. For the area-averaged AR models, 

the range of ,̂ is from 1.0 to 1.5. The parameters of the computed purlin 

response AR models show more scatter than those from the measured purlin 

response AR models. Figure 4.18 shows the relationship between the first 

parameter of AR models for computed purlin response data using area 

average pressure and the measured purlin response data. The relationship 

between the two is not obvious. 
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CHAPTER V 

CONCLUSION 

5.1 Introduction 

The basic objective of this thesis is to develop a stochastic model for 

wind speed, wind pressure, and purlin response. ARMA models are selected 

to perform the characterization of wind speed, wind-induced pressure on 

structures and the displacement of a structural member (purlin). 

The results of this research are hopefully useful in several areas of wind 

engineering. AR (3) models can be used for simulation and comparison 

purposes by wind tunnel modelers. People can use it to verify the adequacy 

of their approach flow and possibly as an input boundary condition to their 

models. During structural analysis, engineers can use this model to 

characterize the drag coefficients on structures. 

Of course, this work is just the beginning of the whole project, which 

describes the wind-induced effect on buildings and structures in term of 

stochastic models. There are lots of factors, which affect the numerical 

modeling, needs to be investigated. 

5.2 Conclusions 

The conclusions, which can be drawn from, this stochastic modeling of 

wind speed, wind-induced pressure, and purlin response data collected at the 

WERFL site are as follows. 

Autoregressive models of order 3, AR (3) models, adequately describe the 

wind speed, wind pressure (area/time average), and purlin response data 
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collected at the WERFL site. The linear correlation between the model 

parameter implies that only one parameter has to be specified; the other two 

parameters can be established from the first one. The order 3 for models is 

given from the ACF and PACF of the time series of data runs. Also, it is 

possible to setup the relationship between the models parameters and 

physical parameter, such as shear velocity. The first parameters of wind 

speed and area average pressure AR models are fixed in a range with 

changing of angle of attack. This implies that a functional relationship 

between the model parameters of wind speed and wind induced pressure 

maybe possible. This relationship is likely to be independent of the angle of 

attack. The parameters of the purlin response model, however, do not follow 

this trend for some unknown reason. 

The residuals of autoregressive models on both wind pressure and purlin 

response can be expressed by the log-logistic distribution. It implies that a 

general description of the residual probability density functions is possible. 

5.3 Recommendations 

The terminal objective is characterizing the wind data collected at 

WERFL. Time series theory is a very promising method to characterize and 

predict the wind speed and the wind induced effect in time domain. 

The further research should include developing: a general description of 

the residual probability density functions; and a function that connect the 

model parameters with wind angle of attack. 

The correlation of AR model parameters with flow regions is another 

fertile research area. Different models may be used to describe different flow 

phenomena. 
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Figure A.l Time history of wind speed, area average pressure, time average 
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Figure A.6 Time history of wind speed, area average pressure, time average 
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Figure A.9 Time history of wind speed ,area average pressure, time average 
pressure, predicted purlin response, and purlin response. REC# M15N787 
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Figure A. 10 Time history of wind speed, area average pressure, time average 

pressure, predicted purlin response, and purlin response. REC# M15N792 
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Figure A. 12 Time history of wind speed, area average pressure, time average 

pressure, predicted purlin response, and purlin response. REC# M15N795 
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Figure A. 13 Time history of wind speed, area average pressure, time average 

pressure, predicted purlin response, and purlin response. REC# M15N799 
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APPENDIX B 

ACF AND PACF OF WIND SPEED, AREA/TIME AVERAGE 

PRESSURE, COMPUTED PURLED RESPONSE AND PURLÊ T 

RESPONSE DATA 
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Figure B.l ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response., 
REC#M15N326. 
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Figure B.5 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N541. Sr 
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Figure B.6 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N542. 
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Figure B.7 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N690. 
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Figure B.8 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response. 
REC#M15N695. 
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Figure B.9 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N787. 
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ACF & PACF of purlin response 
Figure B.IO ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N792. 
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Figure B.l 1 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N793. 
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Figure B.12 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N795. 
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Figure B.l 3 ACF and PACF of wind speed, area average pressure, time 

average pressure, predicted purlin response, and purlin response, 
REC#M15N799. 
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APPENDIX C 

TIME HISTORY OF RESIDUALS FOR AR MODELS OF WIND SPEED 

AREA/TIME AVERAGE PRESSURE, COMPUTED PURLE Ĵ 

RESPONSE, AND PURLIN RESPONSE DATA 
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Figure C.l Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N799. 
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Figure C.2 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N525. 

110 



0 S t b 0 ~ i 0 0 B s 5 0 0 

Time history of residual for wind speed 

B B B B 

Time history of residual for area average pressure 

Time history of residual for time average pressure 

Time history of residual for predicted purlin response 
S u > 

0 w 1 B 

Time history of residual for purlin response 

Figure C.3 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N539. 
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Figure C.4 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N540. 
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Figure C.5 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N54L 
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Figure C.6 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N542. 
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Figure C.7 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N690. 
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Figure C.8 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N695. 
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Figure C.9 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N787. 
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Figure C.IO Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N792. 
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Figure C.l 1 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N793. 
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Figure C.12 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N795. 
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Figure C.l 3 Time history of residuals of AR models for wind speed, area 
average pressure, time average pressure, predicted purlin response, and 

purlin response data, REC# M15N799. 
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APPENDIX D 

THE PDF OF THE RESIDUALS OF AR MODELS FOR WESID SPEED 

AREA/TIME AVERAGE PRESSURE, COMPUTED PURLIN 

RESPONSE, AND PURLIN RESPONSE DATA 
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Figure D.l The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N326. 
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Figure D.2 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N525. 
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Figure D.3 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N539. 
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Figure D.4 The pdf of residual of AR models for wind speed, area average 

pressure, time average pressure, predicted purlin response, and purlin 
response data, REC# M15N540. 
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Figure D.5 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N541. 
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Figure D.6 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC # M15N542. 
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Figure D.7 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N690. 
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Figure D.8 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N695. 
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Figure D.9 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC # M15N787. 
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Figure D.IO The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC # M15N792. 
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Figure D.l 1 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N793. 
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Figure D12 The pdf of residual of AR models for wind speed, area average 
pressure, time average pressure, predicted purlin response, and purlin 

response data, REC# M15N795. 
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Figure D13 The pdf of residual of AR models for wind speed, area average 

pressure, time average pressure, predicted purlin response, and purlin 
response data, REC# M15N799-
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