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ABSTRACT 

It is a common practice to analyze and design window glass units using an 

equivalent static wind pressure. Little is known with regard to the dynamic 

behavior of window glass units subjected to a fluctuating wind pressure. Here, 

a mathemat ica l model is developed to determine this dynamic behavior. Also, 

it is well known that the s trength of a glass plate is related to the magni tude 

and durat ion of the nominal tensile stress due to cyclic or randomly distr ibuted 

loads such as fluctuating wind pressure. In this research, a random fluctuating 

wind pressure is simulated using the well known Davenport spectrum for wind 

velocity and Vaicaitis expression for generating discrete wind velocity-time data . 

Since the glass plate might undergo large displacements, the dynamic nonlinear 

von Karman plate equations are used. The dynamic finite difference model 

developed by Vallabhan and Selvam is modified to consider the response due 

to a r andom fluctuating wind pressure. Time dependent displacement, velocity, 

and maximum tensile principal stress in a vibrating glass plate are the outcome 

of this analysis. 



C H A P T E R I 

INTRODUCTION 

The damages caused by extreme wind every year have been the focus of con

siderable study and research among engineers and scientists. For many struc

tures, the analysis and design are made using an equivalent static force based 

on the kinetic energy associated with the maximum value of the wind velocity 

tha t could be predicted for the design life of the structure. To simulate the 

actual behavior of these structures, one has to include dynamic response of the 

structure due to the fluctuating wind pressure. However, the dynamic response 

of structures subjected to wind loads is ra ther complex and hence not performed 

in normal circumstances. 

Many glass windows of buildings fail due to a extreme wind load, and re

searchers are still working on predicting the failure of glass plates subjected to 

lateral dynamic loads. It is well known tha t the surface flaws in glass plates, 

which result from the manufacturing process and subsequent exposure to the 

environmental conditions, when subjected to surface tensile stresses, cause large 

local stress concentrations, and glass failure occurs when the local stress asso

ciated with one of the surface flaws becomes large enough to initiate fracture 

[1,2]. Furthermore, when the flaws are exposed to tensile stresses, a phenomenon 

which is referred to as static fatigue is believed to occur in glass plates [3]. In 

such circumstances, the strength of glass plates is related to the magni tude of the 



nominal tensile stress and the durat ion of this stress due to cyclic or randomly 

distr ibuted loads such as the fluctuating wind load as considered here. Now, it is 

necessary to set up the governing equations for glass plates which reflect the dy

namic behavior of the plates. When the maximum lateral displacement is more 

than one half of the thickness of a glass plate during the dynamic response, the 

behavior of the glass plate should be considered to be geometrically nonhnear. 

This research is directed to analyze dynamically window glass plates subjected 

to a fluctuating wind pressure. The analysis will lead to the determinat ion of 

dynamic displacements and the resulting stresses in glass plates. 

1.1 Review of Previous Related Work 

In the 1980s the von Karman 's theory of plates was found acceptable to 

characterize the nonlinear behavior of glass plates [5-7]. Vallabhan and his col

laborators used an efficient iterative technique to develop a computer model 

to analyze the nonlinear behavior of the monolithic glass plates by means of 

the finite difference method and showed that for simply supported rectangular 

plates subjected to a uniform lateral pressure the maximum tensile principal 

stress moved gradually from the center toward the corner as the lateral pressure 

increased [11]. Beason and Morgan proved that the magni tude of the glass plate 

failure loads was related to different exposures, glass plate sizes, and glass plate 

in-service ages [8]. At the same t ime. Reed and Simiu proposed a procedure to 

investigate the glass cladding behavior under arbi trary loads, including fluctu

ating wind loads [9]. The procedure accounted for the fact tha t internal stresses 



are nonlinear functions of the external loads, tha t initial glass strengths are ran

dom functions of position and direction, and tha t the glass strength undergoes 

degradation under the action of external loads in accordance with basic fracture 

mechanics laws tha t reflect subcritical crack growth. 

By assuming tha t the in-plane and rotat ional accelerations at midplane are 

much smaller when compared with the accelerations in the lateral direction 

and introducing the inertia force into the von Karman equations by means of 

D'Alembert 's principle, Langhaar extended these equations to accommodate dy

namic response conditions [4], Vallabhan and Selvam used the flnite difference 

method for the nonlinear dynamic analysis of thin window glass plates subjected 

to transient dynamic pressures [10]. The dynamic analysis was accomplished by 

a step-by-step integration procedure using the Newmark-/? method. An itera

tive procedure similar to tha t applied to the static analysis was incorporated to 

achieve convergence of the solution at the end of every t ime step. Pal measured 

the nonhnear dynamic response of the rectangular glass plates kept in an en

closed chamber and subjected to impulsive type loadings [12]. In spite of the 

studies, according to the knowledge of the author , the dynamic response of a 

window glass plate subjected to a lateral fluctuating wind pressure has not been 

studied so far. 

1.2 Objectives and Scope 

The main objectives of this research are to develop a mathemat ical model 

to simulate the fluctuating wind pressure on a rectangular glass plate mounted 



on a building, and to analyze the dynamic responses of the glass plate which is 

subjected to the lateral fluctuating wind pressure. The finite difference model 

is used for the discretization of the domain of the plate, and the Newmark-/? 

method is applied as the time integration scheme. The subject mat te r contained 

in the subsequent chapters of the thesis is explained sequentially in the following 

paragraph. 

In Chapter 2, first using to the well known Davenport spectrum for wind ve

locity and Vaicaitis expression for generating discrete wind velocity-time data , 

the expression of drag force due to fluctuating wind is derived. In Chapter 3, 

the dynamic governing equations of a geometrically nonlinear glass plate are 

modified to be suitable for the case in which the glass plate is subjected to a 

lateral fluctuating Avind pressure. In Chapter 4, first, the dynamic governing 

equations of the glass plate are transformed into matr ix equations through the 

discretization of the domain by means of the finite difference method. And 

then, the Newmark-/? method is incorporated into the model, where the lateral 

displacement and velocity at a new time is interpolated using displacement, ve

locity, and acceleration in that t ime interval. Finally, the interpolated values of 

displacement and velocity are subst i tuted to the dynamic governing equations of 

the glass plate to be suitable for an iterative computat ion. The computat ional 

procedure employed here is given in Chapter 5. In Chapter 6, a window glass 

plate simply supported on a building at a certain height above ground is ana

lyzed. Besides, the graphs of the fluctuating par t of wind and the lateral wind 

pressure tha t vary with time are drawn. On the other hand, the distr ibutions 

of the displacement, velocity, and acceleration responses at the center of the 



glass plate with time are drawn. Distributions of the global maximum principal 

tensile stress with t ime and the square root mean of the maximum deflection 

with the mean wind velocity are also shown. In the last chapter, Chapter 7, 

some conclusions from this study along with recommendations for future work 

are presented. 



C H A P T E R II 

F L U C T U A T I N G WIND V E L O C I T Y AND LOADS 

2.1 Introduction 

Although the fluctuating wind velocity and the corresponding wind pres

sures can not be simulated perfectly by means of mathematical expressions, 

researchers have shown tha t it is possible that they can be approximately rep

resented by means of some special statistical expressions. Vaicaitis, et al. [22] 

have developed an ingenious technique to construct expressions to represent the 

fluctuating wind velocity and the corresponding loading assuming tha t the fluc

tuat ing wind velocity behaves like a random process satisfying the Davenport 

spectrum [13]. They showed tha t the fluctuating wind velocity can be well simu

lated with a series of cosine functions which depend on t ime, the spectral density 

function due to Davenport [13], and the random frequency of the wind. By us

ing this r andom fluctuating wind velocity, and taking into account the relative 

motion of the s t ructures with respect to the wind, the expression of the wind 

drag force which acts on structures is derived here. 

2.2 Fluctuat ing Wind Velocity 

Generally, the fluctuating wind velocity can be assumed to consist of two 

par t s , a mean wind velocity and an oscillating velocity which can be assumed 

6 
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to behave like a s tat ionary random process with a zero mean velocity. The 

spectral density function, Sy{u}), specified in the frequency region, |a;| < a;̂ ^ < oo 

developed by Davenport [13] is given as 

2K^'\u;\ 
^v(^) = —: 771 (2-1) 

TT 
\ 7 r U x n / 

where Um is the mean velocity at the reference height; $ stands for the scale 

of the turbulence; a; represents the random frequency of the wind velocity; a;̂  

s tands for the upper bound of the random frequency, a?; and K is the surface 

drag coefficient. 

Now dividing the frequency domain, 0 < a; < a;^, into N par ts leads to 

Auj = (JO^IN. Thus , following Vaicaitis, et al. [22] the oscillating par t of the 

wind velocity. v{t). in the direction of the wind flow can be simulated by 

v[t) = v^X;[25 , (a ; , )Aa; ]Uos(a ; , t + V0 (2.2) 

where t is time; cvi = {i — l /2)Aa; ; and ipi s tands for the randomly distr ibuted 

phase angles varying between —TT to TT [23]. 

Thus , the expression of the fluctuating wind velocity, it(^), in the direction 

normal to the frontal surface of structures is given by 

u{t) = Um + v{t). (2.3) 
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2.3 Fluctuat ing Wind Drag Pressure 

Let us assume tha t the oscillating part of the wind velocity, v[t), has three 

components . Vi ( i= l ,2 , and 3), and the point in the domain of the s t ructure where 

it hits has three velocity components, Wi [\ = 1, 2, and 3), where Vi and Wi are 

the components in the direction normal to the frontal area of the s t ructure . 

When a body is moving in a continuously flowing fluid medium, the resultant 

fluid force on the body is always determined from the relative velocity of the 

fluid with respect to the body. Thus, the relative instantaneous velocity of the 

wind with respect to the s tructure, [/, is given as 

- {um + ui)i-\-U2j -{-usk. (2.4) 

where Ui = Vi — Wi, for z = 1, 2, and 3. 

Now. the magni tude of drag pressure. D{t), can be approximated by [13-15] 

\D{t)\ = \p'C,\U\' + ^p'C„B^ (2.5) 

where p' s tands for the air density; and B is the lateral dimension of the s t ructure . 

The drag coefficient, Cd, and the coefficient of the virtual mass, C^ , are taken as 

constants corresponding to a steady state flow condition. Since so far no proper 

values for the coefficient of the virtual mass, Crm have been established, several 

cases in which C^ = 0 , C ^ = 0 .5Cd,C^ - 0^,0^ = 1.5(7^, and C^ = 2.0(7^ are 

taken into account. 

file://-/-U2j


Introducing 

2 

and 

TT 

and substi tut ing these into equation (2.5) leads to 

\D{t)\ = G,\U\' + G2'^^^ 

\U 

Again, subst i tut ing 

Um 

into equation (2.8), D{t) is rewritten as 

9 

Gi - Ip'Cd (2.6) 

G2 = jp'CmB (2.7) 

dt 

= G,\U\'^G2^-^^. (2.8) 

x^ = — (z = 1,2,3) (2.9) 

| i ; (^ ) | = Gi i i^ [ ( l + x i ) + X2 + 2:3] + G2^m / (2.10) 

For normal circumstances according to Fichtl [16] it appears reasonable to 

assume 

k i | > | a ^ 2 | (2.11) 

and 

k i | > | a ^ 3 | . (2.12) 
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Furthermore, by imposing a similar restriction on Xi {\xi\ ^ 1^2!: \ii\ ^ 

l is I), the magni tude of the drag pressure can be writ ten as 

1^(01 = Gi{um + u,f 4- G2U1. (2.13) 

Here, it should be noted tha t the drag pressure acts on structures in the 

direction normal to their frontal surface [25]. In addition to tha t , since the wind 

flow does not shed vortices in its wake for window glass plates in general, the 

lift force which was studied by Fung [17] and Rumman [18] acting on the glass 

plates due to the vortices is not taken in account. 

Now, the drag force, D{t), is the lateral pressure component. When Q L ( 0 

is used to represent its magni tude, the lateral fluctuating wind pressure is given 

as 

Q L ( 0 = Gi{Urr,+U,Y + G2U, 

= G^{um + V - wf ^ G2{v - w) (2.14) 

where v s tands for the lateral fluctuating component in the direction of the 

mean wind velocity and is given in equation (2.2); 1; = •^, an ins tantaneous 

acceleration of wind in equation (2.23); and w is the lateral deflection of the 

midplane of glass plates; w = ^ and w = ^ become the lateral velocity and 

acceleration of the glass plate at any point in its midplane. 



C H A P T E R III 

NONLINEAR DYNAMIC PLATE EQUATIONS 

3.1 Introduction 

It is well known tha t Kirchhoff hypotheses are no longer applicable when the 

max imum lateral deflection of a simply supported thin plate is larger than one 

half of the thickness of the plate. As presented earlier, it has been established 

[19,20] tha t the von Karman theory could be applied to analyze deformation 

and stresses in glass plates which were assumed to be linearly elastic but the 

overall behavior is geometrically nonlinear. These properties are assumed to 

be valid even when the glass plates are subjected to the randomly distr ibuted 

loads, including the fluctuating wind loads. In this research the influence of the 

fluctuating wind lift is ignored because its effect on the glass plate is very small 

when compared with the influence of the lateral pressure. Also, the glass plates 

are assumed to be fixed in a rigid frame on the building. Thus , in this chapter, 

by introducing inertia forces into the static plate equations derived from the 

von Karman ' s theory and incorporating the lateral fluctuating wind pressure 

given in expression (2.23), the governing differential equations for the dynamic 

responses of glass plates are formulated. 

11 
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3.2 Nonlinear Dynamic Equations 

The assumptions proposed by von Karman to set up the static equations of 

plates are still used for the dynamic case also. A full list of assumptions used 

for the von Karman theory are presented in other sources [19,20] and hence not 

repeated here. Moreover, the extension of the equations to reflect the dynamic 

behavior of glass plates is accomplished by introducing inertia forces into the 

equations using D'Alembert ' s principle [4]. It is further assumed tha t in-plane 

and rotational accelerations at midplane are quite small when compared with 

the accelerations in the lateral direction. Adopting all the above assumptions 

the following two governing dynamic equations of glass plates are obtained. 

Dsy'^w = QL + hL{w,(f)) - pwh (3.1) 

an( 

Sj'cl> = -^L{w,w) (3.2) 

w here 

Eh 
D = 

1 2 ( 1 - 1 / 2 ) 

= flexural rigidity of the glass plate 

E — Young's modulus of elasticity of the glass plate 

u = Poisson's ratio of the glass plate 

h — thickness of the glass plate 

V'* = biharmonic operator 

QL = lateral fluctuating wind pressure 

w = lateral displacement of the midplane 
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4> = Airy stress function 

'w d^^ 
w = 

= acceleration in the lateral direction 

p = mass density of the glass plate 

L{w.(j)) = - - 2 —-\ - . (3.3) 

dx"^ dy^ dxdy dxdy dy^ dx^ 

It should be pointed out that the Airy stress function, ^, represents the 

membrane action in the glass plate induced by the large displacements of the 

plate . The membrane stresses are respectively as follows: 

^ dx^ 

xy dxdy 

The internal bending moments per unit length are given as: 

M , = -D —-^ V-

(3.4) 

dx"^ dy"^ 
w d^w a' 

^ \dy^ dx' 

The bending stresses on the surfaces of the glass plate are given as 

''' = ± ^ ^ 

T^ = ± 6 - ^ . (3.6) 
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These bending stresses are added algebraically with the membrane stresses 

at the top and bottom of the glass plate, and principal stresses of the resultant 

stresses at the top and bottom of the glass plate are computed. 

Substituting equation (2.23) into equation (3.1) leads to 

Dsj^w = Gi{um + v-wY-i-Giii-w) 

^hL(w,(t))- phw. (3.7) 

From equation (3.7), it follows that 

Dsj^'w = QLo-^hL{w,(f))-{ph-\-G2)w 

^Giw'' -2G^{u^^v)w (3.8) 

where a new term, QLO, is introduced for convenience, where, 

QLo = Gi{u^^vf^G2V- (3.9) 

3.3 Boundary Conditions 

In this study, a rectangular glass plate with simply supported boundary 

conditions is analyzed. Thus, there are two sets of boundary conditions to be 

satisfied: one for flexural and the other for membrane boundary conditions. Also 

since the lateral fluctuating wind pressure at a certain time is assumed to be 

uniform, only one quarter of the glass plate is analyzed. 
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The flexural boundary conditions are given as 

ly = 0, - ^ - j = 0 for aj = a 
dx 

Tx? = 0, - — = 0 ioT y = h 

^ r - = 0 for a; = 0 
ox 

0 for 2/ = 0. (3.10) 
dy 

The membrane boundary conditions are given as 

-^-r = 0, - r - ^ - = 0 for a; = a 
oy^ oxoy 

d''(t> ^ d^ 
= 0, ^ - ^ = 0 ioT y = b 

= 0 for X = 0 

dx^ ' dxdy 

dcj) 

dx 

^ = 0 {oT y = 0 (3.11) 
dy 

where 2a and 2b define the full size of the glass plate (see figure 3.1 which shows 

only one quar ter of the glass pla te) . 
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y 

w - 0 , 
dy-

xu 
= 0 

d^ 

dx^ oxoy 

w 

d'w 
dx^ 

d^(/) 
dy^ 

d'(t> 

= 0 

= 0 

= 0 

= n 
dxdy 

X 

Figure 3.1. Boundary Conditions for a Simply Supported Glass Plate 



C H A P T E R IV 

NUMERICAL MODEL 

4.1 Introduction 

It is well known tha t the finite difference method is very efficient when used 

to solve a differential equation in a domain with simple geometry. It has been 

successfully applied to both the static and the dynamic analysis of glass plates 

before 16,7,10,11]. Hence, only a brief description of the model is given here. 

First , the governing differential equations (3.8) and (3.9) are transformed into 

discrete algebraic equations using the finite difference method. Second, the 

well-known Newmark-/3 method is employed to solve the dynamic differential 

equations. A brief description of the Newmark-/? method and of the resulting 

equations is presented in section 4.3. The nonlinear algebraic equations pre

sented at the end of the chapter have to be solved numerically by an iterative 

procedure . The computa t ional scheme employed in this research is presented in 

the next chapter . 

4.2 Dynamic Equations in Discrete Form 

The same technique used to solve the static equations derived from the von 

Ka rman ' s theory by the finite difference method [6] is used here. Equat ions (3.2) 

17 
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and (3.8) are transformed into two sets of algebraic equations as 

[-'i]{̂ } = {QLo}^{h{w,F)}-{[M]-^G2lI]){w} 

G,{w'}-2Gr(u^i-v){w} (4.1) 

and 

imF} = {f2{w)} (4.2) 

where matrices [A] and [B] are square matrices representing the corresponding 

biharmonic operators; {w}. {F} , and {QLO} are vectors representing the discrete 

nodal displacement, Airy stress function, and load, respectively; vectors {/i} and 

1/2} are appropriate vectors representing L{w,(t)) and L(w,w); matrices [M] and 

[I] represent the discrete lumped masses at the nodes and an identity matr ix . 

It should be noted here that vectors {/i} and {/a} contain terms of products 

of the second derivatives of w and (f) and can only be computed from a set of 

previously known values of w and (f). 

4.3 Time Integration Using the Newmark-/5 Method 

The nonlinear dynamic equations can efficiently be solved using a step-by-

step t ime integration procedure with iteration. This step-by-step t ime integra

tion technique is a marching procedure in which discrete values of displacement, 

velocity, and acceleration at a particular t ime, t , are used to calculate similar 

values at a time, t -f A t , where A t is a small increment of t ime which is called a 

time step. The solution marches in time and satisfies equations (4.1) and (4.2) 

at every discrete t ime, t. At present, there are several methods available in the 
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literature for step-by-step time integration which can be broadly classified as 

explicit, implicit, or combined methods [21]. 

^̂  hen a step-by-step time integration procedure is employed to solve a set 

of dynamic equations, three major factors such as accuracy, the stability of the 

solution, and the computational efficiency must be studied. These factors are 

related to the size of the time step, At. The methods can be stable, unstable, 

or conditionally stable for the given size of the time step, depending on the 

methodology used and the overall system characteristics. 

After a detailed study of all these methods, the Newmark-/? method was 

selected for the present analysis. In this method, at a certain time t, the incre

ments of the velocity and the displacement of the glass plate are interpolated in 

time interval At as 

{Awt} = {wt+At} - {wt} 

= [{l-l){wt} + ^{wt+At}W (4.3) 

an( 

{Awt} = {wt+M} - {wt} 

= {w,}At-^[{^-(S){w,} + P{w,+At}]{At)\ (4.4) 

where 7 and (3 are interpolation parameters. Newmark used 7 = 1/2 and stud

ied the suitability of the method for different values of /?. The details of this 

method, its system properties, and its convergence characteristics are described 

by Vallabhan, et al. [21]. 

Thus, the displacement and the velocity at time t + At are given as 

{wt+At} = {wt} + {w,}At + [( i - ^ ) { ^ J + (3{wt+At}]{^ty (4.5) 
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and 

{wt+At} = {wt} + [(1 - 7 ) H } + l{^t+At}]At. (4.6) 

It can be shown that for /3 = 1/6, the acceleration between time steps varies 

linearly, but the method is only conditionally stable. On the other hand, this 

method is unconditionally stable for (3 = 1/4, and the acceleration between time 

steps is constant and equal to the average of the values of the acceleration at 

the beginning and the end of the time step. In this study, the value of /3 was 

taken as 1/4. Actually, it is found that the Newmark-/? method is quite efficient 

for the time integration of the nonlinear dynamic equations presented in this 

research. 

4.4 Dynamic Matrix Equations of Glass Plates 

Substituting expressions (4.5) and (4.6) into equation (4.1) and rearranging, 

it follows that 

JI]{wt+At} = {QLO,t+At} + {fl{wt+AU Ft+At)} - {wt} 

+ G ' I K ' + A J - '^Giium + v){wt+At}- (4.7) 

Also for time t -\- At, 

[B]{F,^At} = {/2(^t+A0} (4-8) 

where 

{w,} = [A]{{wt} + {w,}At + ( i - P){w,}{AtY) (4.9) 

and 

[M] = f3{AtY[A] + [M] -f G'2[/l. (4.10) 
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Now equations (4.7) and (4.8) are suitable for iterative computat ions when 

combined with equations (4.5) and (4.6). 



C H A P T E R V 

COMPUTATIONAL P R O C E D U R E 

5.1 Introduction 

The computa t ion to get the dynamic response of the glass plate is achieved 

by means of an iterative procedure. This means that the computat ional results 

of the displacement, the velocity, the acceleration, etc., are acceptable until the 

convergence of the procedure is reached at each time step. In this study, the 

t ime interval , At, is assumed to be a constant. Generally, the time interval 

should be about one tenth of the natural period of a single system. However, 

for a multi-degree system, the length of the time step is based on the vibrating 

period of the dynamic response and should be small enough to keep the iterative 

procedure convergent. 

5.2 Steps of Computat ional Procedure 

After a suitable length of a time step is defined, the following computat ional 

steps can be carried out . 

1) Developing matrices [A], [B], and [M] which are formed in half-band width 

to save computer storage because they are symmetric and positive definite. 

Matrices [B] and [M] are decomposed using the Cholesky-type decomposition 

me thod to reduce the number of computat ions and solve equations (4.7) and 

(4.8). 

22 
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2) At t ime t = 0, assume {wt} = 0, {wt} = 0, {wt} = 0, and {Ft} = 0. 

3) Star t the step-by-step t ime integration with t = nAt for n = 1, N, where 

N is the desired total number of t ime steps. 

4) At the beginning of t ime t -f- A^, first calculate {wl}, assume {wt+At} = 

{wt} and {Ff+At} = {Ft} and calculate {/ i} . 

5) Start initial i teration at t ime t ^ At ioi i = 1,NITER, where N I T E R is 

large enough to make the convergence achieved. 

6) Calculate the fluctuating wind pressure {QLO} using equation (3.9) and 

the {if)t+At} using equation (4.7). 

7) Calculate {wll^^} and {lyJ+At} using equations (4.5) and (4.6). The su

perscript i corresponds to the i-th iteration. 

8) Calculate {/2} for solving {Ft+At} using equation (4.8). 

9) Check convergence using the following criteria for an acceptable tolerance: 

E11 {wj'^il} - {»^i;'̂ .} II ^^ 
Number of components in the vector of deflection 

10) Repeat steps 6 through 9 until convergence is achieved. 

11) Repeat step 3 until the desired number of time steps is completed. From 

the displacement response, the bending and membrane stresses are computed at 

each nodal point within the plate at any time t. 



C H A P T E R VI 

NUMERICAL EXAMPLE 

6.1 Numerical Example 

A simply supported glass plate is analyzed here. A part icular size of the 

glass plate was selected, even though the size is not a Hmitation of the computer 

p rogram developed here. The geometric properties of the glass plate are given 

as 

Length of the glass plate 2a = 30 in; 

^Vidth of the glass plate 2b = 30 in; 

Thickness of the glass plate t — 0.222 in. 

The material parameters of the glass plate are given as 

Young's modulus of elasticity E = lO'̂  psi; 

Poisson's ratio u = 0.22; 

Alass density of glass plates p = 4.85 s lugs / / t^ . 

For the Newmark-/? method , the following interpolation parameters are used 

7 = 1/2; 

0 = 1/4. 

From numerical experiments , it was determined tha t a t ime step, 

A t = 0.005 sec, is fairly accurate and acceptable. 
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The wind properties and exposure parameters are given as 

Mean wind velocity u^ = 120 ft /sec; 

Air density p' = 2.378 x 10"^ sings/ft^-

Scale of turbulence $ = 2000ft; 

Frequency step Aa; = 0.2 rad/sec; 

Number of frequency divisions N = 100. 

The exposure parameters are given as 

Drag coefficient Cd = 1.2; 

Coefficient of vir tual mass Cm = 1.2; 

Surface drag coefficient K = 0.015. 

6.2 Results from the Analysis 

The computa t ional results of this numerical example have several character

istics which will be explained as below. 

To achieve the convergence of the numerical solutions and provide computa

tional efficiency at the same time, the t ime increment, At, is taken as approxi

mate ly less t h a n one ten th of the na tura l period of the glass plate. In this study, 

0.005 second is used as the time increment. This means that five thousand t ime 

steps have to be taken to compute the the dynamic response for a t ime period 

of 25 seconds. From figure 6.1 it can been seen tha t the lateral fluctuating wind 

pressure does not vary much in magni tude with a few time steps such as 0.5 

second. 
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0.29 

Lateral Fluctuating Wind Pressure Q^Q (psi) 

0.28-

0.6 

Figure 6.1. Lateral Fluctuating Wind Pressure in First 0.5 Sec 
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The dynamic response of the glass plate during this time interval is similar 

to tha t when the glass plate is subjected to a constant wind pressure. However, 

from figures 6.2, 6.3, 6.4, and 6.5 it is seen that the maximum deflection, the 

max imum tensile principal stress, the velocity, and the acceleration of the glass 

plate oscillate many times during this 0.5 second period because the na tura l 

frequency of the glass plate discussed here is much higher than the random 

frequency of the fluctuating wind. 

Next , the loading as well as the dynamic response during a period of 50 sec

onds is taken into account. It is to be noted tha t from equation (3.9) the lateral 

fluctuating wind pressure is largely due to the square of the fluctuating wind 

velocity. Hence the distr ibution of the fluctuating wind pressure is identical with 

tha t of the fluctuating wind velocity (see figures 6.6 and 6.7). This phenomenon 

shows tha t it reasonable to ignore the wind acceleration which contributes very 

little to the values of the lateral fluctuating wind pressure in this analysis. When 

buildings or other s t ructures are designed to resist wind loads, it is customary 

in engineering practice to ignore the acceleration of the wind [24,25]. 

From figures 6.8 and 6.9 it is found tha t the maximum deflection and princi

pal tensile stresses of the glass plate oscillate so many times in 25 seconds tha t 

they appear as a shaded area locally when their distributions in this t ime period 

are drawn. The shaded areas in figures 6.8 and 6.9 represent the oscillating re

gion of the max imum deflection and principal tensile stresses of the glass plate. 

It is also seen tha t the maximum deflection and the maximum tensile principal 

stress oscillate greatly and are not consistent with the distribution of the lateral 

fluctuating wind pressure in the initial stage of the response. 
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Figure 6.2. Maximum Dc(k( tion in First 0.5 Sec 
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M aximum Tensile Princi])al Stress a (ksi) 

0.0 

Figure 6.3. Maximum 'lensilc I 'rincipal Stress in First 0.5 Sec 
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^'elocity w ( in /scc) 

Figure 6.4. Velocity at the (Vnter of Ghiss Pla te in First 0.5 Sec 
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Acceleration w (in/scc^) 
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Figure 6.5. Acceleration at Center of Glass Plate in First 0.5 Sec 
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Fluctuating Part of Wind \'elocity V (in/sec) 
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Figure 6.6. Distribution of Fluctuating Part of Wind Velocity 
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Lateral Fluctuating Wind Pressure Q^Q (psi) 
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Figure 6.7. Distribution of Lateral Fluctuating Wind Pressure 
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Maximum Deflection w (in) 
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Figure 6.8. Oscillating H(\i;ion of Maxinnim Deflection 
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Maximum Tensile Principal Stress a (ksi) 
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Figure 6.9. Oscillating Region of Maximum Tensile Principal Stress 



36 

This may be due to the fact that the initial conditions are assumed to be 

stationary in this analysis. But, later, they gradually oscillate more and tend 

to be fairly consistent with the distribution of the wind load. At that time, 

the magnitudes of the maximum deflection and the tensile principal stress are 

mainly due to the magnitude of the wind load. 

When the fluctuating wind load starts acting on the glass plate, the velocity 

at the center of the glass plate oscillates greatly in a few seconds, and then its 

magnitude attenuates quickly due to the aerial damping (see equation (3.9)) 

and gradually reaches a stable state. Its magnitude stays in a stable state for 

a certain time interval and then is stimulated again at a later time (the 35th 

second for this example). It attenuates and reaches a stable state once more 

(see figures 6.10 and 6.11). 

Although several values of the coefficient of the virtual mass. Cm, are used to 

calculate the root mean square of the maximum deflection, it is found from the 

numerical results that this coefficient has very little influence on the maximum 

deflection (see figure 6.12). 
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Figure 6.10. Distribution of Velocity at Center of Glass Plate 
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Figure 6.11. Distribution of Acceleration at Center of Glass Plate 
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Figure 6.12. Distribution of Root Mean Square of Maximum 
Deflection with Different Mean Wind Velocity 



C H A P T E R VII 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The following conclusions are drawn based on the numerical results obtained 

from the numerical example made in this study: 

1. The responses of the max imum deflection and the majcimum tensile prin

cipal stress oscillate largely in the first two seconds. And then, for a large t ime 

elapse they gradually became consistent fairly with the fluctuating wind load, 

and their magnitudes are bounded by a certain region. 

2. The responses of the maximum deflection, the maximum tensile principal 

stress, the velocity of the glass plate, and the acceleration of the glass plate 

a t t enua te due to the aerial damping created by the fluctuating wind. On the 

other hand, the response of the velocity at tenuates faster t han tha t of the accel

erat ion, and the oscillations of their magnitudes gradually become stable. But , 

they get excited again at a later t ime, and then a t tenua te and become stable 

once more. Thus they continue to have cyclic excitations. 

3. It is found that the wind acceleration contributes very little to the fluctu

at ing wind pressure from this example. In other words, the coefficient of virtual 

mass has very little influence on the dynamic response. 

40 



41 

7.2 Recommendations for Further Study 

Since a mathemat ica l model is used to simulate the fluctuating wind velocity 

and pressure in this study, using real measured da ta of wind velocity and wind 

pressure with tiime will provide more accurate dynamic response of glass plates. 

It would be ideal if bo th wind pressure and glass plate da ta could be measured 

and compared with the results obtained from the mathematical model developed 

here. Besides, only one small glass plate is taken into account in this study, so 

this s tudy can be extended to different sizes and thicknesses of glass plates. 

By studying the effects of these sizes, some more general conclusions may be 

drawn. On the other hand, this study can also be extended to different mean 

wind velocities along with the fluctuating part of the wind so that the effects on 

the dynamic response of glass plates are obtained in more detail. 



REFERENCES 

[1] Jones, C O . , " T h e interpretat ion of experimental da ta on the strength of 

glass."' J. Society of Glass Tech., Vol.33, 120-137 (1949). 

[2! Levengood, W . C , and Fowler, W.E. , "Morphology of fractures in pohshed 

glass surfaces," J .American Ceramic Society, 40(1), 31-34 (1957). 

[3_ Brown, W .G., "A Practicable formulation for s trength of glass and its spe
cial application to large plates," Publ . No. NRC14372, National Research 
Council of Canada , Ottawa, Ontario, Canada (1974). 

[4̂  Langhaar , H.L.. "Energy Methods in Applied Mechanics," John Wiley and 
Sons, Inc., New York (1962). 

[5] Beason, W.L. , "A failure prediction model for window glass," NTIS AC
CESSION No. PB81(148421), Inst i tute for Disaster Research, Texas Tech 
Univ., Lubbock, Texas (1981). 

[6] Vallabhan, C.V.G., and Wang, B.Y-T., "Nonlinear analysis of rectangular 

glass plates by finite difference method," NTIS ACCESSION No. PB82-

172552, Ins t i tu te for Disaster Research, Texas Tech University, Lubbock, 

Texas (1981). 

[7 Vallabhan, C.V.G., "I terat ive analysis of nonlinear glass plates," J. Struct. 

Engrg., ASCE, 109(2), 2416-2426 (1983). 

[8] Beason, W\L., and Morgan, J.R., "Glass failure prediction model," J. Struc. 

Engrg. , ASCE 110(2), 197-212 (1984). 

9̂] Reed, D.A. and Simiu, E., "Wind loading and strength of cladding glass," 

J . Struct . Engrg., ASCE 110(4), 715-729 (1984). 

[10] Vallabhan, C.V.G., and Selvam, R.P., "Nonlinear dynamic response of win

dow glass plates using finite difference method," Proc. 3rd Conf. on Dy

namic Response of Structures , Univ. of CaHfornia, L.A. (1986). 

42 



43 

[11] Vallabhan, C.V.G., Minor, J .E., and Nagalla, S.R., "Stresses in layered 
glass units and monoHthic glass plates," J. Struc. Engrg., ASCE, 113(1), 
36-43 (1987). 

[I2j Pal ,H.S. , '^Experimental Study of Glass Plate Strength at Rapid Loading 

Rates ," Ph .D . Dissertation, Texas Tech Univ, Lubbock, Texas (1987). 

[13 Davenport , A.G., "The application of statistical concepts to wind loading 

of structures, '" P r o c , Ins. Civil Engineers, V.19, 449-472 (1961). 

[14] Etkin, B., "Theory of the response of a slender vertical s tructure to a tur
bulent wind with shear," Presented at the meeting on Ground Wind Load 
Problems in Relation to Launch Vehicles, NASA Langley Research Center 
(1966). 

[15j Tatarski , V.I., Wave Propagat ion in a Turbulent Medium, McGraw-Hill 
Book Co., New York (1961). 

[16j Fichtl, G.H., "Can turbulent drag force expansions diverge," Presented at 
ASCE National Water Resources Engineering Meeting, Atlanta (1972). 

[17i Fung, Y.C., Aeroelasticity, Dover Publications, Inc., New York (1969). 

[18 R u m m a n , W.S. , "Basic structural design of concrete chimneys," J. Power 

Division, ASCE, 96(p03), Proc. Paper 7334, 309-318 (1970). 

[19] Timoshenko, S., and AVoinowsky-Krieger, S., Theory of Plates and Shells, 

McGraw-Hill Book Company, Inc., New York (1959). 

[20] Szilard, R., Theory and Analysis of Plates , the Classical and Numerical 

Method, Prentice-Hall , Inc., Englewood Cliffs, NJ (1974). 

[21] Vallabhan, C.V.G., Vann, W.P. , and Iyer, S.M., "Step-by-step integration 

of dynamic response of large s tructural systems," Dept. of Civil Engrg., 

Texas Tech. Univ. (1973). 

[22] Vaicaitis, R., Shinozuka, M., and Takeno, M., "Parametr ic study of wind 

loading on structures," J. Struc. Div., P r o c , ASCE, 453-467(1973). 



44 

[23] Cooke, D. , Craven, A.H., and Clarke, G.M., Basic Statistical Computing, 
Edward Arnold Ltd. (1982). 

,24] Mehta , Kishor C , Guide to the Use of the Wind Load Provisions of ANSI, 

A58.1, Ins. Disaster Research, Texas Tech Univ., (1988). 

[25] Simiu, E., and Scanlan, R. H., Wind Effects on Structures, An Introduction 

to Wind Engineering, John Wiley and Sons, New York (1978). 



NOTATION 

A P P E N D I X 

S^ = spectral density function 

uj = r andom frequency 

u^'u = upper bound of the frequency 

K = surface drag coefficient 

^ = scale of the turbulence 

u^ = mean wind velocity at the reference height above ground 

Aa; = frequency step 

TV = number of frequency divisions 

V = r andom process of the fluctuating wind velocity 

t = t ime 

uji = one certain frequency of the frequency spect rum 

V'i = randomly distr ibuted phase angles 

u = the fluctuating wind velocity 

U[t) = relative ins tantaneous velocity vector of wind 

Ui,U2,U2 = three components of the relative ins tan taneous velocity vector 

'yi5'y25i^3 = the components of the r andom process of wind 
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Wi,W2,W2 = velocity components of one point on structures 

—* 

D{t) = drag load vector acting on structures 

p = air density 

Cd = drag coefficient 

Cm = virtual mass coefficient 

B = the lateral dimension of structures 

c, e = constants to be determined 

QL = lateral pressure acting on the glass plate 

w = lateral displacement of the glass plate 

w = lateral velocity of the glass plate 

w = lateral acceleration of the glass plate 

V — fluctuating wind acceleration 

Eh^ 
D = flexural rigidity of the glass plate,—— ; -

12(1 — u^) 

E = Young's modulus of elasticity of the glass plate 

V = Poisson's ratio of the glass plate 

h = thickness of the glass plate 

V = biharmonic operator 

(j) = Airy stress function 

p = mass density of the glass plate 

X,Y,Z — coordinates 

cr!^,cr"^,T^ = membrane stresses 
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Mx,My,Mxy = bending moments 

"x^^yi'^xy — bendmg stresses 

a = a half of the length of the glass plate 

^ = a half of the width of the glass plate 

[A],[B] = matrices representing the biharmonic operators 

{w} = vector representing the discrete nodal displacement 

{F} = Airy stress function vector 

{QLO} = load vector (fluctuating wind load) 

{/ i} = vector representing L(u;,(/)) 

1/2} = vector representing L{w,w) 

[M] = mat r ix representing the discrete lumped masses at nodes 

{Ait;^} = vector representing velocity increment 

{wt}, {wt+^t} = displacement vectors at time i and t + A^, respectively 

{'Wt},{wt+At} = velocity vectors at t ime and t -\- At, respectively 

{wt}i{'^t+Ai} = acceleration vectors at t ime t and t 4- At, respectively 

7,/5 = interpolat ion parameters 

{itJ7} = vector given in expressions (4.9) and (4.4) 

[M] = matr ix given with equation (4.10) 




