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APPENDIX A 

PRESSURE DATA 

Note: Pressure coefficients are defined in Section 4.3. 

Pressure tap designation is explained in Figure 3. 
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APPENDIX B 

MEASUREMENT AND ANALYSIS OF ACCELERATION 

This appendix deals with the acceleration of a given floor--say the 

top floor--of a tall building. It is assumed that the motion occurs 

entirely within the horizontal x-y plane. The motion of an arbitrary 

two-dimensional body is indicated in Figure B-1. At any given point 

P(x,y) the acceleration vector a can be resolved into two orthogonal 

components of magnitude a and a x y 

a = a i + a j_ x y (B.1) 

Two accelerometers would be both necessary and sufficient to determine 

the acceleration at this given point. Since the body can rotate about 

the point 0 (its own z-axis), however, the two accelerometers are insuf-

ficient to determine the acceleration at any other point; that is, a , x 

a , and therefore a are functions of x and y as well as of time. 
y 

The entire acceleration field can be specified using three 

variables x, y, and e, as shown in Figure B-2: 

where 

~(x,y) = x i + y j_ + re t (B.2) 

~(x,y) = total acceleration at a point P(x,y) having 

r __ x2 + y2 distance from center of twist 0 

x = acceleration due to translation of body along x-axis 

y = acceleration due to translation of body along y-axis 

e = angular acceleration (in radians/sec2 ) due rotation 

of body about z-axis (assumed center of twist) 

t = unit tangent vector = -(y/r) i + (x/r) j_ 
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Figure B-1. Total Acceleration Vector at Various 
Points on a Two-Dimensional Body 

Nl! Ljr 
y 
r 

x 

Figure B-2. Total Acceleration Vector as the Sum of 
Three Components in the X-Y Plane 
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This equation can be easily expanded to the form of Equation (B. 1), 

which clearly indicates that a x 
is due to both x, e, and 

to both y, 0: 

~(x,y) = x !. + y i - (y/r)(r0)i:_ + (x/r)(r0)j_ 

= ex-ye)! + (y+x0)j_ 

= a i + a i x y 
Now the magnitude of the acceleration is given by 

a 
y 

2 2 2 .. 2 a = a + a = x 
2 ··2 .. 2 2 ··2 

2y x e + y e + y + 2 x y e + x e x y 

is due 

Statistics of the acceleration are determined by time-averaging this 

equation over a period T as follows: 

2 1 e lal 2 1 J: Cx2 .. 2 2 .. 2 .. 
a = dt = T + y + r e - e(xy-xy)dt 

T 

.. 2 + y-2 2""2 .. . . 
= x + r e -t x ye - y xe 

If the rotational motion is assumed to be independent of the 

translational motions, then the cross-correlations vanish, resulting in 

a = j a 2 = J a .. 2 + a .. 2 + are .. 2 
a x y (B.3) 
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Solution of the Governing Equation Using Random Vibration Theory . 
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Reduction to SDOF System Using Modal Analysis 

A common analytical model of a tall building, suitable for the 

analysis of dynamic horizontal loading, is to consider it a chain of 

lumped masses, connected in series by beam elements. Displacements in 

the x-direction, y-direction, and rotations about the (vertical) z-axis 

are considered independently. For each of these components, the 

structural "frame" model will have n degrees of freedom, corresponding 

to the side-sway (or rotation) of each floor or lumped mass point. The 

system may then be described by, an n x n stiffness matrix [k], with an 

"input" n-component load vector {P}, and an "output" n-component 

displacement vector {x}. 

In a static system, these are related by the familiar equation 

{P} = [k] {x} 

When the loading varies with time and height, however, a complete 

description would be 

[m]{x} + [c]{~} + [k]{x} = {P} 

where [m] is the matrix of lumped masses, [c] is a matrix of damping 

coefficients, and {x} and {P} are now functions of time. This 

represents a system of n simultaneous equations, which would be dif-

ficult to solve even if {P} could be determined. If a transformation 

to a system of "generalized coordinates" is applied, these simultaneous 

equations are simplified to n uncoupled equations. Each equation 

corresponds to one of the generalized coordinates, t., which also has an 
1 

associated natural frequency f. 
1 

and mode shape {<!>}.. 
1 

Furthermore, 

due to the frequency distribution of wind energy, almost all of the 

excitation occurs in the fundamental mode associated with the lowest 
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natural frequency. It is then only necessary to consider the first of 

the generalized coordinate equations, which appears as 

m*t + c*t + k*t = P* (C.1) 

where 

m1" = {<l>}T[m]{<J>} 

c* = {<l>}T[c]{<J>} 

k"' = {<l>}T[k]{<J>} 

p-1(' = {<l>}T{P} 

These are referred to as the generalized mass, damping, stiffness, and 

load, respectively. This governing equation is that of a conventional 

single-degree of freedom system. The solution of the system, t, is 

related to the actual system by 

{x} = t{<I>} • (C.2) 

It can be shown that the natural frequency of the system is 

(C.3) 

A further key property of tall structures is that the mode shape 

may be approximated by a straight line, that is <!>. = az. or {<!>} = 
1 1 

a{z}. Since the magnitude of a mode shape is arbitrary, a may be taken 

as unity. The generalized mass then becomes 

T 2 {z} [m]{z} = I.m.z. 
1 1 

(C.4) 

which is approximately the mass moment of inertia, I, about the base. 

The generalized load is 

T P* = {z} {P} = IP.z. 
1 1 

(C.S) 
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which is the moment about the base, M. The displacement vector is 

{x} = t{z}, or x(z) = tz 

which shows that t is the rotation of the structure (which remains a 

straight line by assumption) about its base, e. By analogy to the SDOF 

system the generalized stiffness k* is equivalent to a simple rota-

tional stiffness k0 • Introducing the critical damping ratio, 

t c c·k c* = = c•'r = c 2.Jk•'(m;'( er er 

= 2m'h'"W 
0 

where w = 2nf is the natural circular frequency, the governing 
0 0 

equation (C.1) may be rewritten as 

(C.6) 

Solution of the Governing Equation Using Random Vibration Theory 

Equation (C.6) is most easily solved in the frequency domain when 

the loading M(t) is random in time, since an arbitrary function of 

time can be described by a superposition of sinusoidal functions. For 

such a harmonic function at frequency f, 

M(t) = M sin(2nft + .), 
0 

the solution is (in magnitude, ignoring phase) 

e(t) = ! f H(f) I · M(t) 
e 

where the frequency response function H(f) 

IH(f)I = 1 

J11-(f/f >21
2 

+ (2tf/f ) 2 
0 0 

is defined as 

In terms of the spring load M, which is equal to 
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the solution is simply 

M(t) = IH(f)I· M(t) 

Note that M(t) and ~Ht) are both moments, and that I H(f) I is 

dimensionless. If the driving frequency f is near the structure's 

natural frequency f , and the damping ratio 
0 

is low, this function 

is an amplification factor describing a condition known as resonance. 

M(t) is properly described as an externally applied base moment, 

whereas M(t) is an internal or "response" base moment. Note that if 

M(t) were externally applied to the structure and a static analysis 

performed, the calculated response (displacement or internal forces) 

would be the same as the actual response due to the real fluctuating 

load M(t). Thus M (t) is also referred to as a "static equivalent 

load." 

When the loading M(t) is random in time, its statistical 

description as a superposition of harmonics is its "power spectral 

density," denoted SM(f). The response moment is then also described as 

a power spectral density, SM(f). The general result of random vibration 

theory is the relationship between these two, which is simply 

The relating function f H(f)I 2 is just the square of the frequency 

response function, and is referred to in general as the transfer 

function: 

IH(f)f 2 = 1 (C.8) 

This particular transfer function is also referred to as the "mechanical 

admittance." 
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The principal usefulness of the power spectral density of a 

function is that its variance may be computed as the area under the 

spectrum: 

2 
OM= (C.9) 

The response is expected to be normally distributed (Gaussian) 

statistically, and thus can be completely described by its variance 

and mean value M (note that the mean response M is equal to the mean 

load M). Since the structural damping is very low, the response is 

also "narrow band," i.e. , it can be loosely described as vibration at a 

single frequency f with randomly varying amplitude. Each cycle of 
0 

vibration has a maximum and negative "peak" value associated with it. 

It is this series of peaks which are of interest insofar as structural 

design for strength or stiffness is concerned. It can be shown that 

these peak values obey a Rayleigh probability distribution, which is 

easily obtained from o~. The expected value, variance, etc. of these 

peaks could be easily found from the Rayleigh distribution. What is 

more desirable, however, are statistics describing the largest peak 

which is likely to occur. Such an analysis is beyond the scope of this 

review, and the following result is simply stated: 

M = M + gaM (C.10) 

Here M is the expected value of the largest peak M occurring during 

a duration T of the loading M. The so-called "peak factor" g is 

calculated as follows [C3] 

g = µ + .5772µ (C.11) 
2 µ -1 

~2.JlnvT + llnJ21lnvT where µ = 
~2.JlnvT 

v = f ~ 
0 
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Nomenclature 

[c] 

f 
0 

I 

[k] 

M 

M 

[m] 

m. 
l. 

{P} 

P. 
1 

z. 
l. 

Damping matrix 

Generalized damping 

Natural cyclic frequency of fundamental mode 

Peak factor 

Mechanical admittance (transfer function) 

Mass moment of inertia of fundamental mode approximated by 
straight-line shape 

Stiffness matrix 

Generalized stiffness 

Rotational stiffness of fundamental mode approximated by 
straight-line shape 

Resultant base moment of externally-applied wind load 

Response (internal, static equivalent) base moment 

Mass matrix 

Generalized mass 

Mass lumped at floor i 

Vector of P. 
1 

Resultant force of wind load acting at floor i 

Generalized load 

Power spectral density of ( ) 

Vector of floor displacements 

Vector of z. 
1 

Height of floor i 

C Critical damping ratio 

0 Rotation of fundamental mode approximated by straight-line 
shape 

t Generalized coordinate 

cr( ) Standard deviation (fluctuating rms) of ( ) 
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2 Variance of ( ) 0( ) 

{<I>} Mode shape 

tV Phase angle 

w Natural circular frequency 
0 

C) Temporal mean of ( ) 

( ) Expected peak value. of ( ) 
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