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CASE STUDY OF WIND-RESISTANT DESIGN
AND ANALYSIS OF HIGH MAST
STRUCTURES BASED ON DIFFERENT WIND
CODES

Ching-Wen Chien* and Jing-Jong Jang**

Key words: high mast structure (HMS),
(WRD), gust effect factor (GEF).

wind-resistant design

ABSTRACT

The high mast structure (HMS) has the characters of light
weight and high cost efficiency. Therefore, it is widely used in
the modern construction industry. It has a large the ratio of
height (H) to least horizontal dimension (D) that makes it a
particularly more slender and wind-sensitive than any other
structures. Therefore, the purpose of this research is to develop
the wind-resistant design (WRD) procedure for the slender,
tapered support structures of HMS subjected to wind-induced
excitation from vortex shedding and gust buffeting. This paper
illustrates the theoretical basis and the analytical development
of the WRD; including calculating gust effect factor (GEF) in
along-wind respond; lock-in and galloping effects in
across-wind respond. The finite element program is used to
analyze the natural period and displacement of HMS in this
study. The results of this research highlight the following three
parts. First, it is a good verification that natural periods of one
second can be used in the discrimination of to rigidity and
flexible structure in gust effect factor (GEF) analysis procedure
for HMS. Second, the across-wind displacement of HMS
should be considered in analysis for WRD procedure. Third, the
wind-induced vibration and instability behaviors can be avoided
by controlling the critical wind velocity in WRD procedure.

I. INTRODUCTION

Up to today, the design of high mast structure (HMS) is ap-
plied to a large number of structures around the world to rep-
resent a relevant economic problem. The use of old codes,
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developed by considering other kinds of structures, is unjusti-
fied in this sector. Taiwan’s code [26] on wind actions and
effects on structures as well as other standards of the new gen-
eration [4, 6] cannot be applied to these constructions. Some
failures of poles and monotubular tower repeatedly confirmed
the necessity of understanding better their wind-excited be-
haviour [24]. Facing these situations, developing of
wind-resistant design (WRD) procedure for HMS is inspired by
A.G. Davenport’s the wind-load chain [11, 13, 14] and based on
AASHTO, “Supports Specifications” [1, 2]. The geometry
properties and wind effects on the existing HMS in Taiwan are
investigated for WRD procedure.

On the other hand, vortex shedding is almost always present
with bluff-shaped cylindrical bodies. In wind tunnel testing, it
was found that large diameter round monotube mast arms would
exhibit vortex shedding when there was no sign panel [16].
However, when the tip was installed the sign panel, galloping
was occurred rather than the vortex shedding. The pioneering
work of Scruton in the 1950s established some criteria in rela-
tion to a mass-damping parameter to check the aerodynamic in
across-wind [20].

As for HMS significant problems can occur in more than one
mode, particularly in the first four modes [28]. The contribu-
tions of high natural frequency components are investigated by
eigenvalue analysis. Furthermore, how to check vortex reso-
nance area and galloping calculation procedure in higher modes
is also presented. The WRD procedure is proposed to suit for
HMS, by means of controlling the wind-excited; mechanical
response; design criteria, even clarifying with comparison of
codes. Two cases of HMS in Taiwan [7, 8, 27] are studied to
illustrate different physical phenomena and mechanical be-
haviors subjected to wind-induced effects in the actual local
condition. It can be divided into four important parts to discuss
in WRD procedure of HMS: (1) geometric properties and shape
factors; (2) mean wind speed; (3) gust effect factor and (4)
across-wind response.

II. STRUCTURE PROPERTIES OF HMS

1. Geometric Properties

Typically, there are usually some functional equipments on
the top of the structure such as a wind-force turbine, a radio



276

o O

Octagonal Hexagon Sec.-2
I Slip PR »
O Sec.-3
. 4- _________ »
Square Circle

Fig. 1. Shapes and slip of the taper HMS.

wave transmitter, a radar, lamps and lanterns. The combination
of the slender structural and the concentrated mass at the tip
makes the structure fully aeroelastic and unstable. Generally,
HMS is designed a taper; slender; multi-sides for lighting and
telecommunication purposes. To meet these specific mounting
height requirements the shaft may consist of more than one
section to be assembled on site by means of the "slip on joint" as
shown in Fig. 1. In the past several years, many accidents and
much damage were caused by high wind or wind-induced vi-
brations in such structures.

They are never excessively high, for instance, high mast
lighting structure (HMLS) always design in the range of 30 to
40 (m) height. Fig. 2 shows the ratio of diameter-thickness (D/t)
to height for HMLS in Taiwan. Generally, when the D/t ratio of
HMS is larger than 125, WRD is must considered to check the
local buckling of the shaft. Traditionally, when the structure is
tapered, designer usually adopts the average of diameter or uses
the diameter at z=2/3h (the slope should be less than 2%) to
analyze [28]. The recommended value of damping is 0.3~2.9%
for steels masts and towers [22], it is assumed to be 2% in this
study [18].

2. Shape Factors

There is a regular progression of drag coefficient (C,), while
uplift coefficient (Cy;) is extremely variable; C;,, C('), are the
prime angular derivatives of C,, Cy,. In the limit case of circular
section C, is constant and Cy=0; then C‘; = C(;, =0 [24].

For HMS with a polygon shape in plan, it may be assumed to
all cases that windward coefficient (C,,) =0, so that the total drag
coefficients: C,=C,+C=C, C,, C,are the values, averaged over
the width of shaft, of the mean pressure coefficient on the
windward face and suction coefficients on the leeward face,
respectively. Increasing the number of sides of the polygon C,is
more and more regular while C,, and Cy tends to be zero. For
engineering purposes, Cp= C, =0 independently of the shape of

the polygon; C,, =0 is acceptable only for regular polygons

with more than eight sides [10].

The recommended value of shape factor (drag coefficients of
the shaft) is 0.6~0.8 for a 16-polygons or circular section of
HMS. In this study, it is assumed to be 0.6 for shaft [26]; a drag
coefficient of 1.0 was assumed for luminaries or blades of
structure at the top [2, 16].
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Fig. 2. Height vs. D/t of the HML support structure.
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Fig. 3. Autospectra for the wind velocity (After Van der Hovern 1957).

II1. WIND-INDUCED RESPONSE

1. Characters of Wind Velocity

Fig. 3 shows the Van der Hovern spectrum, which is based on
measurements at about 100m height near Brookhaven New
York of U.S.A. The ordinate is the frequency f multiplied by the
autospectrum S(f) for the horizontal wind velocity. The spectral
gap of nearly 1hr means that the wind climate for left side and
the turbulence in the atmospheric boundary layer for right side
is mutually independent as Fig. 3, so it may be treated separately
and superimposed.

The gust wind velocity \7(1) +u(z,t) isseparated into a wind
climate component \7(z) and a turbulence component u(z,?) .
The wind climate component 17(1) is measured per 10 minutes
by mean wind velocity and the turbulence component u(z,7) is
here calculated with an average time of 10s.

2. Mean of Wind Velocity

The relation \7,(z) of t second 0 V 3600 (z) of 1 hour given

by

‘7:(2)2‘73600(Z)+C(I)'|:L7:|]/2 (1)

where c(t) is a coefficient; u is longitudinal turbulent fluc-

tuation
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Table 1. Coefficients of c(r).

See. 1 1020 30 50 100200 300 600 1000 3600
) 300 232 200 173 135 102 007 054 036 016 000
= 2
u =p-u; 2)

where u is the shear velocity, via Logarithmic Law, then is
given by

= 1 2 k-V
V3600(Z)=;u*ln[z Zd] = U, =M 3)

A 1l 27 %
2y

Substituting Eq. (2) into Eq. (1), then become

\71(z)=\73600(z)+c(t)-[ﬂ~uf]l/2 “4)

Z, is the roughness length, which is a constant for a surface of
given roughness. It follows that Egs. (3) and (4) become

V(Z) =V (Z)+ (1) B Voo (2) —F—
()

Assuming Z, =0, f=6.0 (Solari 1982 [23]) , k=0.4 (Karman
Constant) substituted into Eq. (5) to obtain the Eq. (6), ¢(7) is

(&)

shown as in Table 1.

_ . \/Ec(t)k} _

Vt(Z)=‘73600'|: In(z/2,) =V3600(Z)' 1+

3. Along-Wind Force

Fig. 4 depicts a turbulent wind profile impinging on a HMS.
The mean intensity of wind loading at any point will be given by

P()=

_5.p.x72(z).cd-3(z> @)

where B(z) is the width of structure transverse to the wind
with height is changed. C, is the total drag coefficient (=C,,+C)).

p is the density of air = 1.2kg/m’, \7(z) is the mean wind speed

at height z. Typically, the generalized coordinate is selected as
the displacement of some convenient reference point in the
system, such as the tip displacement in this HMS. Assuming

that ¢(z) = (%)'f , & is the mode exponent and by integrating

the mean intensity of wind loading over the height of HMS the
familiar express gives at any point will be given by

F,=E :%.q, B@)- [V () 0(2)dz 8)

Ref. coordinate

X

Fig. 4. Behaviors of the mast structure subjected to wind loading.

Then, the mean displacement of mean along-wind velocity at
the average of z height is obtained by Eq. (9).

—= F
X ave =?d, K1=m1(27m1)2 (9)

1

where K| is the generalized stiffness of the structure; m; and n;
are the first mode of generalized mass and natural frequency,
respectively. The wind vector at any point may be regarded as

the sum of the mean wind vector and a dynamic component, is
given by V(z,1) :17(1)+u(z,t) . The distributed loading is
F(z)=P(z)+p(z.t) due to wind at height z
where ;(z) and p(z,t) are the mean and fluctuating components,

respectively. In terms of velocities, Eq. (7) becomes

F@ =2 p[V@+un ] €, B (10)

Since the second-order term in (z, t) can be ignored in com-

parison with \72(z) . Hence, the fluctuating component will be
given by

p(z.0)=p-V(2)-u(z,1)-C, - B(2) (11)

However, the load effect on an element of the structure will be

dE(t) = p-V (2) u(z.0)-C, - B(z)-dz (12)
Furthermore, the effect of the randomly distributed fluctuating
forces on the dynamic response of the structure will be ex-
plained with ref. Fig. 4. If the forces are considered as discrete
forces, then the total load on the structure will be

N
F=F+FE+.+F.+F =XF (13)
F(z.0)= P+ p(z.1) (14)
The square of the total load will therefore be
N
F?=F24F 4. 4FF,...+F:=SY FF, (15)
VI

The mean square load will hence be obtained by averaging Eq.
(15) over an appropriate period, e.g. one hour. Replacing F; and
F; by distributed loading at any two points (z; z’), and per-
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Fig. 5. Normal spectra method (after Davenport).

forming a double integral over the height of the structure one
can find the mean square load effect is

G(E) = p*C2B* [ [ (V(2)u(z.1)) - (V (2 Yulz,1))dzdz

=p’C;B)' [} 0,0" V(2)V (2)R(z.2)dzdz’ (16)
The cross-correlation coefficient is given by
R(z,2)=u(z,0)-u(z,1)/ 0, -0, (17)

It is reasonable to ignore the variation of o? with height, using
6,=2.5v«[22]. Therefore, the expression becomes

GL(E) = p*C2B*6? [ [V (2)V (2)R(A2)dzdz (18)

where R(Az)=¢*'"; Ar=7—7; L is lateral scale (*~60m)
[22]. The double integration has to be performed numerically in
general. However, by recasting Eq. (18) in a non-dimensional
form it has been possible to derive charts from which the re-
sponse of a wide range of structures may be evaluated with ease.

4. Gust Effect Factor (GEF) Methods

The gust component is considered as a random process and
may thus be described by a gust spectrum with variance & (v)
as shown in Fig. 5. A practical procedure was suggested by
Davenport. He was able to derive a factor which the R.M.S.
(Root Mean Square) component would be exceeded with a
probability of 50%. After further refinement Davenport rec-
ommended the following expression for peak factor

/4
=2xIn(vT)) + ——r—
§ V) 2xIn(vT,)

y=0.577 is Euler’s constant; T} is the period during which the

19)

peak response is assumed to occur. Thus, maximum instanta-
neous wind velocity is then V,,,, =V +g-o(V). Usually, 1 is

the 1hr.=3600 second; V is the expected frequency; clearly
equal to the natural frequency 72 , and therefore

0.577

8r =4/2%xIn(3600n) + ————— (20)
A/2%1n(3600n)
Solaria [23] proposed gp as Eq. (21); it’s nearly to (20)
gp =+/1.175+2In-n-T, 21

In the broadband region, Eq. (19) has been evaluated, giving
g, =3.5 [22]. Using these factors, the maximum total load

effect may be obtained by summing the mean load effect to-
gether, the factored broad-band and narrow-band load effects as
follows

E,. =E+[(8,0,) +(8,0,:)° 1" 22)

where E is the value of the mean load effect; O, »e 15 the R.M.S.

value of the non-resonant load effect; 0}, is the R.M.S. value

of the resonant load effect. Thus, the total displacement of
along-wind force acts on structure can be divided into two parts.
First, the average displacement caused by average wind speed.
Second, the turbulent displacement subjected to fluctuate by the
turbulence. Therefore, the maximum tip displacement of
structure subjected to along-wind force, given by

X, (H) = x(H)+[(g,0,)* +(g,0,)*1"
=x(H)+x_ (H)

max

(23)

where )_c(H )is the value of tip displacement subjected to the
mean wind speed; Oy is the R.M.S. value of the non-resonant
load effect; 0, is the R.M.S. value of the resonant load effect.

X, () turbulent displacement that subjected to turbulence.

Generally, GEF method is based on normal spectral methods as
shown in Fig. 5 and some hypotheses. First, the GEF method is
assumed a linearity of structure and single degree freedom
model. Second, the G value consists of static, background and
resonance factors; are assumed to have the same vertical dis-
tribution. Third, the GEF method is not considered in time
variance for wind speed. For instance, from Eq. (23) the
maximum displacement is obtained by
(2)

X o (2) = 3(2) Xy (2) = 221+ 2225,
x(z)

(24)

where x, (z)=g-0,(2);g1is apeak factor, the value of which

is usually about 3 to 4. o (z)=+ B’ + R’ is the R.M.S. value of

the fluctuating displacement; B’ = ISy (Hdf
- 1 .
R = 4.? So(fy) - Sp(F) =5 [HC-8,(f) s the gen-

eral coordinate of variance of internal loads; & is the stiffness of
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1

structure. |H (f )|2 = is the me-

2 1/2

2 2
o fo
chanical admittance function. f; and { are the natural frequency

and damping ratio of the structure, respectively. |H f )|2 is

equal to 1 or zero for most structures, when ¢ 'is less than 0.05;
1
max Z .

SHf) is a spectrum of wind force. )_c(z) is the maximum fluctu-

f=/; then the mechanical admittance function |H f)

n

ating displacement of mean wind velocity at the average of z
height as follows

Iy P(2)- x,(2)dz

X)=3 xX,(2); M, = [ x2(2)-m(z)dz  (25)

=4t fPM,
where ;(z) is refer to Eq. (7); f; and m(z) are the natural fre-
quency and mass per unit height of the structure, respectively.
Therefore, ref. Eq. (23)~(25) the gust effect factor G(z) is de-
fined as

G(z)=1+2me
x(2)

(26)

As for Egs. (24) and (26), the maximum displacement

X (2)= G(z)-;(z) is able to account for the maximum fluc-

tuating displacement of mean wind velocity multiplied by the
gust effect factor G value at the average of z height. However,
there are some simplifications methods for equivalent static
wind loads. An attempt to consider dynamic effects on the
response of these structures is made through the gust response
factor (GRF) method suggested by Davenport [12]. A typical
form of response for structures subjected to wind loading is
illustrated in Fig. 6. The total response is formed by the three
components: (i) Mean (r):mean response in time; (ii) Back-
ground ( 7, ): the energy is spread over a broad range in the low

frequency range; (iii) Resonant (er ): consists of a series of

highly concentrated peaks centered on the natural frequencies of
the structure. The total peak response r (rms value) is given by

r=rxg,-\r; +Xr, where the statistical peak factor gg is

given by Eq. (20). Furthermore, it is incorporated in the ASCE

[5] guidelines for the loading of transmission towers, but with

the resonant response component neglected. Therefore, the peak
A A A

response is changed by r =r+tGrp = Fu i, -G where r is
the design value of peak response of wind gust for HMS.
A

rs =i [Y 1y, is the design value of response of background
i=1

for HMS, i, is an influence coefficient. r,,, the response sub-

jected to mean wind drag force applying to the shaft of ith sec-

tion of HMS. F. the mean wind drag force, and the gust re-

S50

Fig. 6. Response of a structure to wind: (a) time history; and (b) power
spectrum [7].

sponse factor G=1+0.75-g,-E, -\/B, + R, for the HMS,

the exposure factor E, is givenby E, =+/24 -k {Z}:—dj [18]. z,ef
is the reference height, h, is the effective height (at approximate
center of pressure of structure), a is the power-law exponent, k
is the surface drag coefficient [12]. The dimensionless response
term corresponding to the quasi-static background wind loading
_ 1

C1+0375H /L,

tower’s height and L, the transverse integral scale of turbulence)
The dimensionless resonant term Ry is given by:

on the tower, By is given by: B, (H the

f . /’l -5/3 1
R, = 0.0123( e j -— [18] where f1is the tower’s natural
V@ g

frequency, XZ is the mean wind speed at effective height h, and

¢ is the tower’s damping. The approach is based on statistical
methods which considers the spatial correlation and energy
spectrum of wind speed and the dynamic response of the HMS.

IV. WIND-EXCITED RESPONSE

There are several different phenomena with giving rise to
wind-excited response for HMS. Three wind-excited phenom-
ena were identified as possible sources of large-amplitude vi-
brations which could lead to failure, galloping, vortex shedding,
and natural wind gusts. However, across-wind response is more
likely to arise from vortex shedding or galloping, these mo-
tion-induced wind loads are significant for HMS. Consequently,
these behaviors are also investigated in across-wind response
for the WRD procedure. Furthermore, in order to obtain the
critical wind velocity in across-wind force correctly. Therefore,
Eignvalue method is used to solve the natural frequency in
higher modes of the tapered HMS.

1. Lock-In

The wind load perpendicular to the wind direction may be in
resonance with the structure, it’s different from the resonance of
machine. Lock-in effect is subjected to the vortex shedding
frequency and structure natural frequency nearly; within certain
range of wind velocities. Consequently, when the mean design
wind speed V), (m/sec) is greater than the critical wind speed
V_(z) ; then the structure will fall in the resonance area.

However, design wind speed should be followed the local code,
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Fig. 7. Flow with turbulence decreasing diameter of HMS.

e.g. by the formula V, =40,/u, (H)u @, as [9]. With the round
cylinder as an example, when there is turbulence, S,=0.2, and
critical wind speed V_ (z) value is obtained by Eq. (27)~(28)

=L D (27)
V(z)
5D
=— 2
V., (2) T (28)

J

fs is the vortex shedding frequency; T; is the natural period of
structure (j=1, 2....n); D is the diameter of 2/3H height.
Across-wind loads due to vortex shedding in the first and sec-
ond modes should be considered in the design of HMS when the
critical wind speed V,, is between 0.50 and 1.30 V(z.,); V(z.,) is
the mean design wind speed at z.,, z.,, = 5/6h, as [3].

Denoting the Strouhal number by S,, the shaft-shedding

frequency is fi=V(z)-S,/D ; since D is usually small, f; is

sufficiently high to justify the use of the quasi-steady theory [24].

On the other hand, the equivalent static pressure range to be
used for fatigue design of vortex shedding-induced loads shall
be followed as [2]

0.613-V.>-C, 1,
vs =
2-B

where /ris fatigue important factor; V., is expressed in m/s; C, is
drag coefficient and £ is the damping ratio, which is conserva-
tively estimated as 0.005, it is decreasing the damping of the
structure with vortex shedding-induced in higher mode [2].
However, vortex shedding frequency f; increases with the mean

wind velocity \7(z) increases, and if the HMS width D is re-

(29)

duced. Therefore, the velocity profile of the wind, the turbu-
lence of the wind field and a HMS width decreasing with height
affects the across-wind net vortex shedding load on the HMS.
Further, the net vortex shedding load occurs within a band of
frequencies and not just at a specific frequency as shown in Fig.
7.

Special note that for HMS, when the critical wind speed
exceeds the design wind speed, permitting modification of both

Table 2. The coefficient of drag derivatives [29].

Cross section R, 1,(0) Cross section R, Hp, (0)
—> 1 66000 27 | /| 2000~ | 100
: 4 20000
— 1 I:l 33000 3.0 —_ % 75000 0.66
2

damping and the peak base moments, which significantly re-
duces the base moments [3].

2. Galloping

Galloping or Den Hartog instability is different from vortex
shedding but also results in large-amplitude, resonant oscilla-
tion in a plane normal to the direction of wind flow as shown in
Fig. 8. It is usually limited to structures with nonsymmetrical
cross-sections, such as the plate-like as shown in Fig. 8(a) with
attachments to the horizontal equipments or signal or cantile-
vered arm etc. as shown in Fig. 8(b). However, when the
structure damping is equal to the aerodynamic damping, ac-
cording to the differential equation of bending vibration of the
cantilever structure, the critical wind velocity (v,.) is obtained
by [28]

2C,
Voo = (30)
Y Py O[], () B2) 9 ()i
where C,=2-M,-& @, is generalized damping;

MV =j(f1 m(z)-(b2 (z)dz and w, are generalized mass and the
natural circular frequency, respectively. ¢(z) is the shape
function, g_, is the coefficient of wind pressure with height
change. When a=0, #,, (0)is u,, (@) derived value, o is a

angle of wind with main x-direction, the equation is given by

sin @

1
Hpy (@) = {/JD (@)- +ﬂL(0!)~—} (D
cosa

COS2 (2%

where 1, (&) is a coefficient of along-wind force or called the

coefficient of drag force, it is equal to the absolute of summation
for the front and back side. It is given by u,, (&) =, + 1, ;

U, (&) is called the coefficient of across-wind force. i, (&)

and 4, (&) is obtained by wind tunnel test, /Uﬁ (0) is shown as
in Table 2.

By conducting wind tunnel tests results, an equivalent static
vertical shear of 1000Pa was determined for the galloping
phenomena [1]. This vertical shear range should be applied to
the entire frontal area of each of the sign or equipments at-
tachments in a static analysis to determine stress ranges at
critical connection details. The magnitude of this vertical shear
pressure range shall be equal to the following: P, =1000-/,

(Pa) where I is fatigue important factor.
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3. Comparison of Codes

GEF method is one of the simplified of equivalent static wind
loads method. It has been adapted to along-wind loads on
structure in most codes or standards, but does not include the
requirements of the across-wind respond (e.g. deflection, vortex
shedding, or instability due to galloping). The current engi-
neering practice of WRD in Taiwan is based on the wind load
provisions of the ASCE 7-02, with augment of across-wind
wind loads from the AIJ-96 [4]. Tsai, Cherng, and Cheng re-
vised ‘Establishment of building wind loading code and the
associated commentary published in 1996’, their calculation
formulas are based on ASCE 7-95 Code. Expecting that a cor-
rection factor of 1.443% is applied to accounting the difference
between the wind speed averaging time adopted in Taiwan’s
2006 code (10 minutes) and that in ASCE 7-02 Code (3 sec-
onds). ISO 4354 (International Standards Organization) pro-
posed different wind speed at average time to convert with Eq.
(32).

I 05V1hr: VIOmin:0~ 84V1min:0'67v3sec (32)

The relationship between 3-sec. gust speed and any other
averaging time can be found in texts by Simiu and Scanlon [21].
According to Taiwan 1996’s code, to calculate wind gust factor
G(z) based on average roof high h, the height-width ratio is
smaller than 5 or the natural periods is smaller than one second;
then G(z) is according to

G(z2)=0.89+5.0-T(z) (33)
T (z) is intensity of turbulence given by
2.35\D
T(z)=——— (34)
Eyr
10

Dy is the drag coefficient in different conditions of location.
Wind gust factor G(z) given at period is greater than one second
or the height-width ratio greater than by five of the structure by
Egs. (35) ~ (36).

(1) In respect to enclose building:

_ i 2 )
G=0.89+ 1.86-£+M (35)
i B 1+0.00656-¢
(2) In respect to open building:
_ B T2 . VA
G=0.89+ 2.32~£+M (36)
i £ 1+0.00328-¢
P=JY f (37)
— 132-f -h
=ttt (38)
$:V1p(€)

where f, is the natural frequency, £ is damping ratio of the
structure. 77 is the intensity of turbulence about 2/3 height of the
structure from the ground. S is the size factor of structure; c is

o —e
A 3 1
Wind Wind
Top View

-\
== -
Movement i P

L]

(a) Elevation (b)Elevation

Fig. 8. Galloping subjected to bending moment or torsion.

the mean value with vertical of wind direction of the structure. J
is the coefficient of pressure section. Y is the factor of resonance
that is the function off f . s is the factor of the roughness of
ground surface [25]. The calculation of GEF procedure as Egs.
(33)~(38) has already been replaced by Closed Form Equation
Method in Taiwan 2006’s code. For rigid structures, the mini-
mum value of G(z) is adopted by 1.77 in Taiwan 2006’s code.
The intensity of turbulence I and background response factor

Q from Eqgs. (39), (40) respectively; substitute into (41) to ob-
tain the value of G(z), these related coefficients as refer to [26].

L =c-(10/2)" (39)
where c is listed in [26] for each exposure conditions; Z is the
equivalent height of the structure defined as 0.6/ but not less
than Z,,;, for all building heights 4.

1

0.63
1+0.63(B+hj
I

VA

o |

(40)

B is a horizontal dimension of structure normal to wind direc-

tion;
1+1.71_ /g2 0% + g2R?
G, =1927 ZN 20 K

f 1+1.7g, I

(41

R and L are resonant response factor and a integral length
scale turbulence. g, and gy should be used with 3.4, g should
be given by Eq. (20).

Following is the wind pressure of the Support Structure Code

of AASHTO (2001) as
P, =0.613-K,-G-V*-1-C, (N/m®) (42)

Pp; 1s a wind pressure (N/M?), K., is a height and exposure
factor. G is a wind gust effect factor (Min.=1.14); V is a peak
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gust 3 sec in duration; C, is a drag coefficient; I, is an important
factor. AASHTO 2001’s code is updated from 1994°s edition,
the purpose is to change fastest mile of wind speed for 3 second.
Therefore, AASHTO 2001's code adopted 1.14
(G=1.3x0.82=1.07) to meet the required minimum value of G.
China’s latest code recommends the basic wind pressure ( @), )

in accordance with the Eq. (43).

Q==p0 (43)

1
>
Basic wind speeds V,, (m/s) is the maximum mean velocity at
10 minute with once every 50 years of recurrence at a height of
10 meter in spacious smooth ground and p is the air density.
Substituting @ into . as Eq. (44), one can find the along-wind
pressure.

@ =p. -l U (44)

where w : is load for wind standard value; w, is the value of
basic wind pressure. f, is the wind gust coefficient at z height as
shown in [9]. u,(=0.7~1.2) is the body shape of wind coefficient
for wind; g, is the coefficient of the wind pressure with height
change.

V. WIND-RESISTANT DESIGN PROCEDURE

Figure 9 indicates some interactions between different phe-
nomena in the chain. The wind velocities were affected both by
the wind climate or wind-induced (the first element as Fig. 9)
and by turbulence in the atmospheric boundary layer (the sec-
ond element as Fig. 9). It is important to control the critical
velocity to avoid the vortex-shedding or galloping for the WRD
(the third element as Fig. 9). Therefore, it should be check the
critical wind speed condition caused by wind-excited in WRD
procedure.

Analysis and propose in accordance with the regression of the
power spectral formula of the typhoons wind speed of Taiwan.
The suggestion from the range of natural frequency during 1~20
seconds should be followed the procedure of WRD [15]. Each
link is necessary when wind-induced and the responses to be-
haviors are to be calculated or check. In wind engineering, all
the mechanical responses (the forth element as Fig. 9) are
caused by wind-induced, so the concept of a chain symbolized
that the total design process is only as reliable as the links. This
paper presents the steps relevant to the WRD criteria (as the first
element to the fifth element as Fig. 9). The procedure for the
wind-resistant design (WRD) of HMS can be broken into six
steps. These steps, as outlined in the flowchart shown in Fig.
10(a)~(b); constitute the six major components of the general
analysis procedure presented in this report. This general analy-
sis procedure is briefly described as

STEP 1: Construction of HMS model
Construction of the finite element model of the HMS is

Stress
Deformation
Resonance

Strength
Deflection

Stability

v v v v v

Wind-induced Turbulent wind Wind-excited Mechanical response Design-criteria

Fig. 9. Flow with turbulence decreasing diameter of HMS.

Step 1
Construct Finite
Element Model
Step 3
Solve Gust Effect Factor
G=7 (GEF/ESWL)
Step 2
Apply Dynamic
Analysis Step 6
Step 4 Check Vortex
Construct Wind [»{  Galloping
Loading Model Stability
Displacment
Step 5
Apply Aeroelatic
Analysis

o Wind-
Rigid-Str. Sensitive Str.
ASCE-02
G=2.38 /ESWL

Fig. 10. (a) HMS of WRD procedure (b) calculation of GEF proce-
dure.

shown in Fig. 1. Firstly, it should be determined the ratio of b
t

to avoid the buckling of the shaft for wind loading is given by

2<0.1259-£
t F,

y

(45)

D is diameter of shaft, ¢ is thickness of shaft, E;is modulus of
elasticity, Fyis yield stress. For round and multisided tubular
members that have compact, non-compact, and slender element
sections, the allowable bending stress could be computed ac-
cording to AASHTO-2001 or ASD code. Secondly, the simula-
tion adopt linear translational and rotational springs placed at
the base of the HMS.
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STEP 2: Dynamic and aerodynamic analysis

Eigenvalue analysis is performed in order to determine the
rigidity or flexibility for the natural period of structure (7,) of
the tapered of HMS. Furthermore, this paper suggests the Eq.
(46) to check the effect of aerodynamic for HMS [19].

S, =4I K = <
.= (=P — >3

a

(46)

K,=mé&/pd*; &is damping ratio of the structure (for steel structure
£=0.02); p, is air density (=0.125kg-s>/m"); p, is mass density of
the structure. When Scruton number is less than 5, it’s also
determined to perform an aeroelastic analysis method (e.g. wind
tunnel method) to obtain some parameters more accurately.
Within the dynamic analysis, Steps 2 to 5 must also be per-
formed in a repetitive fashion.

STEP 3: Gust effect factor

Typically, wind load in equivalent static wind loads as two
methods. First, use mean wind pressure to add dynamic wind
pressure. Second, multiply mean wind pressure by a dynamic
factor. To obtain a dynamic factor, the value of G is adopted as
shown in Fig. 10 (b). If designer want perform a more rigorous
analysis to obtain the value of G as shown in Fig. 11.

STEP 4: Construction wind loading model

Construction of the wind-loading model to determine the
loading applied to the finite element model (FEM). If the HMS
is an importance of flexible structure, it’s suggested to perform
the aerodynamic analysis, or via wind time history method.

STEP 5: Aeroelastic analysis

The procedure of resolving the non-linear wind load
forcing function is due to relative motion. The cause for this
non-linearity is due to Morison’s equation that is used to de-
termine the force from the wind velocity in Eq. (47).

1
F = E pairACduwind uwind | (47)
where 0, is the mass density of air, A is the tributary projected
area for the nodal point, C, is the drag coefficient, u,,;,, is the
wind velocity at the nodal point, and F is the force produced by
the wind velocity. The true forcing function must be computed

from the relative velocity between the pole and the wind.

STEP 6: Procedure of check

Across-wind loads due to vortex shedding should be con-
sidered in the design of HMS, when the critical wind speed V.., is
between 0.50 and 1.30 V,, as defined here. Across-wind load is
no need to consider, when it falls outside this range as shown in
Fig. 12. V,,is the mean design wind speed (m/sec); in this study it
can be obtained by local code (e.g. V, =40,/u, (H)pw, [9] )
Firstly, one can solve the Eq. (28) to determine the critical wind

speeds for vortex shedding; the across-wind force is obtained by
Eq. (48) [26].

Wind
Velocity/Force/Response
v H()
— Aerodynamic
Mean wind v admittance
velocity
Wind Loading
Spectrum
v
v )
H Wind Gust Mfchagi)cal
Melsglrz:nd Response admittance
\
Background Turbulent wind Resonance
Response velocity Response
\ |
v
q ES WL

Fig. 11. Calculation of typical E.W.S.L. procedure.

Find the natural
period of the
structure

Find V(z,)
basic/design
wind speed as local code

Taper/
Non-tapered str.

Find the critical wind
speed V, as equation
(28)

Find the across-wind
force as equation (35)

Non-tapered cal. the
vortex shedding
fatigue force
as equation (29)

<

R <5x10°

R, 235x10°

Fig. 12. Calculation of across-wind force procedure.

Step-2
Define structur of properties
General damping
/General mass

Step-1
Define geometry of
properties
Height/Width of structure
or equipments

v v
Step-3 Step-4
Define Define

Basic wind pressure
/Coefficient of return period

Coefficient of drag
derivatives /Coefficient of
height

4

Step-5
Calculating
Top of Wind
velocity/Critical of Wind
velocity

Step-6
Wind tunnel test
/Calculating
P, =1000-1,

Fig. 13. Check galloping effecting procedure.
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Fig. 14. High Mast Lighting Structure.

(48)

Z

w.=utZ.ca
h

W,.is the across-wind force at height z; U, is the wind velocity of

vortex resonance; C, is the wind force of vortex resonance; A is

project area of the structure. Furthermore, one obtained the tip

displacement of HMS in across-wind force by accounting for Eq.

(49) [28].

V:-D-¢(Z)

= o OS] 49
<8000 & m- @ %)

¢ is the damping ratio of structure; V,, is critical wind speeds
(m/sec); D is the diameter of structure.

Secondly, it can be obtained the value of galloping critical
wind velocity (v,.) by the Eq. (30). It’s needed to calculate the
galloping force by wind tunnel test or formula: £, =1000-1, as

ref. [1, 2], when the value of galloping critical wind velocity v,
is small than the mean design wind velocity or tip of wind ve-
locity as shown in Fig. 13.

VI. EXAMPLES
In order to quantify the implications of the above results with
two structural examples are described below.
Case-1 High mast lighting structure

For case-1, the taper of high mast lighting (HML) support
structure, is adopt by Kaohsiung Mass Rapid Transport; one of
applications from HMS. The shaft consists of three sections to

Table 3. Dimensional data of case-1 (mm)

Section n. (1) ?2) 3) I?]t;il(z)
+(3)

Height 9400 9800 10800 30000

Laps length (upper joint) 1400 1000

Laps length (lower joint) 1400 1000

Total length 10800 10800 10800

Thickness 8 6 6

Base diameter 1000 766 522

Diameter/Thickness 125 127 87

Table 4. Case-1 Segments of wind gust factor (Taiwain-1996).
Hm) D, Vi r J S Y P B TiW2/3Z) ch G

(m/sec)

3000 025 95 0.0333 0.06 133 008 0014 001 020  0.025 251

2400 025 90 00417 0.06 133 008 0012 001 0.21 0.031 238

1990 025 86 0.0503 0.06 133 0.08 0.010 0.01 0.22 0.037 228

1840 025 84 00543 006 133 0.08 0.010 0.01 0.22 0.040 224

1140 025 74 0.0877 0.06 133 0.08 0.007 0.01 0.25 0.065 2.02

995 025 72 0.1005 0.06 133 0.08 0.006 0.01 0.26 0.074 1.96

Table 5. Case-1 segments of wind gust factor (Taiwain-2006).

NODE h B L I; Vg N Q R, R Ry R. R G

1 300 049 049 027 720 023 089 023 042 0.96 094 2.10 391

2 240 049 049 027 46.67 035 0.89 021 030 094 091 1.68 3.35

3 199 0.73 0.73 027 445 037 0.89 020 029 094 0.86 1.62 327

4 184 0.73 0.73 027 437 037 0.89 020 029 094 086 1.60 324

5 114 073 073 027 387 042 0.89 0.19 026 093 085 148 3.09

6 9.95 1.00 1.00 027 3745 043 0.89 0.19 026 093 0.79 143 3.03

Table 6. Case-1 along-wind force of codes calculation (V=72m/sec).

H(m) Tai- AASHTO-2  China-200  Tai-
wan-1996 001 2 wan-200
(KG) (KG) (KG) 6
KG)
30.00 1999 1836 3558 2147
24.00 1668 1674 2179 1704
19.90 584 613 1061 608
18.40 2679 2859 1497 2820
11.40 689 816 986 770
9.95 4593 5597 2218 5192
Total 12212 13394 11499 13241

be assembled by the slip on joint as shown in Fig. 14.

The HML structure is a continuous taper with 16-polygons
cross section monotublar structure manufactured from pressed
steel sheet welded longitudinally.

Table 3 summarizes the main geometric properties, there is a
set of luminaries (weight=1000kg) and E.P.A. (effect project
area) is about 2 m” at the summit. To meet the requirements for
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the client, the design wind velocity is adopted 72 m/s, p; is equal
to 204 (ps =4479/9. 8/2.24 =204).

First step, to check the aerodynamic factor, S, is obtained to
32.65 (S¢ =ps * &/p. =0.02x204/0.125=32.65); then the value of
S. is greater five. Therefore, aerodynamic analysis can be ne-
glected in this example.

Second step, the calculation of G is based on Taiwan 1996’s
and 2006’s code as shown in Table 4~5, the first mode shape of
the structure is shown in Fig. 15(a). Further, along-wind force is
13241kg by Taiwan 2006’s code, and it closed to the 13394kg of
the AASHTO 2001’s code as shown in Table 6.

Third step, the galloping of critical wind speed is check by Eq.

(30)~(31) as shown in Table 7. It’s large more than the design
wind speed. Therefore, Case-1 is not susceptible to gallop-
ing-induced vibration.

Forth step, as for checking the vortex shedding resonance Eq.
(28) is used to compare the critical wind speed v, with the
design wind speed v, as shown in Table 8. However, when
va<1.3v, one should consider the across-wind force; it is nearly
about 40% of along-wind force by Taiwan 2006’s code as shown
in Table 9.

Fifth step, The displacement of the Case-1 is 88.2 and 140 cm
for along-wind loading (W.L.) and group loading (for dead
loading (D.L.) plus W.L.), respectively.

Case-2 Tower structure

This case introduced the wind-power tower where is located
in the Mi-lia [7, 8, 27]. Design of tower is made by steel
structure with the piling foundation. In this study, assumed the
shaft is a uniform type and the diameter is equal to 3m. The
thickness of shaft is 15mm; the height is about 50m; the
thickness of foundation is 80 cm as shown in Fig. 15(b).

First step, one can find wind pressure; basic wind pressure ®,
is equal to 1.2 KN/m2; , is equal to 1 in return period of 50
years as [9].

Second step, the natural period was obtained by eigenvalue
analysis; it’s equal to 0.984 sec. as shown in Table 10 (control in
first mode).

Third step, one should calculate the critical wind speed as Eq.
(28) and the mean design wind speed V), for checking the vortex
shedding resonance is given by

Ve =5x3/0.984=15.244<V, = 40,[u, (H)p,m, = 40-/2.03-1.2

=62.43(m/sec). Consequently, one shall consider the
across-wind force in the resonance area.

Forth step, the results of across-wind force shown in Table
11 is calculated by Eq. (48), the relative of coefficients as [26].
Along-wind displacement (X,) is calculated by Egs. (23)~(25)
as shown in Table 12.

Fifth step, in order to solve the tip displacement in
across-wind respond is obtained by Eq. (49)

15.244° x3x1x50° _ 2.204x10°

= = =6.79cm
© 8000x0.02x3.515*EI EI

where & is the damping ratio of structure (=0.02); v, is equal to
15.244(m/sec). D is the diameter equal to 3 meters. Therefore,

Table 7. Calculation galloping of Case-1.

Description Symbols Data Unit
Height H 30 m
Width of lighting equipments B 25 m
Category condition(c) o 0.32
Coefficient of height Mz 1.42
Coefficient of return period Hr 1.1
Design wind pressure w 3.24 KN/m’
Natural period T; 1.54 sec
Generalized mass M 4.479 ton
Coefficient of drag derivatives WoL 3
Generalized damping Cy 0.3653 t/s
Tip of Velocity v(H) 62.54 m/s
Critical of velocity Voc 65.37 m/s

Table 8. Case-1& Case-2 across-wind resonance and fatigue force.

across-wind

T; Ve Vi across-wind fatigue

n (sec) (m/sec) (m/sec) resonance force(kg)
ith-mode case-1 case-2 case-1 case-2 case-1 case-2  case-1 case-2  case-1 case-2

1 1.541 0984 247 1524 7200 6240 V,<20m/s Lock-in 37 23868
2 1.541 0984 247 1524 7200 6240 V,<20m/s Lock-in 37 23868
3 0.246 0.223 1545 6726 7200 6240 Lock-in V,>20m/s 1462 23868
4 0246 0223 1545 6726 7200 6240 Lock-in V,>20m/s 1462 23868
5 0073 02 5205 7500 7200 6240 V>20m/s V,>20m/s 16610 23868
6 0073 02 5205 7500 7200 6240 V>20m/s V,>20m/s 16610 23868

Table 9. Across-wind force of Case-1.

W,V:U,ZZ-C, A
) h

(across-wind force)

M 5 A G
Node (m) (m) () (kg) (kg)

Z Dy U A U™D,

1 3000 049 992 146 48 69.04 4716 667 403 580.51
2 2400 049 992 246 484 11622 4716 667 4.03 781.75
31990 0.73 1476 2.03 10.71 95.87 47.16 6.67 4.03 1183.39
4 1840 0.73 14.76 3.09 10.71 14551 47.16 6.67 4.03 1660.83
5 1140 0.73 1476 3.07 10.71 144.66 47.16 6.67 4.03 1022.94
6 995 1002033073 2033 3419 47.16 667 4.03 400.38
z 5629.81

the maximum displacement (X,,,,) was obtained as shown in
Table 12.

The major observations and findings are summarized as fol-
low

(1) The vortex shedding is shown in Table 8; the critical wind
velocity of Case-2 is higher than Case-1 in the first mode. It
presents Case-1 of the critical wind speed for the first mode of
vibration which is less than the 50% of the tip wind speed.
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Table 10. Case2-for non-taper tower of modal participating mass ratios.

MODAL PARTICIPATING MASS RATIOS

MODE PERIOD INDIVIDUAL MODE CUMULATIVE SUM
(PERCENT) (PERCENT)

UX Uy Uz UX UY Uz
16.0200 49.2627  0.0000  16.0200 49.2627  0.0000
492627 16.0200 0.0000  65.2826 65.2826  0.0000
0.0000  0.0000 0.0000 652826 65.2826  0.0000
0.0000
7.5190
12.8562
0.0000
0.0000

0.983575
0.983575
0.223169
0.199591
0.159891
0.159891

0.0000
12.8564
7.5178

0.0000
0.0000
0.0000

65.2826
78.1390
85.6569

65.2826
72.8016
85.6578

0.0000
0.0000
0.0000

O 0 N N W N

0.128335
10 0.128265

0.0000
0.0000

0.0000
0.0000

85.6569
85.6569

85.6578
85.6578

0.0000
0.0000

Table 11. Across-wind force of Case-2.

Z D, U A U, M o5 pB

Node (m) (m) (m’) (kg) (kg)
1 50.00 3.00 15.2415.00 45.73 707.40 47.16 6.67 4.03 14048.94
40.00 3.00 15.2430.00 45.73 1414.8047.16 6.67 4.03 22478.30
30.00 3.00 15.2430.00 45.73 1414.8047.16 6.67 4.03 16858.72
20.00 3.00 15.2430.00 45.73 1414.8047.16 6.67 4.03 11239.15
10.00 3.00 15.2428.50 45.73 1344.0647.16 6.67 4.03 5338.60
1.00 3.00 15.2413.50 45.73 636.66 47.16 6.67 4.03 252.88
70216.58

C, (across-wind force)

My » A W N

Table 12. Displacement of Case-2 (mm).
Code H Vi Xave Xa Xe

Xinax-=

Jx2+x2

Unit m m/s mm mm mm mm
China 50 65.40 29.84 35.09 70.16 78.44
Taiwan 50 56.08 25.47 30.56  70.16 76.53

Table 13. Susceptibility of types of the HMS to various wind-loading phe-
nomena.

Natural
‘Wind Gust

Galloping Vortex Shedding

Type of Structure

Chimney

Pole

H.M Lighting ]
Monotubular Tower

Hyperbolic Cooling Tower

‘Wind-turbine Tower

Cantilevered Sign Structure [ J
Luminaries Structure o

Silo Structure

Note: @ indicates structure is susceptible to this type of loading

Therefore, it needs to check the vortex resonance area in higher
modes. On the other hand, when the critical wind velocity is
greater than 15~20m/s; the wind is generally too turbulent for

Journal of Marine Science and Technology, Vol. 16, No. 4 (2008)
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Fig. 15. (a) Case-1 30m HMS, 1°'mode=1.541(sec), top disp. =88.2cm.
(b) Case-2 50m tower, 1°' mode=0.984(sec), top disp. =4.2 cm.

vortex shedding to occur.

(2) As is indicated in Table 13, not all of HMS mentioned is
affected by all of these phenomena in WRD Procedure. For
instance, in case-2, the blade of wind tower is free rotation, so it
not leads to galloping effecting. To avoid and clarify these
wind-induced vibration and instability behaviors subjected to
along-wind or across-wind loading for line-like (e.g. Case-1)
and point-like (e.g. Case-2) structure. It’s should be adopted
different method (e.g. check the tip displacement) and through
the critical wind velocity to be controlled in the WRD proce-
dure.

VII. CONCLUSION

The results of the research reported herein indicate that
1. This study shows that the wind loads are key considerations
in the HMS design; bodyweight does not severely affect the
WRD in this investigation. According to the results of this re-
search, the projected area is more critical in this aspect.
2. As for the intensity of wind excitation increases with in-
creasing of aspect ratio (height-to-width). However, it decreases
with increasing of structure damping. Consequently, the results
of this research indicate that HMS is quite different from the
tower structure. Furthermore, the body of the tip plays a major
role in WRD. According to their shapes; it will either mitigate or
exacerbate the oscillations.
3. This study shows that the natural periods of one second
verification is better than the H/D (height to width) aspect ratio
in the discrimination of rigidity or flexibility of HMS. It’s
recommended that an importance of HMS to be designed with
natural period less than one second that a gust effect factor, G, of
2.38 be used for the design of rigid structure support for signs,
signals, and luminaries. The value is greater than 1.77 for rigid
structure according to the Taiwan building code 2006. Conse-
quently, the designer should perform a more rigorous analysis
when the G value is more than 2.38. As above the results of this
research indicate that HMS is quite different from the traditional
high-rise building.
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