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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.

THE PREPARATION OF THIS DATA ITEM

The work on this particular Data Item which was monitored and guided by the Wind Engineering Panel. This
Committee first met in 1979 and now has the following membership:
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APPENDIX A EQUATIONS FOR DATA
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RESPONSE OF STRUCTURESTO ATMOSPHERIC TURBULENCE

Response to Across-wind Turbulence Components

1. NOTATION AND UNITS
a structure width normal to width b
B; BR2 |load/vel ocity admittance factors (see Appendix B)
b structure width; (reference areafor load

coefficients)/(overall height or length)

Cp.C or CC wind-axis force coefficients

Ce force coefficient (see Section 4.2); (force per unit
length)/ (Yep\i,2 b)

Ep ,C,:Q ,Crr force coefficientsin P, Q and R principal-axis directions

Cy torsional moment coefficient (see Section 4.2); 05
(torsional moment per unit length)/ (1/29th2 b(bL)™™)

CTP ,CTQ ,CTR torsional moment coefficients about P, Q and R axes

ESDU Copyright material. For current status contact ESDU.

d displacement height of wind-speed profile zero-plane
L
Emean mean load effect; Erpean = [ YopV2CBhdl
L
E, of reference mean load effect”; E o = | . Y5pV2|B|bdl
F, mode-generalised mean force; | ; 1/sz20Fuj bdl
gg - 9R peak response factor for background and resonant
contributions to response respectively
H overal height of vertical structure (see Sketch 1.1)
H; distance up vertical cantilever structure at which

response is required or distance up vertical
single-support structure at which support islocated
(see Sketch 1.1)

h. reference height (see Sketch 1.1)

For footnotes, see end of Notation Section.
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height above ground of lowest point on structure
(see Sketch 1.1)

integral parameter; |5 = j; mydl

absolute and mode-generalised mass moments of inertia
respectively

integral parameter; | = I; mpy, Bdl

turbulence intensities of across-wind components of
turbulence at height h; ;

ly, = (0 Ve lw = (0/V)he

background loading factor (see Appendix B)

background loading factors for vertical and horizontal
structures respectively

resonant loading factor (see Appendix B)
resonant loading factors for vertical and horizontal
structures respectively

weighting factor on hourly-mean wind speed;
K = fé (\, I\, )2d(I/L)

aerodynamic damping factor (see Appendix B)

aerodynamic damping factors for vertical and
horizontal structures respectively

structure overall length or height; H for vertical
structure and W for horizonta structure

dimension H; or W as appropriate
compound lateral integral length scales of across-wind

components of turbulence, used in evaluation of
inclined structure response

lateral length scales of across-wind components of
turbulence, in along-wind, X, direction at height h,

lateral integral length scales of across-wind components
of turbulence, in'y and z directions respectively, at
height h.

distance along structure (see Sketch 1.1)

For footnotes, see end of Notation Section.

Copyright Engineering Sciences Data Unit

Provided by IHS Markit under license with ESDU
No reproduction or networking permitted without license from IHS

Full document details: ESDU 89049 B 1993

2

Licensee=/, User=,
Not for Resale,

**

rad

rad

rad?

rad

rad

ft

*gug

|of ft2

**

rad

rad

rad?

rad

rad
ft

ft

ft

ft

ft

ft

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-89049-b-1993
http://www.avadocuments.com/doc/esdu-89049-b-1993

ESDU Copyright material. For current status contact ESDU.

ESDU 89049

0P,0Q,0R

SFiF
St S

u,v,w

0X,0Y,0Z

overall mass'T of structure

overal mode-generalised mass for mode |

mass' T per unit length of structure

parameters in mode shape functions for cantilever first
and second bending modes respectively

frequency

natural frequency of mode j

system of right-handed rectangular, principal structural
axes with OP axisin mean wind directionfor ¢ = 0 and
x=0

mode-generalised deflection and accel eration
respectively for modej, i.e. deflection and acceleration
at location where W = 1

deflection and accel eration respectively at location | on
structure, in OP and 0Q directions

reference mode-generalised forcet;

_ 2
g = Jo¥oV2lujbal
spectral density of mode-generalised force for mode |

spectral densities of across-wind turbulence
components

fluctuating components of turbulent wind speed along x,
y and z directions respectively

hourly-mean wind speed

hourly-mean wind speed at height z above wind-speed
profile zero-plane

weight hourly-mean wind speed; V,, = Ky Vi¢

overal length of horizontal structure (see Sketch 1.1)

distance along horizontal cantilever structure at which
response is required or distance along horizontal
single-support structure at which support is located (see
Sketch 1.1)

system of right-handed rectangular body axes

For footnotes, see end of Notation Section.
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kg *gug

kg/m tqug/ft

Hz Hz

Hz Hz

m, m/s? ft, ft/s?

m, m/s? ft, ft/s?

N | of

N%/Hz Ibf2/Hz

misHz  ft¥?Hz

m/s ft/s

m/s ft/s

m/s ft/s

m/s ft/s

m ft

m ft
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0x,0y,0z

GQ,GQ

Cp,1" Op,i
q,1

VT w
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a

(I)VV ’ q)WW

Subscripts

B

system of right-handed rectangular wind axes with
x-axis along mean wind direction and z-axis vertically
upwards

height above wind-speed profile zero-plane

terrain roughness parameter

response function describing relationship between
applied force or moment and resulting load effect

aerodynamic and structural damping ratios, expressed
as fractions of critical damping (see Appendix B)

mode shape function describing deflected shape of
structure in mode |
air density

standard deviation of fluctuating load effect

standard deviations of mode-generalised deflection and
acceleration, i.e. deflection or acceleration at |ocation
where W= 1;GF"> = (Znnj) Op, cs(5 = (2nnj) )

standard deviations of deflection and acceleration at
location [;

o

p,l ~ JZMJ- 1%pi* Op,1 = ZMJ (=N

:Z“uGQJ’ a1~ ZH; O

Ga.l
a, ,

standard deviations of across-wind components of
turbulence

flow incidence angle between OP principal axis and
mean wind direction in plane normal to OP axis

normalised spectral density functions of across-wind
components of turbulence at frequency n; and height h

by = nS,V/cs Oy = nSNW/cs

angle between OR principal axis and mean wind
direction in plan containing both (often referred to as
yaw angle)

angle between OR-axis of structure and vertical in plane
normal to mean wind direction (sometimes referred to
as pitch angle) (see Sketch 1.1)

kg/m?®

m, m/s?

m, m/s?

rad

rad

rad

ft

ft

qug/ft

ft, m/s2

ft, m/s2

ft/s

rad

rad

rad

denotes quantity relating to background or hon-resonant contribution to response

For footnotes, see end of Notation Section.
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hc denotes value at height h above ground

i general turbulence component, set to v or w as appropriate; in H; , L or W denotes
intermediate location on structure

i,1,2 denote values relating to general mode | and first and second modes

I denotes value at distance | along structure

max denotes expected-maximum value
mean denotes quantity relating to mean contribution to response
R denotes quantity relating to resonant contribution to response

Units depend on load effect considered; N or Ibf for forces, Nm or Ibf ft for moments.
T Thenotation |B| denotes the absolute value of f .
ta slug = 32.174 Ib (pounds mass).

* Units depend on the influence function selected. For translational response: kg N/N or slug Ibf/Ibf for forces, kg Nm/N or
slug Ibf ft/Ibf for moments. For torsional response: kg Nm/Nm or slug Ibf ft/Ibf ft.

™ This mass should include the mass of any permanently installed equipment as well as the structure mass.
# the notation |“j| denotes the absolute value of K

*"* Units depend on load effect considered. For translational response: N/N or Ibf/Ibf for forces, Nm/N or Ibf ft/lbf for moments.
For torsional response: Nm/Nm or Ibf ft/Ibf ft.
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2. INTRODUCTION
2.1 Background

Reference 1 discusses qualitatively avariety of mechanisms, such asvortex shedding, turbulence buffeting
and gall oping that may contributeto the overall response of abody inafluid flow. Althoughinreal situations
interaction between the mechanisms may occur, the response is usualy estimated from independent
calculation for each mechanism.

The present Item is one of agroup concerned with methods of calculating the loading and response due to
buffeting by atmospheric turbulence. The loading on or response of a structure in the turbulent wind can
be expressed in terms of a mean contribution, due to the hourly-mean wind speed, and a fluctuating
contribution, due to the turbulent fluctuations in wind speed about that mean. For most practical cases a
full dynamic analysisfor the fluctuating contribution can be replaced by an approximate method that treats
the fluctuating response as the sum of a background (quasi-static) contribution and separate resonant
contributions for each response mode. The method is described in more detail in References 1 and 8. It
forms the basis of the calculation methods in this group of Items where it is further simplified by the
assumption that responsesto each of the wind turbulence components, u, v and w, can be treated separately.

The present Item is concerned with response to across-wind, v and w, turbulence components. Response to
thealong-wind, u, component isconsidered in Reference 7. Computer program versionsof these calculation
procedures are described in Reference 4.

2.2 Response to Across-wind Tur bulence Components

The present Item provides calculation procedures for the response of buildings and structures to buffeting
by lateral components of atmospheric turbulence. The method of analysis assumes that the across-wind
turbulent fluctuationsin wind speed result in a fluctuating incidence of the wind which in turn produces a
fluctuating loading on the structure. The analysis is given in Reference 8 and the resulting equations for
the non-dimensional loading factorsare givenin Appendix B of the present Item. Theresponseiscal culated
interms of its principal-axis components (often coincident with the structural body axes). Variationinwind
and structure propertiesis considered along one axis only of the structure, defined asthe OR principal axis,
and the responses calculated are translational, normal to that axis, or torsional, about that axis.

Section 4 of the Item gives step-by-step methods for cal culating the loading or response in terms of amean
contribution and background and resonant fluctuating contributions, using loading factors precal culated
for a range of wind conditions and mode shapes or response functions. If the fluctuating wind and the
responseto it are assumed to be stationary random processes, expected-maximum values of the loading or
response due to across-wind turbulence buffeting can then be estimated. The loading factors required in
the method are presented graphically and in equation form. Section 6 gives worked examples of the
application of the method.

ESDU Copyright material. For current status contact ESDU.

3. APPLICABILITY AND LIMITATIONS

The application of this Data ltem isto isolated structuresin the atmospheric wind. Such structuresinclude
buildings and towers, chimney stacks, masts, and some bridge, pipeline and gantry type structures.
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I nteraction between structuresin groups may modify the buffeting response but this effect isnot considered
here. Interference effects may be expected to be small if a structure is spaced more than 3 structure widths
upstream or to one side of a similar structure or more than 10 structure widths downstream of a similar

structure.

- —Tt/2 /4 /2 T

(-180°) (-90°) 0 (45°) (90°) (180°)
T T 1/ T T
1. ~..— /_. _J
= - A ~_o7TTN
1.0 / V N\
/| AN \
0.5 \\~ /
i / N,/
ol A\ [

-3 -2 -1 0 +1 +2 +3
o radians
—=-—--dC_/d¢ used in Example 6.1

Sketch 3.1 Body-axisforce coefficientsfor 2:1 rectangular section

The method is applicable only to conditions and structures for which the slope of the load
coefficient-vs-incidence curve can be approximated as constant. By way of example, Sketch 3.1 showsthe
force coefficients Cry and Cy for a2:1 rectangular cross-sectioned structure® . Theltem will be applicable
provided that the fluctuating i ncidence remainswithin one of thefull-lineregionsof the curve. Therequired
range is approximately + tan~1 (turbulence intensity) from mean incidence (about +0.17 rad, +10°, for
20 per cent turbulence intensity).

Only fundamental and some second mode responses are covered by the data presented but the method could
be applied more generally by integration of the appropriate equations in Appendix B. Coupling between
normal modes of response is not considered.

ESDU Copyright material. For current status contact ESDU.

The effects of correlation between the turbulence components are not considered. The uv and VW
co-variances are small and may be neglected without significant error; the uw co-variance is larger and
neglecting this leads to underestimates of the w-component response for structures close to the ground.

For heights below about 1.5d , the wind properties, especially wind speed and direction, are subject to
strong local effects. For structures that are wholly or largely below this height, results obtained from this
Item should be applied with caution unless derived with wind data specific to the location considered.
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The ranges of parameters covered in generating Figures 2 and 3 are given in Appendix B. The curvesin
thisltem reproducethe cal cul ated background | oading factor, Jg , to within about 10 per cent over apractical
range of parameters and the resonant loading factor, Jg, to within about 20 per cent. The equations in
Appendix A are within about 10 per cent for all computed data. This would allow the overall predicted
response to be estimated to within about 10 per cent in the absence of other errors. The response cal culated
for cases where the admittance fzactor B is less than unity is most reliable for components in or near an
across-wind direction because By, is derived from tests with across-wind loading only. The uncertainty of
the calculated response is influenced considerably by the uncertainty in the input data, which cannot be

quantified here.
4, CALCULATION PROCEDURES
41 General

A calculation procedureisgivenin Section 4.3 for trandational response of uniform, vertical or horizontal
structures. Extension of the procedure to non-uniform structures, to structures inclined in the Oyz plane
normal to the mean wind, to torsional responses and to bridge decks with yawed wind is discussed in
Sections 4.4, 4.5, 4.6 and 4.7. A Calculation Sheet on which the results for the basic procedure may be
recordedisgivenin Table4.1. Worked exampl es of the application of the proceduresare given in Section 6.
A computer program version of the calculation proceduresis available® .

The buffeting response will usually be required for several wind speeds including the design wind speed
and values corresponding to serviceability criteria. The calculationsin Steps (1) to (13) will berequired for
each wind-speed case although obviously some datawill be common to all cases. It is also recommended
that the effects of uncertainty in the input data, especially mass, damping and load coefficient and its slope,
be considered.

Guidance on values and sources of data for some of the structural parameters required is given in
Reference 2. The required wind property data can be obtained from the methods and data in Reference 5
or by use of the program E0108 (see ESDU 010083). The appropriate load coefficients and slopes, Crand
dCF/dq) or Cy,and dCT/dq) , are discussed in Section 4.2.

The required loading factors for a range of response functions and mode shapes are presented graphically
in Figures 2 and 3 and by equations in Appendix A. If the required case is not covered exactly, the exact
values should be used to evaluate E,¢ and R, and M; , Ig and Iy with the nearest approximations in
Figures 2, 3 and 7 (or the corresponding equations) used to derive Jg , JR2 and KC .

ESDU Copyright material. For current status contact ESDU.

The aerodynamic damping, calculated in Step (11) can be negative, in which case it reduces rather than
increasesthe overall (structural + aerodynamic) damping. Because of the uncertainty in structural damping
values, situations for which the overall damping is less than half the structural damping should generally
be considered undesirable because of the increased possibility of a significant galloping response.

Documents
-9 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 89049 B 1993


http://www.avadocuments.com/doc/esdu-89049-b-1993
http://www.avadocuments.com/doc/esdu-89049-b-1993

ESDU 89049

4.2 L oad Coefficients and Slopes
421 General

The method requires input of an appropriate load coefficient, Cr or Cr, at the mean wind incidence” for
calculation of the mean response.

For calculation of the fluctuating components of response a representative value of the slope of the load
coefficient-vs-incidence curve, dC./d¢ , or dC/d¢ over the anticipated range of fluctuating incidence
isrequired. The range is approximately + tan—1 (turbulence intensity) about the mean incidence.

Ideally, the variation of Cr and dC./d$ or Cy and dC/d¢ aong the structure is required but such
information israrely available and usually amean value must be used. For structures such as lattice towers
of varying section and composite towers of two or more cross-sections the variation can be approximated
by constant values over each section of structure. The reference velocity used in the coefficients is V.,
data should be adjusted to this basis if necessary. The reference torsional moment arm used for torsional
responsein this Data Item is (bL)%° ; a consistent value must be used throughout the calcul ations.

Reference 6 givesinformation on mean force and moment coefficients for arange of structure shapes.
422 Vertical structures

In the case shown the OR axisis taken to coincide with the 0z wind-axis. For zero incidence, the OP axisis
along the mean wind direction.

Cpcosd — C, sin

¢\ 2
I (% P CFQ = —Cpsino — C| coso

<
~<\
le)
O
T
AL
1l
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Sketch 4.1

Sketch 4.1 shows a plan view (along the negative OR-axis) of a vertical structure. The required loading
coefficients and slopes are Crp and dCrp/do for translational response in the OP direction, Crq and
dCFQ/dq) for trandational response in the 0Q direction and Crg and dC./d¢ about the OR axis for
torsional response about that axis. The force coefficient datamay be available as Cp and C (or Cc) which
may be related to Crp and Crq as shown in Sketch 4.1.

4.2.3 Horizontal structures

In the case shown the OR axisis taken to coincide with the Oy wind-axis. Again, for zero incidence, the OP
axisisin the mean-wind direction.

* - Thetermincidence has been used in thisItem to denote the angle between mean wind direction and areference direction in the OPQ plane,
. positive for clockwise rotation of the body relative to the wind direction, viewed along the OR axis.
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CL

Cep = Cpcosp — C sind

— Cpsing — C, cosd

O
@]
-
O
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Sketch 4.2

Sketch 4.2 shows aview along the OR-axis of a horizontal structure. The required loading coefficients and
slopes are Cpp and dCrp/d¢ for transiational response along the OP direction, Cgq and dCFQ/dq) for
translational response along the 0Q direction and Crg and dC;r/dd about the OR-axis for torsiona
response about that axis. Data may also be expressed in terms of Cp and C; (or C) which may be related
to Cpp and Crq as shown in Sketch 4.2.

424 |solated structures
Sections 4.2.2 and 4.2.3 refer to structures fixed at one or both ends. Some cases may occur where the
structure can be approximated as an isolated structure, e.g. elevated storage tanks, and responsein all three
directionsis required. In this case all three principal-axis force or moment coefficients and slopes will be
required. The response will result from both v- and w-turbulence components.

425 Circular sections
For circular sections, C; = 0 and the force coefficients are given by

Cep = Cpcosd and C,:Q = Cpsing

and the slopes by

ESDU Copyright material. For current status contact ESDU.

dCrp/do = —Cpsing and dC,/d9 = Cpcosod.

FQ

Unless structural asymmetries are present, the mean incidence can be taken as zero, for which cosp = 1
and sing = 0.
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4.3 Procedurefor Sructuresof Constant Width and Cross-Section

4.3.1 Determinetheinput data

D The following input data are required:

L = HorW
b
Hi or Wi
M or m
N,
n

8‘ B

% °s

= dCF/dq)

(O]

3 h.

©

7] Z,

3 d

3 th

2 v,

=

s IvorIW

g ’ﬁ_vandq_v

b= XLWand )Lw

.o

s

o

o

o

)

[a)

v

(NN}

overadll length of structure (Sketch 1.1)
overall width of structure (Sketch 1.1)
location at which responseis required or at which support axisis located

mass or mass distribution
natural frequency

mode shape function
response function
structural damping ratio

“reference load coefficient at mean incidence ¢ (radian) (Section 4.2)
“slope of load coefficient-vs-incidence curve (per radian) (Section 4.2)
Treference height (Sketch 1.1)

Tterrain roughness at site and up-wind

Tdisplacement height of wind-speed profile zero-plane
hourly-mean wind speed at height h

hourly-mean wind-speed profile over vertical extent

of structure for each wind-speed case
*ateral turbulence intensity at height h,

*turbulence length scales at height h,

" Values of these parameters are required for each response direction considered.
T Thesedataare required in the calculation of the wind properties.

* For vertical structure use v components, for horizontal structures use w components.

(2)  Cdculate the overall mode-generalised mass from"

L 1
M, = J’ mujzdl = LJ’ mujzd(I/L) (4.1a)
0 0

which, for uniform mass distribution, reduces to

1
MI w2 d(/L). (4.1b)
0

" A Simpson’s rule approximation for these integrals will usually be adequate, see Section 6 for example application.
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4.3.2 Calculate the mean contribution to the response

If the response to more than one turbulence component is cal culated, the mean response in each direction
should be included once only.

3 Calculate the mean | oad effect or the mean deflection in the required directions as appropriate. The
mean acceleration will be zero.

Calculate the mean load effect from”
L 2 L 2
Ergan = Iol/szZ C-Bbdl = |_j01/zpvZ C-Bbd(I/L), (4.28)
which, for constant width and Cg along the structure, reduces to
2 1 2
Erean = ¥2PVioCebL jo(vzlvhc) Bd(I/L) (4.20)

where Cr is an appropriate mean load coefficient. For cantilever structures, if the load effect is
required for L, =0, the integration need only be taken fromL; to L (or L;/L to 1), since 3 = O for
I<L;.

|

For deflections, calculate the mean mode-generalised force from*
L, 5 1 5
F = jo /opV,” Ce bl = Ljo /5pV,” Ce 1y bd(1/L) (4.33)
which, for constant width and Cg along the structure, reduces to

1
_ 2 .
Fj = %pV chl_jo(vz/vhc)ZMJ d(/L). (4.3b)

The mean, mode-generalised, deflection is given by

ESDU Copyright material. For current status contact ESDU.

F.
P = —L— (4.4)

. or = .
j,mean Qj,mean (2nnj)2Mj

Repeat Step (3) if deflections for a second mode response (j = 2) are required.

YA Simpson’s rule approximation for these integrals will usually be adequate. If =1 or “j =1 the integrals reduce to
Il( nghc)zd(I/L) or }&/2, which is given by Figure 1 for uniform upwind terrain.
0
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4.3.3 Calculate the background or non-resonant contribution to response

(@] Calculate the reference mean load effect from”
L 2 1 2
Eo = jo 5oV, % Bl bdl = |_j0/zpvZ IBlbd(I/L), (4.59)
which, for constant width along the structure, reduces to
_ ., 2 0 [t 2
Eo = %0V, bLjO(vZ/vhc) IBld(I/L), (4.5b)

where || denotesthe modulus or absolute val ue’ of B3 . For cantilever structures, if the load effect
isrequiredfor L; #0, theintegration need only betaken fromL;toL (or Li/Lto 1) since B = O for
I<L.;.

|

5 Calculate H/ lv for vertical structures or W/ 31_W for horizontal structures and determine the
background loading factor, Jg , from the appropriate part of Figure 2.

(6) Calculate the background contribution to the load effect from

Op g = Erg X [dC/d0| x BglJg (4.6)

where the background admittance factor, Bg , is taken as unity and I; is l,,, or |, as appropriate.
The absolute value of dG-/d¢ for the required response direction is used in this step.

If the deflection response is required, calculate O g for B = 1.0 and the integral parameter |5
from” '

L 1
lg = Iomuldl = Ljomuld(lll_) (4.79)

which, for uniform mass distribution, reduces to

ESDU Copyright material. For current status contact ESDU.

1
lg = Mjould(I/L). (4.7b)

Hence cal culate the background contribution to the deflection, eval uated' as a mode-generalised
deflection in mode 1, from

_ 2.2
GP’BOF S0 = GE,B/(47I nclg). (4.89)

A Simpson’sruleapproximatiorbfor theseintegralswill usually be adequate, see Section 6 for example application. If § = 1, theintegral
in Equation (4.5b) reducesto Ky, whichisgiven by Figure 1 for uniform upwind terrain.

If B has both positive and negative val ues, the mean load effect, Ejqqn » Can become very small or even zero, leading to computational
difficultiesin the evaluation of Jg . Use of |B| in E¢f avoids this problem.
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