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ABSTRACT

The behaviour of transmission 1in;:s under severe winds is examined.

Firstly, the effect of scale of turbulence on the response of a line-like structure
(cable model) is investigated through wind tunnel tests, and the expep'mental results are
successfully compared with theoretical predictions made through the statistical method
using influence lines. Consistency with theory allows for the development of a2 new
modelling approach to conductor systems using a distorted horizontal (s;;anwise) scale to
accommodate these systems in the wind tunnel. Cables with different characteristics are
simulated and tested at transverse and oblique wind incidences.

The model cables are successful in reproducing full-scale behaviour of
transmission lines. The results obtained demonstrate the effect of turbulence in the
dynamic response. Resonant response can be important in the total response depending on
the characteristics of the structure and of the wind flow. Aerodynamic damping plays an
important role in the dynamic behaviour of the cables. Correlation and coherence between
cable forces were found to diminish with increasing separation between cables.

Secondly, using a theoretical approach, the design procedure for the
establishment of wind loading on transmission towers is reviewed and current procedures,
such as Davenport's Gust Response Factor (GRF), are compared with the statistical
metﬁod using influence lines (SIL), which is considered more realistic.

Peak loads calculated using SIL were larger than peak loads given by the GRF

and by a typical Utility Company method by about 20% to 30%. It is found that the

it



dynamic response of transmission structures is strongly dependent on the turbulence
intensity level and is sensitive to the structures' design parameters. For members in which
there is reversal in the member forces depending on the load position, the resonant
response in the second mode of vibration was bigger, even by four to five times, than the

corresponding one in the first mode. This may lead to fatigue problems.
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CHAPTER 1

INTRODUCTION

1.1 TRANSMISSION LINES: WHY WORRY ABOUT WIND?

Probably everyone has experienced, at one time or another, some interruption in
the supply of electrical energy to his’her home during a windstorm. Why? Tracy and
McDonald (1989) provide a very interesting description of the problem: the wind can
cause “a tree limb to brush against or fall onto a power line, causing 2 fuse to blow or a
circuit breaker to trip”, and/or directly hit towers and lines, knocking down these
structures. And because transmission lines are unusual structures in so far as they cover
long distances and different terrains, and the rupture of any portion puts the entire line out
of service, the wind related phenomena can happen several kilometers apart and still cause
the same type of problems. Fortunately this interruption does not last more than a few
hours and soon the incident is forgotten (if the food in the freezer has not been spoiled).
Although for the majority of the population there may be not much harm (directly), some
people and some businesses cannot afford to wait in the darkness. Among others, some of
the problems are:

a) Hospital life support systems hesitate for a moment (hopefully the auxiliary
power supply will work).

b) Elevators stop between floors, which may or may not be serious, depending on

where the elevator is and who 1s in it.
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¢) As alarms become inoperable (and if it is night darkness will prevail) theft has

an increased probability of happening.
d) Street traffic lights become inoperable, causing traffic jams and possibly traffic

accidents.

e) Electrically powered communication systems are disabled and all electrically

operated industrial equipment stops.

f) Although not frequent, there have been deaths due to electrocution by fallen
distribution lines.

These are in general the consequences for the general public. "What are the
damages to the electric utility (as distinct from the public) due to high Winds? The
damages to the utility include the costs of repairing or replacing lines and structures
damaged directly or indirectly by the wind, and the costs of power purchased from other
utilities to replace temporarily lost generation or the costs of foreign utility line usage to
re-route self-generated power around a line failure" (and those can also affect, financially,

the general public).
Accidents & Economics

Accidents of transmission lines due to winds have been happening since these

structures started to be erected and persist today.



Boudreaux (1962) reports damages of more than 1.5 million U.S. dollars to the
system of the Houston Lighting & Power Company caused by Hurricane Carla in
September 1961.

Shichiri (1971) reports hundreds of towers damaged by typhoons in Japan.
Transmission tower failures in New Zealand are reported by Monk (1980) who also makes
considerations about the possible causes of those accidents.

Blessmann (1986) comments on accidents in Brazil and Argentina and makes a
comparison among towers that were designed taking into account the, at that time, 1978
edition of the new Brazilian wind code (1988), in which case the number of accidents was
minimal (actually none was reported at that time), and towers designed without adopting
proper wind codes, in which case structures have failed.

Saffir (1991) reports damages caused by Hurricane Hugo (September 10-22,
1989) which caused destruction from Guadalupe to Virginia. Power transmission lines
were knocked out in the Virgin Islands, Puerto Rico, South Carolina and many other
Caribbean Islands. The most severe damage was suffered by Montserrat that lost almost
all of the high voltage transmission system and low voltage distributionp system.

The American Society of Civil Engineers (1991b) cites the work done by Griffing
and Leavengood (1973). More recently (April 1996) several transmissior towers were
knocked down by extreme winds in Ontario, Canada, as shown in Fig. 1.1.

Unfortunately, although care to take wind loads into account is practice in
current design, towers still fail world-wide under these loads and, often, due to unknown

reasons. As if all the loss of money, economic activity and normal life disruption involved
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in the damage of transmission lines §aused by the wind was not reason enough to justify
further studies of these structures. another new reality, now related to the possibility of
profit, launches even further the interest in such systems. The magazine Engineering
News-Record (1996), in its March edition, brings as cover story: "power market faces a
new day". It deals with the new world-wide opportunities for everv sector of the
construction industry involved with power generation and transmission, since all will be

affected by the ongoing restructuring of the sector, meaning deregulation and competition.
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rigure 1.1 Transmission line damaged by wind in Ontario, Canada (Aprii
1996). ' :



1.2 DEFINITION OF TRANSMISSION LINES

This thesis deals with the behaviour of transmission lines under high winds. Some
definitions regarding these structures are given by the Canadian Standards Association
(1987) and are reproduced here:

Line - wires, conductors and their supporting structures located entirely outside
of buildings.

Conductor - a conducting material, usually in the form of a metallic wire (solid
or stranded), intended to be used for carrying electric current.

Support - a pole, tower, foundation, guy, crossarm, pin, insulator, fastening, or
other component used in supporting wire or cable attachments.

These definitions are for systems such as those illustrated in Figure 1.2, in which
the lines are intended to be used for carrying electric current, either for energy supply or
communication purposes. The term transmission lines, therefore, is general and includes,
as stated above, the towers. However, the isolated towers are also very imnortant
structures, being used for many purposes as communication, luminary, etc. It is conventent
to initially study the separate effect of the wind on each of these structures: cables

(conductors and shield wires) and towers.



Figure 1.2 Typical transmission line configuration.



The power lines can be located in only two places: overhead or underground. The
majority of the current netwértk is overhead, the reason being the more efficient power
transfer and lower costs.

Being located overhead, however, causes the transmission lines systems to be

exposed to environmental loads. The wind is, generally, the most important.

Fa A T TN an N

(a) (b)

Figure 1.3 Types of transmission towers: (a) self-supporting towers, (b)
guyed towers.

1.3 DESIGN OF TRANSMISSION STRUCTURES

Transmission lines appear in the most varied shapes and configurations (Fig. 1.3);
the system shown in Fig. 1.2 being one of the most typical. A guide to the design of
transmission structures is seldom found in the literature, some exceptions being the works
of Petersen (1962), Marsh (1968), Lummis and Fiss (1971) and ASCE (1992). There is

also the work by Marjerrison {(1967), which describes in detail all the steps involved in the
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task of designing these structures, the concepts of which are still very much in use by

many utility companies. A brief outline of thel:'procedure described by him follows:

!
e
'

v

1.3.1 Establishing the configu:ration

The configuration of a transmission tower is dependent on at least five factors:

1. Length of insulator assembly.

2. Minimum clearance requirements for prevention of switching surge flashovers,
code requirements and safety to personnel.

3. Midspan clearance urder dynamic conductor behaviour.

4, Geometric mean distance between conductors.

5. Economical use of material.

Having satisfied all of the general clearance requirements, it remains to pick a
body width, bracing system and leg slope that will result in the least expensive "in place”
tower.

A number of bracing systems have been used in the pedestal portion of
transmission towers. A tension system can be used in which all of the diagonal members
are assumed to act only in tension. Horizontai members at the junction of each tension "X"
are designed for compression. This system is often found most ecoriomical where the
lateral dimensions of the tower are relatively great with respect to the tower loading. This
type of bracing results in large deflection values under heavy loading, since the tension
members are smaller in cross sections than compression members would be for similar

loading. If such a tower is overloaded, as under test, the "inactive" tension members will



appear to fail in compression although the active tension member is well able to carry the
load.

A tension-compression system works very well where the lateral dimensions of
the tower are not too great with respect to the tower loads. Such 2 system can be made up
with nearly all diagonal "X" bracing. Tests show that the tension diagonal does an
excellent job_ of supporting the compression diagonal to which it is attached at their
crossover point. The system is applicable to both large and small towers. It results in
better distribution of loads to the tower footings and reduces stress in the tower legs,
especially that brought on by torsional loads.

Another common tension-compression system can be designed around a series of
K" braced frames. This system may be applicable to very large towers but has not been
found to be competitive with either the tension system or the "X" braced

tension-compression system on the usual line tower.

1.3.2 Determining Tower Loads

Vertical loads on a transmission tower arise from two sources: (1) weight of the
conductor and its assumed coating of ice and (2) construction or rigging loads brought
about by stringing the conductor as the line i constructed or handling the conductor in
making repairs to it after the line is in service.

Dead loads, As in any other structure, the dead weight of the tower itself must be
taken into account when calculating member stresses and subsequently selecting member

sizes.
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Loneitudinal loads, Towers are required to withstand the longitudinal pull of the
conduc:ors arising from a variety of loading possibilities.

Transverse loads arise from both the wind on the bare or iced wire and changes in

line direction. The wind load span on a given tower is measured between centerlines of

adjacent spans (Fig. 1.4).

-t - -t VERTICAL LOAD

r - >t »le— WIND LOAD SPANS
i SPANS

Figure 1.4 Definitions in the loading of transmission lines.

1.3.3 Stress Analysis

The calculation of tower stresses due to wind on the tower "is one of the most
time-consuming and tedious jobs encountered in tower analysis”. It is generclly necessary

“"J

to estimate the wind for a preliminary design and then calculate the mare accurate values
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after redundant bracing values are determined and main member sizes and sail areas are
féirly well established. It is customary to apply wind loads at major panel points, not at
secondary redundant bracing panel points.

After analysis is made for the various cases of loading, the forces are carefully
summarised for each loading case and each tower member. It is then convenient to select

the maximum force in each member and proceed with the selection of member sizes.

1.3.4 Member Selection

After the stress analysis has been completed and summarised, the maximum
tensile and compressive force for each member in the tower is noted. A few members in
the tower may be subjected to flexural stresses due to rigging or other loads, but most
members in the superstructure will be required to resist only direct stress - tension or
comgression or both. |

In the design of most transmission towers, structural steel angles of handbook
sizes will cover 95 percent of the superstructure requirements. These may be used singly
or in back-to-back combinations. For very high or very heavy towers, built-up angle
sections are often useful and sometimes wide flange sections prove economical for main
legs where the force is very high.

It is customary to design transmission structures of all descriptions with a lower
factor of safety than is used in most other structures. Although extreme loads on a

transmission line are probably less predictable than on other structures, it is common
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practice to test full scale representative tower types so that errors in design and detailing
can usually be caught before the tower is fabricated "en masse".

The tower members are proportioned to resist compression in accordance with a
reliable column formula. Tension members are proportioned on the basis of tension on the

net seciion - sometimes subject to modification after the detailing is complete.

1.3.5 Footings

Tower footings are subjected to three types of load (1) compressive or
downward (2) tension or uplift and (3) lateral or shearing.

Transmission tower footing loads vary over a considerable range of values. The
large number of footings involved, the variety of soil conditions encountered and the
remoteness of many construction sites, make it necessary for the designer to use his/her

ingenuity in developing the most economical footing possible.

1.3.6 Tower Testing

Ordinarily, the loads are applied through steel cables with the loads being applied
by dead weights, electric winches or hydraulic cylinders. Loads are measured through
load cells.

Deflection under torsional loads is generally quite apparent and is especially
interesting. Bowing of compression members is easily visible, while supposedly "inactive"
tension members fail in compression with no ill effects to the tower as a whole. Shortening

of a whole compression face of the tower sometimes causes supposedly "active" tension



13

members to fall slack and bow out, the stresses apparently shifting to some other portion

of the tower not considered in the static analysis.

1.3.7 Overview of the design process

From the above outline of the design procedure the main steps invelved in the
usual calculation of these structures were described. More concisely, in what concerns the
present work:

A certain patten of wind loading is assumed, generally a power law profile,
maximum wind speed likely to occur, aerodynamic coefficients and geometric properties
estimated, and from those the wind loadings are calculated. These are applied to the cables
and towers and the forces determined. The tower members are then selected and the tower
tested extensively (statically) for that loading, and generally a "low" factor of safety is
used in the design.

Many modern codes of practice and guidelines for structural loading of
transmission lines (ASCE, 1991) adopt a probability-based Load and Resistance Factor
Design (LRFD) procedure. Load and Resistance factors are selected according to the
nature and variability of the loads. The selection of these factors has a paramount effect on
the cost and reliability of the line. The basic idea is that the nominal strength of a
component of the line is multiplied by a resistance factor such that the resuiting product
must be larger than the effect of the estimated load (normally multiplied by a load factor).

The choice of each factor depends on the desired reliability or its possible estimation.
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Good overviews of such procedures are given by Billinton and Allan (1986) and Cornell
(1986), and in more detail by the ASCE (1991).

In order to increase the accuracy in the loading estimate, it becomes increasingly

important to establish the loading patterns as precisely as possible and, for that matter, to

further explore possible loading mechanisms currently not being taken into account in the

design process, especially in what concerns the response to wind loading.

1.4 RESPONSE TO WIND LOADING
In this part a brief and general overview of the methods used to calculate the
response to wind loading are given. The particular procedures adopted for each kind of

structure {cables and towers) are given more specifically in the proper chapters.

1.4.1 Definition of the reference coordinate system.

wi()

R "

vit) x

uft) >

Figure 1.5 Reference coordinate system.
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In what concerns this work, the diagram given in Fig. 1.5 represents the reference
coordinate system adopted herein. In this, 4 represents the mean wind speed, and v(?), u(?)

and w(¥) the fluctuating components of this velocity in the longitudinal or along-wind (),

lateral or horizontal cross-wind (x) and vertical cross-wind (z) directions, respectively.

1.4.2 Current Procedure
There are two main approaches to describing effects of wind gusts being

currently used:

a) Gust Response Factor

This factor accounts for the dynamic effects of gusts on the wind response of the
transmission line components. It takes into account the spatial extent of the gusts (length
scales) and their correlation along the span; also, the characteristics of the structure are

considered.

For design purposes, the effective peak wind forces i“c and f:} on the

transmission line cable and tower, respectively, are calculated as follows:

oD
|

= 12p V' C,.G,dl (1.1)

12 p V' C,G, A, (1.2)

0
I

where p, is the air density, ¥ the mean wind speed, C, the drag coefficient (subscripts ¢

and ¢ referring to cable and tower, respectively), G the gust factor, d the cable diameter, /

the cable length and 4, the tower's effective frontal area.
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This procedure is suggested by ASCE(1991) based on the work of Davenport

(1979).

b) Span Factor

In this approach, a "span factor”, S,, is applied to the wind force based on the

peak gust wind speed, V.t is, of course, only valid for the cable (directly), the peak force
being:

Fe=12p,02C, dlS, (1.3)

The span factor accounts for the correlation of the gusts along the cable span.
The span factor, depending on its definition and calculation, can be dependent on almost
the same parameters as the Gust Response Factor. Simulations by Matheson and Holmes
(1981) gave a value of 0.685 for a 300 m line in open country terrain. As mentioned by
Holmes (1993), this factor has a direct relationship with the Gust Response Factor derived

for transmission lines by Davenport (1979).

1.4.3 Statistical method using influence lines
A typical form of response for structures subjected to wind loading is illustrated
in Fig. 1.6. This response could represent a wide range of structural actions including

resultant forces, bending moments, cable tensions, as well as deflections and accelerations.

For design purposes, the peak dynamic response, 7, may be expressed as:

r=rF+g7 (1.9)
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in which 7 is the mean or time average response, 7 is the rms of the fluctuating response,

and g, is a statistical peak factor, generally in the range of 3 to 4. At this pbint, it is noted
that, in the following, the rms value is taken as being equal to the standard deviation (or

square root of the variance), i.e., with the mean component removed.

i FS(N

log frequency .

Figure 1.6 Response of a structure to wind: (a) time history, (b) power
spectrum.

Figure 1.6(b) shows the manner in which the energy of the fluctuating response is
distributed with frequency. The mean square response for a specified range of frequencies
is represented by the area under the spectrum corresponding to that range. The
fluctuating response can be divided in two distinct components: (a) Background response
whose energy is spread over a broad band in the low frequency range, and (b) Resonant
response which consists of a series of highly concentrated energy peaks centred on the

natural frequencies of the structure.
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The total mean square fluctuating response can be caiculated as the sum of the

background response plus the contribution from each significant vibration mode, hence

(1.5)

here, F5 is the rms background response and 7z, is the rms resonant response in the jth

mode of vibration.
The background response, by definition, occurs at frequencies below those at

which dynamic amplification effects are significant. It can therefore be treated as a

quasi-static action in response to slowly varying wind loads.

INFLUENCE LINES MODE SHAPES
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Figure 1.7 Definition sketch for wind loading.

A unified approach (Fig. 1.7) for a variety of structural responses is possible

through the use of influence lines which describe the effects of moving loads acting on the



19

structure (Davenport, 1987). The instantaneous response at some point on the structure,

r(1), due to along-wind forces is given by:

r(t) = Fz0)ifz)de (1.6)

where F(z,¢) is the instantaneous lateral force at some length or elevation, z, and some
time, ¢, and i (z) is the value of the influence line for that response. In what follows, & will

represent the extent of the structure: height (#) for the tower and length (/) for the cable.

(i) Mean Response: The mean response of the structure to steady winds is:

F= [ F@ie)d (1.7)

Dtey

in which (=) is the time averaged lateral wind load (force per unit length) defined by:

F) = 1/2p, VP Co) DE) (1.8)

C,(5) is the drag coefficient, D(z) is a characteristic width and V(2) the mean wind speed

at a certain reference height or, in case of variation with height, the wind speed profile,

which can be described by any suitzble logarithmic or power law expression.

(ii) Background response: The quasi-static mean square response to partially correlated

fluctuating loads can be calculated by:
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Fe= [olo F GOF 00 i) dds (19)
F’(z, 1) being the fluctuating part of the lateral load at point = and time ¢, and is given by:

Fl@aty= p, V() vEyCyE) D) (1.10)

in which v(z,2) is the fluctuating wind speed component in the along-wind direction.

The covariance of the force at two points zand =’ can be written as:

FEOF (., 0)=Rr(sz) F (o) F ) (1.11)

where R zz') is the correlation coefficient between the fluctuating forces at the two

elevations, z and z’, and F () the rms fluctuating wind load.

(iif) Resonant response: For the jth vibration mode, the rms resonant response can be

approximated by the expression:

- {nffSQ, ) Lm) w() ine) d=
= 1.12
TG + Ca) P 1206) e (.12)

in this, m(z) is a function expressing the mass per unit length of the structure, y,(z) is the

Jjth mode shape, L and L are, respectively, the structural damping and the aerodynamic

damping in the jth mode, f the jth natural frequency of the structure and S,(f) the

spectrum of the generalized force in the jth mode.
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The spectral density of the modal generalized force is (Eq. 1.13):
§p6— —
S, () = p2f_ | V@V YCo@CoID@DE)S a2 Sy Iy e ez’

in which S,(z,z'f) is the cross spectral density of wind velocity.

Specific equations are developed for cables and towers and are given in Chapters
2 and 4, respectively.

Some assumptions are made in this process:

a) The modes of vibration are assumed to be uncoupled (satisfying the
orthogonality conditions).

b) The spanwise correlation of force is assumed to be the same as that for the
transverse correlation of the longitudinal wind component.

c) Towers and cables are treated as one-dimensional (line-like) structures, in

which the smallest significant wave length is large as compared to the structure's breadth.
1.5 REVIEW OF EXISTING APPROACHES

There are several works which can be linked to transmission lines, each one
approaching specific problems such as forces on cables or towers (both isolated or as a
joint system) under theoretical analyses, wind tunnel tests, and/or ﬁlfl-scale measurements.
Many Electric Power Companies have research programs as well and provide a valuable
amount of data in the area. It is impossible, therefore, to report all the related work that

has been done so far and only outlines of some of these works are presented below.
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One of the first full-scale investigations in conductor oscillation was that done on
the 275kV crossing over the Rivers Severn and Wye in Great Britain, in which the details
are given by Davis et al. (1963). In many instances the oscillations were of sufficient
amplitude to cause electrical flashover between conductors and consequent outage of the
circuits. Instruments were installed on site to record the form of the oscillations and the
meteorological conditions under which they occur. These showed that only the
lowest-frequency modes were involved, and that at all times of flashover the wind speed
and direction were confined within narrow limits. Besides the full-scale measurements,
wind tunnel tests were also carried out on models of the stranded conductor. The wind
acting at a small yaw angle to the conductor "sees” it as a non-symmetrical section, hence
giving 2 non-symmetrical pressure distribution over the cable section, having the potential
for initiating galloping. Smoothing of the conductors by wrapping with p.v.c. tape has
proved successful in completely suppressing vertical oscillations.

Liebfried and Mors (1964) report full-scale tests made from 1955 to 1961 in
Germany. In the Homisgrinde Testing Station the mechanical behaviour of single and
bundled conductors was tested and examined under normal as well as extraordinary
loading conditions due to wind pressure and ice coating. Results show that the wind load
of the conductors was smaller than those prescribed by the German VDE 0210
Specifications for the construction of overhead power lines. Reduction factors were found
to vary with the wind velocity. With decreasing wind velocity the reduction factor

increases. In this case the values of the wind load tend more and more to the theoretical
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ones. Regarding the swinging of the cables, it was found that the deviation angles are
smaller than those calculated according to the specifications.

In the same year Manuzio and Paris (1964) discuss the problems concerning wind
loading on overhead line conductors making use of the statistical theories applied to wind
loading already introduced by Davenport (1961). The report shows an analytical approach
to such problems and gives results of computations made for several span lengths and
wind velocities. Three years later Manuzio (1967) presented a paper dealing with the
statistical determination of wind loadings on the end supports of suspended cables. The
study had been carried out by theoretical methods and the results were given. Besides, she
also reports on preliminary results obtained from experimental observations gathered at
two stations especially equipped by ENEL (Italian National Electricity Board) for
measurements of wind eflt ecti, tneum was to verify the theoretical findings. -

In the beginning of: fht;. seveaties, Cooper and Wardlaw (1970) report on a wind
tunnel investigation concerning the aerodynamic stability of a twin-bundle, high-voltage,
transmission line. Several models, ranging in scale from 1:12.8 to full size were tested.
Sustained large amplitude vibrations of the small scale cables were observed, but the full
size sectional model did not exhibit any sustained vibratory motion at the prototype
spacing. Measurements of damping and amplitude were taken for the leeward cable with
the windward cable fixed. The full-scale model provided sufficient data to indicate the
probable cause of the instability, and to suggest a new theoretical approach to the

problem. In the same year, Castanheta (1970) presented a paper in which the scope was to

study the dynamic behaviour of overhead power lines in order to compute the maximum
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forces of cables on towers, due to wind. The analysis was made in statistical terms. The
influence of the length of the cables and the intensity of turbulence of the wind on the
dynamic behaviour of the power lines was particularly emphasised. Theoretical and
experimental results of the "spatial coefficient of reduction” of wind forces on long cables
v»;ere aleo presented and interpreted.

Three years later Cojan (1973) performed dynamic analysis of data obtained from
a full-scale experiment. He measured the forces transmitted to two rigid columns, due to a
500m length, 32mm diameter cable. A plot of normalized spectral amplitudes, determined
as the ratio of the spectrum of horizontal support force over the spectrum of wind
pressure on the cable, was presented. A value of 10 was selected for the coefficient C of
the exponential coherence function.

In the mid seventies Wardlaw et al. (1975), in an analytical and wind tunnel
investigation into the aeroelastic behaviour of bundled conductors, studied a
three-dimensional, multi-subspan catenary. However, it was not the authors' intention that
the "semi-aerolastic" model be a small scale simulation of a prototype line. In the late
seventies Davenport (1979) presented a paper dealing with Gust Response Factors for
transmission line wind loading. The approach is based on the statistical methods which
takes account of the spatial correlation and energy spectrum of windspeed and the
dynamic response of the transmission line system. The main focus is on the transverse
loading; the influence of the variation in drag coefficient was also discussed.

A study on the structural failure of transmission towers under high winds was

made by Monk (1980). The effect of a once-in-50-year windspeed on a typical New
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Zealand transmission tower was investigated. In regard to the response of the tower to
turbulent wind, the tensile stress was found to exceed the yield point of the leg material
due to stress concentration at a bolted joint. The possibility of flow-induced vibration of
individual members of the towers was also investigated, but no evidence in support of the
theory was found. An investigation on the potential aerodynamic instability of structural
angle members was also performed by Davenport et al. (1934).

Results of a full-scale study on the dynamic response of 2 500 kV single circuit
latticed steel transmission line tower to wind loading were presented by Kempner and
Laursen (1981). The program was initiated in 1975 and the report presents the results of

some of the most recent and significant recordings and summarises results that have been
obtained to date (of the report). Among them we cite the £ 15% differences in tower

member axial stresses between field measurements and computer analysis using static wind
loads. Furthermore, the tower appears to respond in a quasi-static fashion to the types of
wind observed. Typical gust response factors have ranged from 1.1 to 1.7. The
corresponding stress response factors have shown typical values ranging from 1.14 to 2.0.
At the same Conference, Krishnasamy (1981) also presented results of a full-scale
investigation, in this case conducted by Ontario Hydro since 1975. There were indications
that the use of design specifications current at that time might result in transmission
structures with higher than required strength. The author stated that a more realistic
assessment of the weather related loads on transmission lines, combined with improved
design methods taking into account statistical variations of load and strength, would lead
to eventual cost reduction. In the same year Kempner, Stroud and Smith (I.°§1)iprfe§§nted

results of another full-scale structural-dynamic and static tests, now prforaied on the
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Bonneville Power Administration 1,200 kV mechanical-test line. The objectives of the test
were to: (1) characterise the dynamic and static propertie.:S of the 1,200 kV
eight-conductor bundle and one of the suspension towers; (2) improve / verify dynamic
finite element techniques used for transmission tower modelling; and (3) investigate and
develop experimental testing and analytical methods for applying structural-dynamic
technology to transmission line systems. The paper presented the most significant results
of the test program.

Two years later Ferraro (1983) reported on the full-scale measurements of
transmission line response to turbulent winds done in two transmission line systems
located in Oregon and in Ontario. The relationship between time varying mean quantities
of wind speed and transverse swing angle were investigated. The data was also subjected
to dynamic analysis and compared with two related models: one a simple two
degree-of-freedom dynamic model proposed by Davenport, the second, 2 complementary
two degree-of-freedom deterministic model developed in the study. Resuits indicated that
the simplified model generally performed well when the transmission line behaviour was
governed by its fundamental tower and conductor modes. The complementary model
confirmed the assumptions and applications of the simplified parent model and also
successfully predicted full-scale transverse swing angle and tower member stress
responses.

Mehta and Norville (1985) reported the results of analyses made in a 33m height
Delta configuration transmission tower and conductors with spans in the range of 430m.

The data were collected by the Bonneville Power Administration in the United States and
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include 12-minute continuous recordings of wind speeds and directions, and signals from
load cells, swing angles, and strain gages. The analyses and results include time-history,
turbulence intensity, power spectrum and gust factor for wind and time-history, and power
spectrum and response factor for the response of a strain gage attached to a leg of the
tower structure. The results indicated a strong dependence of the gust response factor on
the turbulence intensity of the wind. Four years later Mehta and Kadaba (1989) presented
the results of full-scale measurements of a 35m high energised 500 kV transmission line.
The conductor spans on the two sides of the instrumented tower were 252m and 450m.
Statistical analysis of the data yielded effective force coefficient, resonant response and
aerodynamic damping of the conductors. Some of the important results are: (1) the
field-measured effective force coefficient for the conductor has a range of 0.48-0.74 with
the mean value of 0.61; (2) the conductor response spectra show noticeable peaks near the
conductor fundamental frequencies of 0.12 and 0.22 Hz. The spectral energy for resonant
response is low, less than 15% of the total energy; (3) aerodynamic damping of the
conductors, estimated from the field measured data, varied from 18% to 91%, with most
of the estimated values falling between 30% and 60%.

Wind tunnel studies were performed by Bayar (1986) on two models of square
self-supported latticed towers to determine appropriate drag coefficients. Those were
compared with other published test results and to the ANSI AS8.1 Code. Recommended
equations were given for determining the drag coefficient of laf"jfl,,ed towers with solidity
ratios in a given range. For the wind direction on the diagonal axis of the tower the drag

was found to be independent of the solidity ratio and, therefore, a multiplier was
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recommended. A multiplier was also recommended for towers with legs that have a heel
angle.

Liew and Norville (1989) presented a method for studying the response of a
transmission tower structural system subjected to wind loads. The wind speeds and loads
from the conductors were considered as the loads on the transmission tower structural
system. The stresses in selected members were considered as the responses. The data were
used to determine the frequency response functions, which would provide a measure of
response. This was obtained by subjecting the system to multiple loadings. Several
conclusions were made from the analyses. Among them we cite: (a) the direct effect of
wind speed on the transmission tower structural system is not significant. Instead, the
effects from the conductor loads are more signiScant. This is at variance with the findings
of this thesis in the sense that this may be true in some cases, but not always; (b) the
response of the transmission tower is more accurately represented by considering two
loadings than a single loading; (c) the response of the transmission tower is found to be
mainly linear.

A more sophisticated approach is made by Al-Bermani and Kitipornchai (1992) in
which a non-linear analytical technique for predicting and simulating the ultimate
structural behaviour of self-supporting transmission towers under static load conditions is
presented. The method considers both the geometrical and material non-linear effects and
treats the angle members in the towers as general asymmetrical thin-walled beam-column
elements. The developed software, AK TOWER, was used to predict the ultimate

behaviour of two full-scale towers tested in Australia. No comparison of the calculated



29

and the actual member forces was made due to the lack of sﬁch field data in these tests,
but predictions of the ultimate loads, the nodal deflections at various points and the tower
failure deflected shapes have been made. The developed software was able to predict
accurately the collapse load (predominantly flexural load) for one, heavy suspension
tower. As for the other (tension tower), the predicted collapse load for a test under
torsional load was 16.7% lower than the test collapse load.

The Electric Power Research Institute's Transmission Line Mechanical Research
Center (TLMRC) started a multi-phased research program to identify possible causes of
discrepancies in "field" and "wind tunnel" conductor drag coefficients. This program was
briefly reported in the Wind Engineer (1994). The first phase of the research was to build
a "free-air-wind-tunnel" to measure the drag coefficients in the open air with a wind tunnel
like test setup. The results showed that, for the velocity range (Reynolds No. of 89,000 or
less) tested in the field, the drag coefficients agreed favourably with those obtained from
quality wind tunnel tests. The conclusion is that wind tunnel drag data are sufficient to
determine the drag forces on a short segment of conductor in open air. The detailed results
of the first phase were reported by Shan et al. (1992). The second phase of the research
was being conducted at the TLMRC and consists of a full-scale conductor wind loading
experiment.

In the same subject is the study performed by Ball et al (1992). The purpose of
the project was to identify errors in the wind tunnel testing technique in view of the great
discrepancy existing between aerodynamic drag coefficients of electrical power

conductors measured in wind tunnel experiments and those inferred from field
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observations of operating lines. A series of experiments was conducted to investigate the
~ importance of the model aspect ratio and the end conditions present at the junction of the
model and the wind tunnel wall. The results show that significant errors are possible in the
wind tunnel experiments due to these effects but none can account for the large
discrepancy between wind tunnel and field data. Still dealing with conductors is the work
done by Tabatatai et al (1992) describing a study on the drag properties of trapezoidal and
circular wire conductors in a wind tunnel and under field conditions. The wind tunnel
study indicates that, at high windspeeds, the trapezoidal wire conductors have lower drag
coefficients than comparable standard circular wire conductors. Some typical results of the
field measurements are also included, but a comparison of the sources of data had not
been done yet.

An interesting study concerned with offshore structures but that can be directly
related to transmission line sfﬁdies was made by Holdd (1993). He performed an
experimental investigation into the effect of Reynolds number variation on the lattice
structure part of 2 wind tunnel model of the topside of an offshore structure. The results
suggest that when global modelling considerations dictate low local lattice structure
Reynolds numbers, it may be advisable to cater for the lattice structure effects separately
and add or superimpose these onto the global results. He has also found wind tunnel test
results on model lattice structures below a Reynolds number of 2200 based on the lattice
member cross-section to be Reynolds number sensitive. The differences can be up to 40%

in terms of drag coefficients. On the other hand, Vickery (1982) states that data on sharp

.\\
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edged shapes suggests that local Reynolds numbers in excess of 1000 will be sufficient to
prevent (or considerably diminish) model scale effects in lattice or framed towers.

Yu et al (1993a) developed a three-degree-of-freedom model to comprehensively
describe and predict different galloping behaviour observed on a single iced, ¢lectrical
transmission line, for which vertical, horizontal, and torsional interactions are permitted.
Closed-form expressions were derived to check the stability of a transmission line's static
profile and to compﬁte the én'tical wind speed at which galloping is initiated. For the
parameter values causing galloping, perturbations were employed in conjunction with a
bifurcation theory to deduce the governing equations of motion under the assumption of a
weak nonlinearity. These equations made it possible to find explicit steady-state solutions
and their stability conditions. A robust criterion was also proposed to assess the reliability
of the solutions. In a companion paper (Yu et al., 1993b) the authors noted that the
predictions given by the model agreed fairly well with two field observations of galloping.
Furthermore, predictions for various wind speeds indicated that the definition of the
parameter used to measure the reliability of the time-averaged results was plausible. A
comparison of the results arising from models having various degree-of-freedom suggests
that it is preferable to employ the three-degrees-of-freedom model to more reliably predict
the potential for flashover.

Kobayashi et al. (1994) report on the building of a new type of transmission
tower. This has a relatively slim body with trusses having the sides covered in order to
harmonise it with the landscape of an urban area. Because there were no data available on

wind loads on such bracket, a static force measurement and an aerodynamic test were
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carried out. No self-excited oscillation was observed on the bracket model and the to»irer ‘
model. |

Finally, we cite the work of Katoh et al (1995) on full-scale measurements on
wind-induced vibration of an electrical transmission tower installed on a mountainous
area, but at wind speeds of less than 25 m/s. They observe that wind direction has a strong
influence on wind characteristics; alsn, that the vibration characteristics of the tower with
conduciors are strongly influenced by the behaviour of the conductors. The aerodynamic
damping is found to play an important role in their total damping.

In summary, it is clear that the behaviour of transmission lines is strongly related
‘to the turbulent wind characteristics and therefore statistical methods are the best
approach to describing the wind loading; current wind tunnel tests (sectional models) do
not agree well with full-scale measurements;‘and that aerodynamic damping on these
structures is important. It is also known that accidents with transmission lines m strong
winds keep happening. And in many instances it is not known. why the transmission lines
have failed. It has not been proven how these structures really behave in strong winds nor
which parameters are of major importance in their response to wind loading, and this
includes the consideration of their dynamic properties. The reason for this is that both
full-scale measurements during strong winds and aeroelastic wind tunnel tests of
meaningful sections of transmission lines are both fraught with significant problems. It is

the aim of this thesis to attempt, as far as we know, for the first time, to aeroelastically

model a full span transmission line.



1.6 SCOPE OF STUDY

The thesis subject concerns two main topics:

Firstly, to examine the effect of scale of turbulence on the response of a line-like
structure (cable inodel) through wind tunnel tests and to compare experimental results
with theoretical predic;ions. Consiétency with theory allows for the development of a new
modelling approach to ﬂcon\ductot sys;c;ihs_ using 2 distorted horizontal (spanwise) length
scale to accommodate these systems in r}'ae'wind funnel.

Secondly. from a theoretical ap;;;oach the design procedure for the establishment
of wind loading on transmission towers is reviewed and current procedures compared with
the statistical method using influence lines, which is considered more realistic. This latter
approach can account for unbalanced 1oading effects, shear and axial loads and the effects
of higher modes of vibration in the calculation of the response factors.

The idea is to examine the behaviour of these systems under very severe turbulent

boundary layer winds (V,,= 30 m/s and up).



CHAPTER 2

WIND FORCES ON CABLES

2.1 INTRODUCTION

The forces the wind exerts on cables are (Sachs, 1978):

a) A static drag force, and, on certain types of cables, a static lift force. Drag and
lift coefficients may vary with Re.

b) A random gust force, giving rise to random amplitude oscillations.

¢) A high-frequency, low amplitude, vortex excitation (also called aeolian
vibration).

d) A low-frequency, high amplitude oscillation caused by lift and drag instabilities
(galloping excitation).

e) A vertical/horizontal/torsional coupled oscillation of twin conductors.

These forces are interrelated, with the exception of vortex excitation.

The oscillations (c) to (e) can be considered as repetitive or cyclic motions and
have their characteristics described in Table 2.1, which is reproduced from EPRI (1979).
It must be emphasised that the numerical ranges shown shouid not be considered as
representing extreme limits. They are intended to provide a comparison among the three
types of motion. Furthermore, in what refers to galloping, it is not necessary to have the

conductor surface covered with an asymmetrical ice deposit, as stated in the table, to have

34
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tﬁis type of motion. For some stranded cables yawed to the wind, lif"forces can occur,

initiating transverse oscillations, as explained below.

Table 2.1 Comparison of Types of Cyclic Conductor Motion (after EPRI, 1979)

Types of Overhead Lines Affected

Approx. Frequency Range (Hz)

Approx. Range of Vibration
Amplitudes (Peak-to-Peak)

(Expressed in conductor diameters)

Weather Conditions Favouring
Conductor Motion

Wind Character
Wind Velocity

Conductor Surface

Design Conditions Aflecting
Conductor Motion

Damage

Approx. time reguired for
severe damage to develop

Direct causes of damage

Line components most affected

by damage

Acolign Vibrati
All

3to 150

0.01t0 1

Steady
110 7m/s

Bare or uniformly
iced (i.e. hoarfrost)

Line tension,

conductor

self- damping,
use of dampers,

armour rods

3 mos to 20 + years

Metal fatigue due
to cyclic bending

Conductor and
shield wire strands

Conducter Gallop
All

0.08t03

510 300

Steady

7to 18m/s

Asymmetrical ice
deposit on
conductor

Ratio of vertical
natural frequency
to torsional
natural frequency;
sag ratio and
support conditions

1 to 48 hours

High dynamic
loads

Conductor, all
hardware,
insulators,
structures

Limited to lines with
bundled conductors

0.15t0 10

Rigid-Body Mode:
0.5t0 80

Subspan Mode:
051020

Steady

410 18m/s

Bare, dry

Subconductor
separation

tilt of bundle,
subconductor
arrangement, subspan
staggering

1 mo to 8 + years

Conductor clashing,
accelerated wear in
hardware

Suspension hardware,

spacers, dampers,
conductor strands
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For a plain circular cylinder, the only possible acting static force is the drag,
regardless of the angle of yaw. However, the majority of cables do not have a smooth
circular surface, but have a helically wound configuration of greater or lesser surface
roughness, depending on the wire diameter. This makes the effective roughness different
on either side when the cable is yawed to the wind and introduces a lift force on the cable.
This is illustrated in Fig. 2.1. A way to prevent such phenomena from happening is to

smooth the conductors by wrapping with p.v.c. tape or the like. This has been proved

successful by Davis et al (1963).

; ‘Rough’
- Strands \
\ / parallel ()
= Smooth
N {underneath}

“T~Strands
normal
= Rough

{a) (b}

Figure 2.1 Effect of helical strands (after Cook, 1985)

As can be seen in Table 2.1, all cyclic conductor motions occur with velocities
under 20m/s, i.e., not very strong winds. Therefore, although very important, they are not

addressed in this study and only items a) and b) are approached.
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2.2 RELEVANT FACTORS FOR WIND ANALYSIS

2.2.1 Cable Dynamics

Random gust excitations cause oscillations at one or more of the cable's natural
modes and frequencies in a vertical (radial), horizontal (pendulum) or torsional manner,
singly or combined. The form of oscillation depends on the type of cable, fixing conditions
and whether the mode is symmetric or antisymmetric.

The linear theory of free vibrations of a suspended cable (Irvine, 1981) allows for
the calculation of the natural frequencies, f, [Hz], and normalised mode shapes, [L(x) , as
follows:

a) Out-of-plane (pendulum) mede:

fo= {2 @1
w;(x} =sin (.%x_) (2.2)

b) In-plane antisymmetric mode:

T
fy= JZ\/; 2.3)

1L,(x) = sin (2ijc) 24
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¢} In-plane symmetric mode:

fy= % Z 2.5)
Li(x)=1—tan (%)sin (%] —cos (T—CEZ‘E) 2.6)

wherej=1, 2, 3,... sigpify the first, second, third modes, respectively, and so on. § is the
sag, L the horizontal span, / the cable length, 7 the line tension and m the mass per unit
length.

The nondimensional frequency parameter € is found by solving the following

transcendental equation:

w(%)-(5)-5(5) an

where A= (mgL/HY'L/(HIEA), being E the modulus of elasticity and 4 the cable
cross-sectional area. The parameter A* compares the relative importance of gravitational
and elasticity effects.

Equations regarding the static and dynamic behaviour of suspended cables are
given in more detail in Appendix A. Further insight is found in Irvine (1981) and Krishna
(1978).

The methodology adopted in this work is the linear theory of vibrations. A review

of works dealing with nonlinear vibrations of cables is presented by Sparling (1995). From
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there it can be verified that several authors have concluded that nonlinear displacement
amplitudes are substantially smaller than predictions based on linear theory. Also, coupling

of in-plane and out-of-plane motions can be induced by nonlinear effects.
2.2.2 Cable Aerodynamics

Cq{)le motion is dominated by aerodynamic damping, the structural damping ({;=
0.000S. - B;chmann et al, 1995) being not so important, especially in strong winds. For
tower motion, on the other hand, both damping sources may be of equal importance.
Aerodynamic damping is a retarding force which is derived from the relative motion
between structure and air. It is a linear function of wind speed 7 and, in the case of a
uniform prismatic structure in uniform flow and in drag motion, can be given by the

expression (Davenport, 1988; Vickery, 1992):
- _c:e) pad (v
Sy = (41:: [ m N\ fid 28)

where C,, is the drag coefficient, p, the air density and d the cable diameter. The damping
is presented as a fraction of the critical, for the jth mode. As transmission line cables
generally have very low mass per unit length values (m = 2 kg/m), the aerodynamic
damping can be as high as 60% of the critical for extreme winds. The role of aerodynamic

damping in the response of tension structures to turbulent wind is discussed by Davenport

(1988).
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Regarding the wind velocity variation w1th height, as long as the sag is not too
big, we can assume a constant value of ¥ applied to a certain reference point, generally
chosen as the cable's center of inertia, i.e., we assume that the cable is straight and located
at the height corresponding to its chosen reference height. This is also due to the fact that,

under strong winds, the deflection will be big and the line will be seen by the wind as

having a "smaller” sag.

—

Referring to rlg 2.2, the drag force on an element dx of the cable can be given

by:
dF(x,1) = -%pa V(x,t) Cp d cos*P dx (2.9)

where [ is the wind yaw angle and x relates to cable length.

The velocity V{x,2) is given by:
Vix,f) = V+v(x, 1) (2.10)
and

V2(x,8) = V2 + 2V v(x, 1) + v2(x, 1) (2.11)

where ¥ is the mean wind speed and v(¥,s) the fluctuating component. The last term can

be important in cases where the flow turbulence is very large, which is not likely to be the

case for the majority of transmission line locations. Therefore, it is disregarded
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(linearization). Errors associated with the linearization of the square law relationship were
discussed by Vickery (1995).

The drag coefficient Cj, is defined as:

2
Cp=——>t (2.12)
° 1/gpan’dz
v(?)
v Vv 7
7
/1
() ®)

Figure 2.2 (a) Identification of parameters for drag calculation. (b)
Fluctuating wind pressures acting on a slender structure.

The drag for a circular cylinder is highly Reynolds number dependent. This is
defined as Re = V' 'd / v, where v is the kinematic viscosity of the air. Fig. 2.3 shows a
typical variation of C, with Re, in this case for smooth flow and uniform section, while
Fig. 2.4 presents some full-scale and wind tunnel measurements of conductor drag
| coefficients. The drag is also affected by the roughness of the cable section (see Fig. 2.1)

and the turbulence of the wind. Figure 2.5 shows the effect of surface roughness and
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Reynolds number on the values of C; . An increase in the turbulence of the flow has a
similar effect as an increase in surface roughness, that is to accelerate the transition in the

flow regime over the surface of the cylinder and both can have a substantial influence on

the drag variation.
1.4
| ﬂ VO
C 1.0 - d
D x ¥
1 g (CIRCULAR
ol S CYLINDER)
d -
02 4 S - 6 7
10 10 10 10
Re

Figure 2.5 Influence of Reynolds number and surface roughness on the
values of C;, . - - - - smooth surface; sanded surface. (1) k/d=0.002; (2)k/d
=0.007 ; (3) k/d = 0.020 (where k is the grain size of sand) (After Scruton, 1971).

2.3 THEORETICAL APPROACH

Adopting Davenport's (1993) approach with the assumptions made above and

referring to Chapter 1 for the introduction of the method, we can write the equations for

cable response as:



2.3.1 Mean Response

The mean response is given by:

-

L _ !
F o= [ 207 Codic)dr = 297 Co dfo iGe)dx 7.

2.3.2 Background Response

The background response is given by:

7= ; j; pICE VW, 0 i) VA, 0 G ) Ja? die

F3=p2CoV. | ; J :, G0 R (Ve ve)ix) i(x') dix @

(2.13)

(2.14)

where R(Vv,v,) is the cross-correlation coefficient between v at the two locations and can

be expressed by

vix, Hv(x, 1)
R (Vx, V! )= _cv_,ov ; = g~(&¥LY)

where Ax= Ix—x'l
rh=pCRV ot [ e i) i) d e

_’._,129 —2qCod Iv)z j‘(’) I : e~4Ly j(x) i(x' ydx éc’

(2.15)

(2.16)

1
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2.3.3 Resonant Response

For the resonant response, we have the generalized force given by:

0,0 =, F(x, Oy (e)de
Qj(l) =J‘; Pa VV(x:‘I)CD d LL}(Xjk (2.17)

' “The spectral density of the modal generalized force is:

Sy =pRPCh [, || Sutw, Py (e Yo d (2.18)

where S(xx'f) is the cross spectral density of wind velocity, which is used in the
calculation of the correlation of the individual frequency components of wind turbulence,

or coherence:

ISV(x)xI,f) | :

Pex )= ,
So(NS.(H

(2.19)

The square root of the coherence, when plotted against the reduced frequency, can be

approximated by an exponential function of the form:

Y(Ax, /) =~ (2.20)

For a more detailed explanation of coherence refer to 3.3.2.4.

A\
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where S (f) is the spectral density of horizontal wind velocity at reference height.

i

Sv(f) 1l Sy ' '
1150 =q Codl L2 [ [ 6 e e @.22)
" The part of equation (2.22) inside (and including) the double intcgration is called the
"Joint Acceptance Function", which can be interpreted as 2 mod=al weighting function in
the frequency domain which quantifies the contribution of turbulence eddies to the motion

in a given mode.

The variance of the generalized modal co-ordinate, Y, can be given

approximately by:

e 1 .
oz ) = 2G5 K}_f;SQ;(fJ) (2.23)

where K= @? M, is the modal stiffness. The modal mass is given by:

M= [} mGn2 ()dx (2.24)
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The resonant response for local effects (shear, bending moment, etc.) is obtained

by multiplying the square root of Eq. (2.23) by the response participation factor:
!
F oy = ()|, MO ()i 2.25)
and therefore:

7y = |nlSe ) Jo M) W) itx) ae
4 (G +8s) L’, m(x) . (x) dx

(2.26)

2.3.4 Joint Acceptance Functions

The background and resonant responses are given by Egs. (2.16) and (2.26),
respectively. A more convenient way of calculating these responses is by using the
analytical expressions of the Joint Acceptance Functions (JAF) corresponding to each
specific influence line or mode shape. The ratio between fluctuating and mean response
can then be conveniently expressed, facilitating the calculation of the theoretical
prediction.

For the background response, the JAF obtained from the double integration part

of Eq. (2.16) is:

3 2
ﬂ(n):%(%—%-%—l—e"'(n-i- 1)) 2.27)
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where n=1/L, . The influence line used is x // (reaction at one end of cable). To give the

total value of the integration, Eq. (2.27) must be multiplied by ~. This equation is
represented graphically in figure 2.6.

Thus, the ratio between the background and mean responses is:

o

=I§[%Z‘—|:';—3 - % +1=—e"(n+ 1)]} (2.28)

For the resonant response, the JAF obtained from the double integration part of
Eq. (2.22) is, for each mode of vibration j, equal to:

: 2

208 n Jn - .
Ji(n)= o +2|:n2 +j21t2:| (1 —e™"cosjm) 2.29)
where now n=Cf I/V . The mode shape used was sin (j mx/!) . Again, the total

value of the integration is given by multiplying Eq. (2.29) by . The JAF are plotted in
Fig. 2.7 for six mode shapes.

The ratio between resonant and mean responses for each mode j is then:

Fa 162 fiS\(f) cos’jﬂz[

. 2
n jx ) '
- +2 1-¢™ 2.30
P Ly o2 2+ j2m2 [ n+ jzﬂz:l (1-¢™cos _]TC)“ (2.30)

Jj*n
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CHAPTER 3

WIND TUNNEL TESTING

3.1 INTRODUCTION

Although sophisticated theoretical models of the aerodynamic behaviour of
transmission lines have been developed, and partially adopted in codes, they have been
very difficult to verify. Full-scale measurement is a particularly difficult option. Wind

Currently, there are basically two different types of wind tunnel testing being
performed. The first type of testing is referred to as static testing. In this, the mean
aerodynamic forces are obtained from short lengths of full-scale conductor or conductor
models. These are mounted in force balances and drag and lift coefficients obtained. The
other type is called dynamic testing, where again a two-dimensional modelling method is
employed. The model is composed of short lengths of rigid conductor having full-scale
values of shape and weight. The elastic properties are simulated by a spring suspension
system at each end of the rigid conductors.

In spite of a great number of wind loading studies of transmission lines, thcre is
still not a complete understanding of their behaviour in wind nor complete agreement
between wind tunne! testing and full-scale measures. Conductor drag forces obtained from

full-scale tests have been often found smaller than the corresponding ones obtained in

50
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wind tunnel tests using section models. Furthermore, certain full-span kinds of motions
cannot be simulated in these tests,

A more sophisticated approach is to model the full-span aeroelastically. This kind
of test is seldom found in the literature. Some work has been done by Wardlaw et al
(1975) although it was not the authors' intention that the model be a small scale simulation
of a prototype line. The correct modelling of this kind of structure is very difficult for
many reasons which are discussed in this chapter. It is the purpose of this work to

aeroelastically model the conductors and to introduce a new approach for such modelling.

3.2 AEROELASTIC MODELLING OF THE CABLES

In order to have the aeroelastic behaviour of the cables simulated in the models,
the mass, drag forces, reduced frequency and aerodynamic damping should be simulated,
together with the properties of the natural wind. ASCE(1987) provides general guidelines
on wind tunnel testing of building and structures. Specifically, the following conditions

should be met:

3.2.1 Conventional modelling
a) Geometric similarity

The ratio between model and prototype dimensions should be preserved:

t

Lo _Sm_
L, S, =nL . 3B.1)
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where L is the span, S the sag and A, the length scale. The subscripts 72 and p denote

model and prototype, respectively.

b) Mass modelling

The requirement for the modelling of the mass of the structure is that the inertia

forces of the structure and those of the flow be scaled consistently. Similarity of inertia
forces is achieved by maintaining a constant ratio of the bulk density of the cable, p, to the

density of air, p, :

Since pq is the same we have the ratio:

Xp=g_:=1.o

The modelling of the generalized mass of particular modes of vibration then becomes:

Mn _ PnLln

Mp pP Lg
or

A = Ap AL

1)

When the aeroelastic tests are made through the use of equivalent models, however, what

is important is to maintain the mass ratio the same in model and prototype (Tanaka, 1988):
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(3.2)

57). - 5%)
paLzm pasz

therefore A_ =A%, where m is the mass per unit length.

¢) Drag force scaling
The drag force, F, in both model and prototype is given by:

™ |

where ¥ is the wind speed, C,, the drag coefficient, d the cable diameter and / the cable

length. The ratio Ar = % can be written:

P
Mchy _ Aokl . _
Ar= —-’%‘z},—’ = -—F or M-—;E since A,=1.0.

- V;zn CDm dmlm

Ag _ 242 _
,then l}-‘— A‘L K’V I/%CDP dplp

Also A = >

but Ay = %" , therefore:

CDm dm = CDp ;dp ;‘-L (3 -3)

Due to the dependence of C, on the Reynolds number it is almost impossible to

scale down geometrically the cable diameter, since its drag coefficient would not
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correspond to the necessary C,, to give a corrected scaled drag force. For this reason both

C, and d are scaled jointly. The modelling process is explained in 3.3.

o~

-~

d) Reduced frequency
The relationship between length, time and velocity for particular modes of
vibration is based on the equality of the reduced frequency in model and in full scale. For

the cable the frequency depends a great deal on its sag, which is the important

characteristic dimension,
9.6
— = |— (3.4
( V), \V), )
or Ar= %—V , where £, is the cable natural frequency.
L

¢) Aerodynamic damping

An expression for the aerodynamic damping, £, can be given by:

- - ()EIE)

50 (La),, = (Ca), ,then:

(%)= (57),



(Vm.fp )(CDd)m = Mm
fom (CD d)p mp

therefore:
x (CD d)m - &
- (CD d)p mp
f) Wind / Gravity forces
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(3.5)

We must maintain the ratio between wind and gravity forces for both model and

prototype:
wind J _ [ wind
gravity j gravity J ,

[{;paVﬁcold] _ {%paVzCDIdJ
pg=1 .\ pe¥l )

but p*=m and

. , SO:

S
i
k-l

22 Codm _mm
" Cod), ™

g) Veloc.ty scaling

(3.6)

For structures where the resistance to deformation is influenced by the action of

gravity, it is necessary to maintain Froude number (Fr) similarity, which requires that:
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or
A=A G.7

This condition makes the aerodynamic damping and wind/gravity forces
requirement equations for modelling, to match each other. And they are also equal to the

drag force scaling equation, since m,/m, = L@, =1.0).

h) Axial force scaling
To simulate the action of axial forces through the use of equivalent models, the

Cauchy number, Ca, must be maintained constant in modei and prototype:

~

(EAc),=EA) Ay A, , but since 4 = n_f_ and Az =AbAR=A7 ,

(Ed?),, = (Ed®) ; (3.8)

(It should be remembered that all force scaling is given by A.=2).
The fulfilment of this requirement is somewhat difficult, especially if we recall
that the symmetric in-plane modes also depend on the value of £4 and have their own

criteria to be satisfied, which does not necessarily match with Eq. (3.8).
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-

3.2.2 Difficulties faced and adopted approach

Just to fix ideas we give a numerical example of 2 conventional cable modelling,
The nominal prototype cable characteristics assumed are L, =300 m, S,= 10 m, [,=300.9 m,
d=0.04 m, m=3 kg/m and V,= 45 m/s. From this Re= 1.2E5 and C= 1.0, which allows

(C,d), = 0.04 m. The first fundamental frequency is (f,,);= 0.18 Hz. For this example, a

geometric scale A,= 1/50 is chosen and therefore the velocity scaleis Ay= JAL = 1/7.07.
In this case we would have: L, =6m,S,=02m,[= 6.02m, m=0.0012 kg/m=1.2 g/m,

V.=64ms (Cxd),=8E-4m =08mnm and (f,). =124 Hz.
In spite of the relatively big geometric scale the mass per unit length has a very
low value. This fact makes it difficult to actually build the model. If we compare the

full-scale mass per unit length of a suspension bridge cable for example, which has m =

5,000 kg/m, with the transmission line m = 3 kg/m or less, and look at the usual model
dimensions of a bridge model, we can see the difficulties involved in simulating the
transmission line in reduced scale, There is also the problem of simulating £4 for axial
forces and symmetric in-plane mode shapes. And because we are dealing with the line
behaviour under design velocities, i.e., high wind speeds, we can be concerned only with
the drag forces and avoid the problems related to cross-wind simulation. Furthermore,
with a model span as calculated, it is very difficult (in our case impossible) to fit the
model in conventional boundary layer wind tunnels that generally do not have such a wide

section.
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The strategy adopted is to go by parts and try to solve some of the problems and
see what are the consequences in the results due to the approaches adopted.

To accommodate such a span or even several spans of these systems in the wind
tunnel, a new modelling approach to tower and conductor systems using a distorted scale
was developed. Such an approach is based on the idea that distorting horizontally the
cable but maintaining the same sag and preserving the properties of the "normal" model
(mass, drag, frequency), would not alter significantly its behaviour, since the natural
frequencies of the cables are primarily a function of their sags when the cable tension is
not too high. That is, the modelling approach would be firstly to go from the full-scale to
the "normal" model and from this to the "distorted" model, keeping the model sag the

same. The flow conditions in the wind tunne! simulation are also kept the same.

3.2.3 Distorted modelling

A reduced span L _*, obtained from the distortion of the original model span L

by an amount v, is utilised, so that L_* =y L_. The new length scale is then:

where the symbol * refers to a quantity used in the distorted model.
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In order to have the same behaviour in both models the mass, drag forces,

aerodynamic damping and reduced frequency must be kept the same:

a) Mass

MpLy=m,L,,
myLy=myYLm

» _Mm
m,,,——.Y

(3.10)

Eq. (3.10) implies that the original mass per unit length, m_, has to increase by

1/y if the total mass, M, is to be maintained.

b) Drag Force

($p.7CodL) =(4par2CoaL)

m

(Cod)pLm = (Cpd) YL m

. therefore,
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(Cpd),, = (C’i{d)’" G.11)

Distorting the m;ss per unit length and Cd by the same amoux.n v guarantees that
the ratio between wind and gravity forces, Eq. (3.6), is also preserved. :;5

At this point it should be pointed out that the correct length dimension to be used
in the calculation of the "new" mass per unit length and drag force per unit length is / (the
actual cable length) and therefore a y = /"/I should be used for distortion. However this Y
has practically no difference from the <y = L”/L in the models studied here and the ratio

between the spans L will be kept for convenience.

¢) Aerodynamic damping

(Qazgﬁ -(_C_DKM)’
anfd m ) “\dnfd m )

(5.3,

(Cod)m _ (Cod)m ¥ 1
St Y Pnf

therefore,

fm =ﬁn (3.12)

./X\\\\ o
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That is, to maintain the same aerodynamic damping the two models must have

the same natural frequency.

d) Reduced frequency

Since S,=S,and V, = V,* then f, =f,* Again, the same requirement as for the
aerodynamic damping;: the distorted model must have the same frequency as the normai
model. This condition is closely satisfied since the natural frequencies of suspended cables

are primarily a function of their sags when the cable tension is not extremely high.

¢) Axial Force
(i) )
paVPL? j  \plViL% ),

(5).-(55),

therefore,

Ed*=yEd® (3.13)
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Strictly speaking, we should diminish £&° by v, although this would not make the
strain of both models be the same (the reason being the difference in cable tension of the
two models). However, due to the already mentioned difficuities in £4 simulation, this
condition will not be strictly followed. This gives more flexibility in the choice of the cable
diameters for the design and construction of the models. The consequences of this
assumption will be verified in the results.
As usual in aeroelastic studies, it is very difficult to satisfy all the requirements
and some compromise has to be made. For the case of trausverse wind loads transmitted
by the cables to their supports, the conductor tension was found by Armitt et al (1975) to

have a negligible influence on the transverse loadings.

3.3 TESTING DISTORTION THEORY

3.3.1 Design of models 1 & 2

To initiate the study, two cable models corresponding to the same prototype
were tested. One was a "normal” model and the other a “"distorted" one. The general
characteristics are indicated in table 3.1 together with the estimated first natural
frequencies for a "no wind " condition. The predicted natural frequencies for other modes
of vibration are shown in tables B.1a and B.1b in Appendix B for both, tension due to its

own weight (or 2 "no wind" condition) and resultant tension due to the combination of its
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own weight and the mean wind speed based on the velocities considered. The values of
EA adopted are considered as well.

The models were built by employing a technique broadly used in wind tunnel
modelling of bridge cables and also used by Vickery (1981) in a simulation of elevator
cables. It consists in using a basic cable of very small diameter to simulate, if desired, the
axial stiffness and flexibility, over which are attached lumped pieces (cylinders or spheres)
of a certain material to give, together with the basic cable, the required average mass per
unit length and the required aver;ge C,d per unit length.

Both mndels were built using as basic cable a steel piano wire with diameter
$=2.29E-4 m cver which lumped foam cylinders (3mm diameter, 10mm length) were
attached. Some views of the models are shown in Figs. 3.1, 3.2 and 3.5. It was decided to
keep the mass as low as possible in the first models for two reasons: (a) to test if it was
possible to make a model work in a lower extreme case (corresponding smaller values are
not expected to be found in full-scale), and (b) to keep the influence of the mass and

related properties a minimum.

Table 3.1 General characteristics of first models tested (target).

Lm]|S[m]| I[m]|mikg/m]| V[ms]| Cod[m]| f, [Hz]

Prototype (nominat) 150.0 | 7.50|151.00f 1.0000| 45.0| 0.0300 0.20

Normal Model 3.0] 015 3.02| 0.0004 6.4 0.0006 1.44

Distorted Model (¥=0.5) 1.5| 0.15{ 1.54/ 0.0008 64| 0.0012 1.48




Figure 3.2 View of model 2 (disterted) in the wind tunnel.
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The natural frequencies of the distorted and the normal models are very close and
can be assumed to be the same. The actual values obtained for the total mass of the cable
models were M,=1.3g and M=1.1g, which gives m,=0.43g/m and m,;=0.71g/m. The value
of C,d is chosen from a smooth flow regime and therefore the correctness of the model

design will be checked using the results from exposure 3 - smooth flow.

3.3.2 Wind Simulation

The tests were done in the low-speed section of the BLWT II, in which the
length of the working section upstream of the model is about 43m. Three different
exposures were used in the study. The method employed for simulating the natural wind in
boundary layer wind tunnels is very well known and has been described by Davenport and
Isyumov (1967). The adopted exposures are shown in figures 3.3 to 3.5. One of the
reasons to use the low speed section is its large width (4.88m) and its lower wind
velocities (Froude number requirement), making it the best option to test the transmission

lines.

3.3.2.1 Wind Profiles
Pitot-Prandtl tube and hot-wire measurements of the mean wind speed and
intensity of turbulence were made at several points along a horizontal line corresponding

to the width of the wind tunnel (Fig. 3.6), and vertically, in the midspan portion of the



o

Figure 3.4 Exposure 2: spires only.
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Figure 3.5 Exposure 3: bare floor.
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Figure 3.6 Device used to carry Pitot-Prandtl tube and hot-wire
anemometer along wind tunnel cross-section.
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lines. The vertical velocity profiles for the exposures tested are shown in Figs. 3.7 to 3.9
normalised by the largest reading. These are plotted together with the local intensity of

turbulence o(z)/ V,, which are I, = 0.14 for exposure 1 and /, =0.11 for exposure 2.

From the horizontal profiles it was verified that the boundary layer of the walls

was less than 1 m, therefore leaving a "useful” 3 m wide test section.
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Figure 3.7 Vertical wind profile for exposure 1.
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Figure 3.8 Vertical wind profile for exposure 2.
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3322 Spaﬁl-wise Cross-correlation of the Wind
A spatial covariance (or cross-covariance, or cross-correlation) function is
formed by multiplying together pairs of values of velocity components measured
simultaneously at two separated points and taking the time-averaged value. The
cross-covariance functions are usually normalised by dividing by the standard deviations of
the constituent compenents to obtain a cross-correlation coefficient defined as:

Rt (Vy, Vo) = %)- (3.14)

where:

v(x, 1), v(x,?) = fluctuating components of wind speeds at points x and x".

Oy,, Oy, = standard deviations of wind speeds at points x and x".

The variation of the cross-correlation coefficient R . with span-wise separation
and exposures for the longitudinal fluctuating velocity component is given in Fig. 3.10. It
is interesting to note that the cross-correlation coefficients for exposure 1 are a bit smaller
than those for exposure 2, even though exposure 1 has more turbulence intensity at the
same height. This suggests that the turbulence length scale for exposure 2 is bigger than
exposure 1. The turbulence was generated by small roughness elements 65mm high placed
16m upstream of the model (only for exposure 1) and by 2.5m high spires, used in both

exposures.
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Figures 3.11 and 3.12 show the cross-correlation coefficients for both exposures

and the exponential function ¢~@¥2 used to approximate the cross-correlation function.

In this case L, = 310mm (or 15.5m full-scale) and L, = 340mm (or 17m full-scale). The
measurements were made close to the center of the wind tunnel cross-section, at the
cables height, as shown in Fig. 3.19. The fixed probe was located 150mm from the center

line and the moving probe crossed the center line.

Corr coef of long wind component

0.84-

0.7~

0'6.. N

i

0.5

04t

Correlation coefficlent

034"

0'2_ et an

014

100 200 300 400 500 600
separation {mm)]

Figure 3.10 Variation of the cross-correlation coefficient with span-wise
separation and exposures for the longitudinal fluctuating velocity component.
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3.3.2.3 Wind Spectra

It is often more convenient to work in the frequency domain rather than in the
time domain, In this context spectral functions of atmospheric turbulence are appropriate
because they provide information on the frequency distribution of the kinetic energy of the
fluctuating velocity components (ESDU 74030).

Wind energy as a function of frequency is commonly expressed in terms of the
"spectral density" function S(f). The spectrél density in the longitudinal (along-wind)

direction is denoted S,(f) and in the vertical direction S, (). The measured data, f S(f), can

be plotted normalised by 62, the total variance or area under the spectrum, ot by 7

which effectively presents a simultaneous comparison of the distribution of spectral
content and overall turbulence intensity. The expression used to fit the data is from

ESDU(1974) and is of the form:

[Sif___am

¢ (1+70.8n2)**

(3.15)

I Sw(f) _ 4 nu(1+755.2 n%)
Gw?  (1+2832n%)"

(3.16)

wheren, =L f/Vand n,=L f1V .

The spectra normalised by 7 are obtained multiplying those expressions by the

corresponding turbulence intensity squared:

IS0 IS4 o

-

v o

(3.17)
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£3u(h _fSw)
= = o I3 (3.18)

where/,=c,/VandI,=c,/V.
ESDU gives expressions for turbulence length scales in the along wind direction:

VL, =25 0% [ £ 0% (3.19)

L,=035z g (3.20)

where z is the height, in meters, and z, the roughness length, also in meters.

The power spectra of the longitudinal and vertical components of the turbulence
were measured at a few points along the line. Figs. 3.13 to 3.16 show the spectra for the
center of the line at half the sag length. The (on-line) power spectra were obtained using
the Fast Fourier Transform method, with 512 points, 50 blocks (or degrees of freedom)
and a sampling rate of 400 Hz. The sampling frequency was chosen to be at least two
times the maximum desired frequency, to avoid aliasing (Randall, 1987).

The values of the turbulence length scales obtained from the ESDU 74031
equations (3.19) and (3.20), using values from the wind profiles fitting, are given in Table
3.2 for z=27m full-scale. The value of z, = 0.025 m for Exp 1 and z, = 0.001 m for Exp 2.
Exposure 3 gives a smooth flow at the reference height and therefore does not simulate a

natural wind. It will be used just for comparison among the cables measured forces.
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Figure 3.15 Power spectrum of the longitudinal component of wind
turbulence for exposure 2.
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Tabh_z 3.2 Turbulence length scales obtained from Egs. (3.19), (3.20) and (3.21).

Length [m]

{Turbulence component | Exposure | Eg. (3.21) |Egs. (3.19).(3.20)

'L, 1 3.00 2.00
I, 2 3.90 2.45
'L, 1,2 0.30 0.19

It is also possible to estimate the length scales of turbulence (or macroscales)

from the wave number corresponding to the peak of the spectra through the relationship:

1 U
Lv.w =
2n fpcak

(3.21)

evaluated at the peak of the normalised spectrum of the given component.

*[, gives an estimate of the longitudinal component in the along wind direction;
the transverse scale is roughly between one third to one half this measure. Several
expressions to obtain the turbulence length scales are found in the literature and the
variability among them may not be small in many instances. A comparative study of those

was made by Blessmann (1995).

3.3.2.4 Coherence

Of particular interest when examining dynamic response of structures is the

correlation of individual frequency components of wind turbulence, or "narrow-band
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correlation". This examines the relation of wind properties at two different points
separated by a distance Ax at a narrow band of frequencies around any given frequency f.

The cross-spectrum between any two points has both in-phase (real) and

out-of-phase (imaginary) components:

Slz(f) = Colz(f)-‘l‘i Quu(f) (3.22)

where

S12(f) = Cross-spectrum between points x, and x,
Co12(f) = Co-spectrum (in phase)
Qu12(f)= Quadrature spectrum (out-of-phase)

A "Coherence Function" can be defined as:

Cofz(f) +Qu L)
Coherence (f) =
? Su{h) S22 (H

(3.23)

where S,,(f), S,,(f) = spectra at points x, and x,.
A narrow-band correlation function is then defined as (and related to the

coherence function by):

1/ Coherence(f) =Y12(Ax,f) = e'g%[ (3.24)
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A fundamental assumption in the theory of predicting the dynamic response of
structures to turbulent wind is that the spén-wise coherence of the fluctuating aerodynamic
forces is the same as the span-;:»vise coherence of the fluctuations of the velocity
‘components. The Joint Acceptance Function (see Chapter 2) is estimated by making use of
this "strip assumption" and it is common practice in wind engineering to accept it as valid.
However, this may not be what really happens in some structures. Larose (1992) observed
that, in performing wind tunnel tests and fuil-scale measﬁrements on the West Gate
Bridge, Melbourne (1982) has found the span-wise coherence of the pressure fluctuations
at the leading edge of the deck to be larger, by a significant amount, than the span-wise
coherence of the longitudinal velocity fluctuations. Similar conclusions have been reached
by Jancauskas and Sankaran (1992). In the present work, due to the enormous difficulties
ir;;rolved in actually measuring the pressures along the model span, both span-wise
coherences (wind velocity fluctuations and fluctuating aerodynamic forces) are assumed to
be the same. For transmission line cables however, this seems to be a reasonable
assumption since the cable cross-section has much smaller dimensions (width and depth)
than a bridge deck cross-section.

Figures 3.17 and 3.18 show the classical representation of the span-wise
coherence of the wind velocity fluctuations for the longitudinal component, while Fig.
3.19 shows the two hot-wire probes used to measure them. The plots show the square

root of the coherence versus the reduced frequency fAx/ ¥ (which is the ratio of the
separation to the wave length A of the fluctuations) and the curves are expected to

collapse. The points are fitted by the empirical expression exp(-C Ax f/ V). However, this
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is most valid for separations Ax somewhat smaller than the scale of the turbulence and

collapse for larger separations Ax at lower values of reduced frequency are generally
not satisfactory. Larose (1992) compares this method with the work by Roberts and Surry
(1973), which suggests that the von Karman parameter is 2 more appropriate choice for
collapsing the coherence data than the separation to wave length ratio. A similar
procedure is adopted by Jancauskas and Sankaran (1992). Due to its applicability in the
theoretical approach, however, the former parameter is used in this work, and the values

of the constant are C=7 for exposure 1 and C=6 for exposure 2.

Figure 3.19 Hot-wire probes and set-up for coherence and cross-correlation
measurements.
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" 3.3.3 Instrumentation

Force balances were used to measure the drag forces at the cables extremes.
These load cells, already shown in Fig. 3.1, were developed by Omega Engineering Inc.
and used by Mounla (1995) in his Doctoral Thesis. The load cell is connected to a Vishay
power supply and signal amplifier. The signal output is amplified 2100 times, with an
excitation voltage of 6 V dc. Before the bridge is excited, the amplifier is balanced to
correct for the resistance in the cable and connections. The Vishay output is connected to
a low-pass signal filter set at 55 Hz. The filter output is then connected to the Data
Acquisition System and the signal sampled at 160 Az to avoid aliasing.

The load cells were calibrated by applying a (known) load and recording the
output voltage. The applied loads varied from 1 to 20 g. A plot of the output voltage vs.
applied load yielded the calibration curve for each load cell, as shown in Fig. 3.20 for one
load cell.

From the estimated loading of the cables it was verified that the maximum
corresponding voltage generated would be less than 0.4 V. To increase the reliability of
the measurements and to diminish the iniluence of noise it was decided to amplify the
signal by 10 times (20 4B in the filter). This would serve the intended purpose by
increasing the signal to around 4 V" maximum and still be under the + or - 5§ V' limit of the
aquisition system.,

For the case of the spectrum of the force fluctuation, there is another resource to

apply even if the original signal is above 0.5 V. That is to connect a high-pass filter to the
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Vishay before passing through the low-pass filter. The high-pass is set at 0.1 H- and
eliminates the D.C. component (mean), leaving "room" for amplification of the fluctuating

part and diminishing noise influence.

Load cell # 1

v I +

020 000 020 040 060 080 100 120 1.40
Output [volts]

Figure 3.20 Force balance calibration, showing the linear behaviour
between strain and force.

3.3.4 Experimental results for models 1 & 2 (Normal/Distorted)

The testing of the cable model included measurements of the time history of the
drag force over a period of time (500 seconds) corresponding to approximately 60

minutes in full-scale for the desired wind speed. From these, the mean, root-mean-square
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(rms), maximum and minimum values of the response as well as the force spectra were
obtained. The spectra were also measured independently, through specific software, and
have compared very well with those obtained from the time series.

Two angles of incidence were tested: 0° incidence (transverse wind) and 45°
incidence (oblique wind). The models were also tested for a slightly higher velocity and a
slightly smaller velocity in the case of the time series, plus 3 extra lower velocities in the
measurements of the force spectra. Although the model was not designed for those wind
speeds, they serve the purpose of qualitative information.

The values obtained are shown in tables 3.3 and 3.4.

Table 3.3 Cable models drag forces at one extreme for transverse wind incidence

(0°).

Model |Exposure |Velocity | Max Min Mean RMS | Variance
[ms] (] (& (] F4d [
5.8 2.92 1.21 1.99 0.213 | 0.04517
normal 1 6.4 3.73 1.44 2.43 0.254 | 0.06457
6.6 3.97 1.58 2.65 0.279 | 0.07790
5.8 3.37 0.88 2.01 0.318 | 0.10098
distorted 1 54 427 1.48 2.74 0369 |0.13653
6.6 447 1.28 2.65 0.400 | 0.15987
: 5.9 2.92 1.34 2.14 0.180 |0.03223
normal 2 6.4 3.74 2.04 2.82 0.208 | 0.04317
6.7 4,12 2.25 3.1 0.233 | 0.05437
5.9 3.41 1.34 2.33 0.269 |0.07225
distorted 2 6.4 3.98 1.61 2.63 0.291 | 0.08469
6.7 4.46 1.70 2.88 0.318 | 0.10133
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Table 3.4 Cable models drag forces at one extreme for oblique wind incidence (45°).

Model [Exposure |Velocity | Max Min Mean RMS | Vanance
[m/s] [ef] (&r] (] (& (&)1

, 5.8 1.69 0.47 1.06 0.170 0.029
normal 1 6.4 219 | 063 | 134 | 0202 | 0.041
6.6 2.36 0.73 1.54 0.221 0.049
58 2.10 0.41 1.13 0.219 0.048
distorted 1 6.4 2.53 0.55 1.48 0.263 0.069
6.6 3.16 0.64 1.65 0.295 0.087
5.9 1.73 0.71 1.17 0.141 0.020
normal 2 6.4 2.09 0.86 1.41 0.170 0.029
6.7 237 0.96 1.59 0.187 0.035
5.9 2,00 0.49 1.15 0.192 0.037
distorted 2 6.4 2.44 0.77 1.48 0.224 0.050
6.7 2.79 0.93 1.72 0.243 0.059

From the analyses of tables 3.3 and 3.4 it can be observed that:

- The mean values measured from the normal model have, in general, a fairly

good agreement with the mean values obtained from the distorted values. This is

illustrated in Figure 3.21.
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Figure 3.21 Comparison of mean responses given by normal and distorted
models.
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Figure 3.22 Relation between intensity of turbulence (squared) and ratio
Variance/Mean response squared, for exposures 1 and 2, and V=6.4ms5.
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-- The values of the variance were in general very small and, in the case of the
normal cable values, roughly half their corresponding values from the distorted model.
This leaves the rms values for the distorted model overestimated by roughly between 1.4
and 1.5 tirnesr the normal value for transverse wind (0°), and roughly between 1.3 to 1.4
for the oblique incidence (45°). The reason for this may due to the fact that, because the
wind characteristics remain unchanged, the turbulence is "seen" as having a larger
correlation in the case of the distorted model and, therefore, the variance is bigger. To
illustrate the influence of turbulence in the dynamic response of the cable, figure 3.22
shows the variation of the ratio between the variance and the mean response squared, with
intensity of turbulence squared, for exposures 1 and 2, and ¥ =6.4 m/s (the other cases
follow the same trend).

These results are very important since they demonstrate the effect of turbulence
in the dynamic response. Theory says that the variance is directly proportional to the ratio
between turbulence iength scale and the structure's span, and that is exactly what is
demonstrated in these experiments by changing the structure and leaving the wind flow

characteristics unchanged.

-- The maximum values followed the same trend and therefore were bigger for

the distorted model. The minimum values, however, were almost all smaller for the

distorted model.
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The valués from exposure 3 were used to calculate the model values of Cd and
check if the design was correct. Table 3.5 shows the values obtained from dividing the
total force (sum of the two extremes) by the product of the dynamic pressure ¢ and the

cable length L

Table 3.5 Values of C,d obtained from smooth-flow tests.

model |mean velocity| total mean | cablelength | C,d [m] ratio
{m/s] force [N] [ [m] normal/distorted
6.1 0.04238 3.02 0.00063 0.496
normal 6.4 0.04827 3.02 0.00065 0.512
7.1 0.05866 3.02 0.00064 0.498
6.1 0.04356 1.54 0.00127
distorted 6.4 0.04807 1.54 0.00127
7.1 0.06004 1.54 0.00129

From table 3.5 it can be observed that the expected design values of C,d =
0.0006, for the normal model, and C,d = 0.0012, for the distorted one, were ciosely
matched, although slightly bigger values were obtained. The ratio between normal and
distorted C,d values, however, was practically the same (=0.50). These results were
constdered satisfactory.

The force spectra for the drag in one extreme of the cable are shown in Figs. 3.23

1o 3.32. In those, Cable 1 corresponds to normal model and Cable 2 to distorted model.

The frequencies may be normalised by multiplying them by the ratio between the cable's

sag and the mean wind speed.
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Figure 3.23 Spectra of drag force [N] at one end of cable 1 for exposure 1

and transverse wind (0°) for several wind speeds.
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Figure 3.24
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Figure 3.25 Spectra of drag force [N] at one end of cable 1 for exposure 2
and transverse wind (0°) for several wind speeds.
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Figure 3.26 Spectra of drag force [N] at one end of cable 2 for exposure 2
and transverse wind (0°) for several wind speeds.
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Figure 3.27 Spectra of drag force [N] at one end of cable 1 for exposure 1
and oblique wind (45°) for several wind speeds.
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Figure 3.28 Spectra of drag force [N] at one end of cable 2 for exposure 1
and oblique wind (45°) for several wind speeds.



92

Cable 1 - 45 Exp

18(f)

frequency [Hz]

Figure 3.29 Spectra of drag force [N] at one end of cable 1 for exposure 2
and oblique wind (45°) for several wind speeds.
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Figure 3.30 Spectra of drag force [N] at one end of cable 2 for exposure 2
and oblique wind (45°) for several wind speeds.
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Figure 3.31 Normalised spectrum of drag force [N] at one end of cables 1 &
2 for exposure 1 and transverse wind (0°) V=6.4 m/s.
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Figure 3.32 Normalised spectrum of drag force [N] at one end of cables 1 &
2 for exposure 2 and transverse wind (0°) V=6.4 ms.
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From the analyses of Figs. 3.23 to 3.30 spectra we can observe that cable 2
(distorted model) had bigger values of fS(), which agrees with the time series values for
the force variance, and, repeating fhe observation, may be due to the bigger correlation of
the gusts for the distorted model in relation to the normal one. The difference is larger for
exposure 1 (more turbulent), although not too much. Another observation is that the
normal cable had the peaks in the spectra a little bit more distinct than the distorted. This
can be due to the smaller aerodynamic damping of cable 1. At the model design velocities
it was almost impossible to see any distinct peaks in the spectra, those becoming more
distinct as the velocity decreases. This could be attributed to the aerodynamic damping
which is directly proportional to the wind velocity and inversely proportional to the mass
per unit length. From the smuller velocity spectra we can infer the natural frequencies of
the cable, which are in the range of the expected theoretical predictions.

Figures 3.31 and 3.32 show the spectra of the drag forces normalised by their
variances and present the normal and distorted models in the same plot. Although f5(f)
and the variance are bigger for the distorted model, the normalised spectra of both models
have a pretty good match.

The normalised force spectra were plotted together with the normalised wind
spectra as shown in Figs. 3.33 to 3.36. For exposure 1, transfer functions were obtained
by dividing the force spectrum by the wind spectrum and are plotted together in Figs. 3.33

and 3.34.
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Figure 3.33 Force and wind spectra and transfer function for cable 1,
exposure 1.
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Figure 3.34 Force and wind spectra and transfer function for cable 2,
exposure 1.
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Figure 3.35 Force and wind spectra for cable 1, exposure 2.
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The angular displacement of the cables under those severe wind conditions were
expectedly high. Figures 3.37 and 3.38 show the behaviour of the models under the

simulated strong winds. These extreme angular displacements have been found in real lines

under extreme winds, as proven in Fig. 3.39.

Figure 3.37 Angular displacement of model cable under high wind.
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Figure 3.38 Behaviour of cables under strong winds.
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Figure 3.39 Behaviour of real transmission lines under extreme wind speeds
(after Leibfried and Mors, 1964).
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3.3.5 Theoretical prediction

The statistical method using influence lines described in Chapter 2 is employed
for the theoretical prediction of the cable responses and comparison with experimental
values. Model 1 and exposure 1 are chosen for the detailed calculation (below) and Eqgs.

(2.28) and (2.30) are used for the other cases.

Cable data: Span length, L = 3m; sag, S = 0.15m; cable length, / = 3.02m; mass per unit
length, m = 0.43E-03 kg/m; fundamental frequency (pendulum), f,=1.44Hz; fundamental
mode shape, W, (x)=sin (mx /).

Wind data: Mean wind speed, V' = 6.4mss at reference height, z =0.54m (at the sag's
center); air density, p,= 1.2 kg/’; the reference velocity pressure is, therefore, g = 24.6
Pa; longitudinal turbulence intensity, J, = 0.14; transverse scale of the longitudinal
component of turbulence, *L, = 0.31m ; exponential decay factor for "narrow band"
correlation, C ~ 7.

Aerodynamic data: Drag coefficient times cable diameter: C,d = 0.00065m.

The response, 7, which will be considered is the drag force on the cable support, for

which the influence line is i(x) = x /1.

a) Mean response:

Using equation (2.13) we find:

F=0.02412N=246 g/
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b) Background response:

Equation (2.16) allows:
(2 ¢ Cp d1,)* = 2E-05 N/

J-l J-l e-(lx-—x’lll-v)§ %a&:dx = 0.53 "

070

and therefore

Fp= 0.0032N5 =0.326¢f

¢) Resonant response:

The procedure is shown in detail for the first mode of vibration. The value of
SiSo:(f) is calculated from equation (2.22), by using:

(24 C, d L) =2E-05 Nt

fi Ot:(fl) = 0.07 (from Figure 3.13)

J-; Jo eTsin (ﬂ;‘-)sm( )dxdx =1.51n°

which allows £, (f) =2.11E-6 ¥
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The aerodynamic damping is obtained from (2.8):

_(1.Y/1.2 % 0.00065\( 6.4 ): o
C“"(m)( 0.43E-03 )(1.44 =64%

!
The participation factor is: m J’o sin (’—";—)% dx =m0.96 kg

The modal mass is: m.f; sinz(—‘mlx-)ak =m1.51 &g

The resonant response is then obtained from (2.26):

~ 52.11E-6(0.96)= -
TR = /4 61 \121,=0.0010N=0.104f

The total rms response is then:
7 =0.0034N=0342gf

Table 3.6 presents RMS values of the drag force at one extreme of the cable
obtained from the measurements and calculated from theory using the estimated values of
the transverse length scale of turbulence. Theory predicts well the mean responses and
overestimates a little bit the experimental findings for the fluctuating part of the response.
The value of the background response alone is enough to predict the latter. There are,

however, uncertainties in the determination of *L, . The value used was from the fit of the
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correlation curve by an exponential function and the area under the real curve seems to be
actually lower than the area given by the fitting curve. A lower value of “L, in the
calculation would mean a background response coinciding with the measurements. The

resonant response does not seem to be important in this case, which can also be seen from

the spectra.

Table 3.6 Comparison between measured and calculated RMS values of drag
(L,=0.31m for exp. 1 and L =0.34m for exp. 2).

Model |Exposure |Velocity | Intensity of | RMS [gfl | RMS [gf]| RMS Ratio
[m/s] turbulence calculated | measured| Calc./Meas.
5.8 0.273 0.213 1.28
normal 1 6.4 0.14 0.332 0.254 1.31
6.6 0.353 0.279 1.26
5.8 0.359 0.318 1.13
distorted 1 6.4 0.14 0.437 0.369 1.18
6.6 0.465 0.400 1.16
5.9 0.222 0.180 1.23
normal 2 6.4 0.11 0.271 0.208 1.30
6.7 0.288 0.233 1.24
59 0.291 0.269 1.08
distorted 2 6.4 0.11 0.354 0.291 1.22
6.7 0.376 0.318 1.18

From the time series and normalised spectra results of the line studied it can be
seen that the distortion works relatively well and can constitute a valid technique. It is
necessary, however, that a correction be made to the values of the variance measured in

the distorted model. In agreement with theoretical expectations, the variance from the
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distorted model should be ;nultiplied by ¥, the horizontal geometric distortion of the cable,

which in this case is 0.5.
3.4 Behaviour of two parallel cables

It is of practical importance to know the behaviour of the cables in each arm of
the towers as a whole. The assumption that the loads on each cable act simultaneously on
the towers is common practice; this suggests the necessity to investigate to what degree
this assumption is valid. A mechanism possible to occur and affect the tower loading
(coupling cables and tower motion) is related to the "convection” of gusts of wind across
the tower's arm length by the mean wind. If the mean velocity of the wind is V and the
tower's arm length is B, gusts striking the upwind cable will strike the downwind cable a
time interval B/V later. If this time interval is roughly one cycle of drag vibration later ihe
drag forces in the two cables will reinforce one another. If the time lag is half 2 cycle of
torsional vibration later it will excite the torsional mcde of vibration of the tower's arm.

This could influence the torsional stability of the tower's.arm (Davenport, 1994).
3.4.1 Design of models 3 & 4 (Double cables , distorted)
With the aim of studying the behaviour and determining the existing correlation

between the cable forces, wind tunnel tests were made of two cables with two different

separation lengths. Adopting the distorted model approach, the cables tested had the
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- general characteristics as shown in table 3.7. Two different seis of pairs of cables, each
pair with a different diameter, were built and tested with the purpose of verifying if the
axial stiffness would make a difference in the results. The basic piano wire cables had
diameters of ¢ =1.27E-4 m (cable 3) and ¢ =2.29E-4 m (cable 4). Both models had small
lumped wood cylinders (4mm diameter, 20mm length) attached to the steel piano wire (62
for cable 3 and 60 for cable 4). Contrary to models 1 & 2, in this case it was decided to

test a model with a mass per unit length value corresponding to an upper extreme case and

to check the effect of such a choice.

Table 3.7 General characteristics of cables 3 & 4 tested.

Liml| S{ml | I{m) |mlkg/m) | Vm/s} |Cd[m] | £, [Hz]

Protot. (nominal) | 300 10 3009| ~43 40 0.0400 0.18

Normal 6 0.2 6.02 0.0017 5.7 | 0.0008 1.24

Distorted y=0.5| 3 0.2 3.04 0.0034 5.7 |0.0016 1.26

Cable 3 had £4, = 2534 N and cable 4 E4, = 8237 N. The theoretical frequencies
are given in tables B2 and B3 in Appendix B. Model 3 was also tested with a sag 5=0.3m.

The separation lengths were chosen to represent full-scale distances of 8m and
16m which at a model scale of 1/50 corresponds to 0.16m and 0.32m, respectively. The
wind tunnel set-up and models are sho»_vn in Figures 3.40 and 3.41. The simulated wind

had the same characteristics as the first test.
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Figure 3.40 Details of model, load cells and support system for cable #3.
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Figure 3.41 Views of wind tunnel and model set-up for cablés #3. Upper
figure: S=0.2m; Lower figure: $S=0.3m.
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3.4.2 Experimental results for models 3 & 4

Again, the testing of the cable models included measurements of the time history
of the drag force over a period of time of 500 seconds, from which the mean,
root-mean-square (rms), maximum and minimum values of the response as well as the
force spectra were obtained. The direction of the wind was perpendicular to the lines,
which were tested with 4 velocities, although the model was designed for V=5.7m/s.

The measured values are given in table 3.8 for the windward cable and in table

3.9 for the leeward cable, both for sag $=0.20m. Table 3.10 shows the values for cable 3

with sag $=0.30m, which was measured for ¥=5.7m/s and exposure 1 only.

Table 3.8 Measured values for windward cable #3 (S=0.2m).

Spacing | Exposure | Velocity| Max Min Mean RMS | Variance

[n] ms] | [Nl | [N | [N | el | [
6.2 8.84 2.58 5.74 0.835 0.697

1 5.7 8.06 2.28 4.90 0.713 0.509

5.0 6.05 1.62 3.71 0.557 0310

0.16 3.3 2.71 0.64 1.60 0.274 0.075
6.3 8.84 3.75 6.44 0709 | 0.503

2 5.7 8.69 3.09 5.31 0.603 0.364

5.0 6.56 2.37 4,15 0.493 0.243

34 2.37 0.97 1.85 0.251 0.063

6.2 8.80 2.20 5.40 0.786 0.618

1 5.7 7.67 2.02 4.61 0.673 0.453

5.0 5.49 1.42 3.45 0.521 0.271

0.32 33 2.69 0.28 1.52 0.277 0.077
6.3 8.84 3.26 5.98 0.681 0.464

2 5.7 7.48 2.92 5.03 0.565 0319

5.0 5.70 231 3.94 0.445 0.198

3.4 2.82 0.92 1.78 0.245 0.062




Table 3.9 Measured vzlues for leeward cable #3 (5=0.2m).
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Spacing | Exposure | Velocity] Max Min Mean RMS | Vanance

| _[m] [m/s] | [@N] | (&) (& (&N | (&N
6.2 8.26 2.54 5.46 0.750 0.562

1 5.7 741 2.20 4.61 0.643 0414

5.0 5.91 1.72 3.59 0.507 0.257

0.16 33 2.53 0.53 1.44 0.265 0.070
6.3 8.26 3.91 6.11 0.643 0.413

2 5.7 7.86 3.23 5.17 0.550 0.303

5.0 6.06 2.45 4.03 0.451 0.203

3.4 2.67 0.76 1.68 0.253 0.064

6.2 7.85 2.26 5.15 0.707 0.500

1 5.7 6.99 2.16 4.51 0.615 0.378

5.0 5.45 1.46 3.32 0.491 0.241

0.32 33 2.28 0.27 1.25 0.268 0.072
6.3 8.26 3.15 5.68 0.609 0.371

2 5.7 7.23 2.97 4.84 0.518 0.268

5.0 5.51 2.29 3.82 0.422 0.178

34 243 0.61 1.49 0.247 0.061

Table 3.10 Time series results from cable 3 with $=0.3m for exposure 1.
Spacing | Cable Velocity] Max Min Mean RMS | Variance

[m] | position | [m/s] | [(eN] | [(N] [N | [N | (&)
0.16 | windward 5.7 7.56 2.29 472 0.681 0.464
leeward 5.7 7.01 2.19 4.40 0.614 0.377

0.32 | windward 5.7 6.93 1.75 422 0.644 0415
leeward 5.7 6.65 1.54 3.89 0.609 0.371

3.47.

The force spectra for the drag force at one support are shown in Figs. 3.42 to
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Figure 3.42 Drag Force [N] spectra for the two cable sags tested for spacing
1 and exposure 1. Upper figure: windward cable; Lower figure: leeward cable.
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Figure 3.43 Drag Force [N] spectra for the two cable sags tested for spacing
2 and exposure 1. Upper figure: windward cable; Lower figure: leeward cable.
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) Figure 3.44 Drag Force [N] spectra for the different velocities tested for
spacing 1 and exposure 1 (§=0.2m). Upper figure: windward cable; Lower figure:

leeward cable.
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Figure 3.45 Drag Force [N] spectra for the different velocities tested for
spacing 1 and exposure 2 ($=0.2m). Upper figure: windward cable; Lower figure:

leeward cable.



114

Windward Cable

Spacing2-Exp 1 -

e
@
frequency [Hz}
Spacing 2 - Exp 1 - Leeward Cable
(100102 F oorrermrmererp st Emp—— T e T
A
@

frequency (Hz]

Figure 3.46 Drag Force [N] spectra for the different velocities tested for
spacing 2 and exposure 1 (S=0.2m). Upper figure: windward cable; Lower figure:

leeward cable.
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Figure 3.47 Drag Force [N] spectra for the different velocities tested for
spacing 2 and exposure 2 ($=0.2m). Upper figure: windward cable; Lower figure:

leeward cable.
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The mean values were a bit smaller for exposure 1 (more turbulent flow) and the
variance was bigger for the same exposure. The mean values of the leeward cables were
slightly smaller than the front cable mean values, but at this relative magnitude they can be
considered, in engineering terms, as being the same. The effect of the wake of the
wirdward cable on the behaviour of the leeward cable was not studied here, but it should
be investigated for closer separations between cables.

A comparison of the force spectra for the two cable sags tested, with V=5.7m/s, is
presented Im figures 3.42 and 3.43. Contrary to cables 1 & 2, the spectra of cables 3 & 4
presented distinguishable ﬁeaks at the expected natural frequencies of the cables, although
as the frequency increases they start to overlap and a proper identification becomes more
difficult. The poésible reason why the peaks are more distinct is that the velocity is a bit
smaller and the mass per unit lengtl. is bigger, therefore bringing the aerodynamic damping
to a lower value in relation to the first models. At the range of frequencies between 204z
and 304z a more pronounced peak appears, although the spectral density value at these
frequencies (S(/} only) is not so big.

Figures 3.44 to 3.47 show the force spectra for the different velocities tested for
cable sag 5=0.20m. As in cables 1 & 2 the lower velocity has the peaks more clearly
defined. The big peak f3(f) is centered around 20Hz. They were always less pronounced
for the leeward cable. When the cable spacing increases, these peaks maintain roughly the
same intensity for the windward cables, but are smaller for the leeward cable, diminishing
with increasing spacing. The turbulence intensity level differences did not seem to cause

significant effects. A possible explanation for the high peak energy at higher frequencies
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could be attributed to coupling of cable frequencies from out-of-plane and symmetrical

and antisymmetrical in-plane modes, where the frequencies of these modes all converge.
The spectra for cables 3 & 4 were effectively the same. Although they had

different E4 values, the resultant A’ allowed the same symmetrical in-plane natural

frequencies. For that reason, cable 3 results only are presented.

3.4.3 Theoretical prediction

Again, the statistical method using influence lines described in Chapter 2 is
employed for the theoretical prediction of the cable responses and comparison with
experimental values. Model 3 and exposure 1 are chosen for the detailed calculation

(below) and Eqs. (2.28) and (2.30) are used for the other cases.

Cable data: Span length, L = 3m; sag, § = 0.20m; cable length, / = 3.04m; mass per unit
length, m = 0.0034 kg/m; fundamental frequency (pendulum), f,=1.26Hz, fundamental
mode shape, 1, (%)=sin (tx/1).
Wind data: Mean wind speed, V' = 5.7mvs at reference height, z = 0.54m; air density,
,= 1.2 kg/m’; the reference velocity pressure is, therefore, ¢ = 19.5 Pa; longitudinal
turbulence intensity, /, = 0.14; transversal scale of the longitudinal component of
turbulence, *L = 0.31m ; exponential decay factor for "narrow band" correlation, C = 7.
Aerodynamic data: Drag coefficient times cable diameter: C;,d = 0.0016m.

The response, r, which will be considered is the drag force on the cable support, for

which the influence line is ifx) = x /1.
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a) Mean response:

Using equation (2.13) we find:
r=0.0474N=483 gf

b) Background response:

Equation (2.16) allows:

(2 g Cp d1,)* =7.63E-05 N/m?

’

[f e'(|’°""1"')§"7dmc' - 053w

oJdo
and therefore
rg= 00064 N =0.648 g/

¢) Resonant response:

The procedure is shown in detail for the first mode of vibration. The value of

SiSoilf) 1s calculated from equation (2.22), by using:

(29 C, dIy =17.63E-05 N/m?

f Sv(f1)
2

v

= 0.06 (fromFig. 3.13)
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1o =t fras o o ,
j I e 7 sin(—)sin (—)dxdx = 1.54m
0J0 i )

which gives  f,S5,,(f) =7.05E-6 ¥

The aerodynamic damping is obtained from (2.8):

_(1)(1.2x0.0016\( 5.7 \_ oo
Q““(m)( 0.0034 )(1.26)‘2%

!
The participation factoris: m Io sin (%)% dx = m097 &g

The modal mass is: mI; sin? (%)aﬁc =m1.52 kg

The resonant response is then obtained from (2.26):

~ T
r 1 = (=
R 2

7.05E—6 (0.97
0.2 1.52

)= 0.0034 N=0.342 g
The total rms response is then:

7= 0.0072N¥=0.739 gf

Table 3.11 presents RMS values of the drag force at one extreme of the cable
obtained from the measurements (total) and calculated (background) from theory using

the estimated values of the transverse length scale of turbulence. Theory predicts well the
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mean responses and now, in contrast to what was found for cables 1 & 2, the background
response alone is not enough to predict the total RMS response measured. The resonant
response for the first mode was then included in the total (calculated) RMS response and
this was then enough to predict the experimental findings. But remembering that there are
uncertainties in the determination of “L, and that the value used was from the fit of the
correlation curve by an exponential function and the area under the real curve seems to be
actually lower than the area given by the fitting curve, it is possible that the inclusion of
more components of the resonant response may be necessary if lower values of *L, are
used in the theoretical prediction. These findings agree with the spectra of cable 3, which
show distinct peaks at the natural frequencies, in contrast to cables 1 & 2, for the

velocities studied.

Table 3.11 Comparison betweggiiineasured (total) and calculated (background) RMS
values of drag (L =0.31x for exp. }:and L =0.34m for exp. 2).

Model [Exposure |Velocity | Intensity of | RMS [gf] | RMS [gf]| RMS Ratio
[m/s] turbulence calculated | measured| Calc./Meas.
6.2 0.770 0.835 0.92
cable 3 1 5.7 0.14 0.651 0.713 0.91
S§=0.2m 5.0 0.501 0.557 0.90
33 0.218 0.274 0.80
6.3 0.649 0.709 0.91
cable 3 2 5.7 0.11 0.531 0.603 0.88
S=0.2m 5.0 0.409 0.493 0.83
34 0.189 0.251 0.75
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3.4.4 Correlation between cable forces

The correlation between the windward cable and the leeward cable forces at one
extreme of the cable was calculate'd for each spacing, velocity and exposure studied. A
Correlation Coefficient R (F,’, F,’) was determined, as shown in table 3.12, by

normalising the correlation by its standard deviation:

Rua(Fl, Fy = LD (329)

where:

F(l,y, F(2,t) = fluctuating components of drag force at cable supports:
1-windward, 2-leeward.

Of, , O, = Standard deviations (or rms) of drag force at points 1 and 2.

The correlation coefficients are practically invartant with wind speed, for each
spacing and exposure. They are bigger for the smaller separation, around 0.7 to 0.8 for
exposures 1 and 2, and around 0.6 for the bigger cable separation, for the same exposures. -
It is expected that for smaller cable separations the value of the coefficient will rise.

For highly turbulent winds, as those inside cities for instance, it is expected that
the correlation will diminish and cables may move independently from each other. If the
cables' spacing is short, there is a possibility that clashing between them will occur.

This was tested qualitatively during the experiments by submitting the cables to
the wake generated by a person's body, i.e., a person stayed in front of the cables (at
midspan) and his body's wake made the cables lose correlation and move in different

directions. If they were closely separated they would clash. In a wind tunnel test where
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quantitative results are necessary, an understanding of the effects of other bodies' wakes
on the cable models is imperative. Theoretical expressions for the prediction of this cable

behaviour are being developed and are expected to be published in the near future.

Table 3.12 Correlation coefTicients of the drag forces at one extreme of the cables.

Sag | spacing | Exposure | Velocity Correlation Coefficient
[m] [m] [r/s]
6.2 0.667
1 5.7 0.717
' 5.0 0.786
0.16 3.3 0.720
6.3 0.711
2 5.7 0.746
5.0 0.792
0.20 3.4 0.772
6.2 0.603
1 5.7 0.620
5.0 0.645
0.32 3.3 0.516
6.3 0.634
2 5.7 0.629
5.0 0.634
3.4 0.450
0.30 0.16 1 5.7 0.745
0.32 1 5.7 0.653
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Figure 3.48 shows the simultaneous time series for the cables with spacing 1,
exposure 1 and V=5.7ms.

Figure 3.49 shows the cable mode! displacement under the simulated wind.

The coherence between these forces were also calculated and one case is shown
in figure 3.50 for Exposure 1 and velocities 5.7m/s and 3.3m/s. Equation (3.23) was used
for the calculation, where points 1 and 2 now correspond to the drag forces at one
extreme of each cable. From the figures {only two are shown) the following observations
can be made:

-- the flow turbulence made only a small difference in the coherence of cable
forces, these being slightly less coherent for the more turbulent flow.

-- the coherence between the forces at the two supports is smaller for the larger
separation, for the same kind of flow, and decreases with wind velocity. The difference in

coherence between the two separations is also smaller for lower velocities.






Figure 3.49 Cable model displacement under simulated wind.

125




126

Coherence Exp 1 velocity 3.3 m/s

2
+

o
i

Sqr(Coherence)
o O O
H O D

O 0 O ¢
A A

(]

o

frequency [Hz]

® separaton1 * separation2

Coherence Exp 1 velocity 5.7 m/s

0.7- RSP

o
o

o
b

o
H

Sqr{Coherence)

o oo
- N ow

o

(o]
—_
o

frequency [Hz]

Figure 3.50 Square-root of coherence of drag forces at one cable extreme for
the two separations tested and two velocities, for exposure 1.
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3.5 Comparison with Ferraro's full-scale data

As one of the main purposes of this part is to develop a wind tunnel modelling
technique for transmission line cables, it is important to check full-scale experimental data
when available. From the measurements of Ferraro (1983), normalised power spectra of
wind speed and transverse swing angle (which can be directly related to drag) are shown
in Figs. 3.51 and 3.52 for the Ontario Hydro's Lambeth transmission line, and in figure
3.53 for the John Day-Grizzly line located in northern Oregon, USA, for different wind
storms. The approximate characteristics of wind and cables are given in table 3.13. These
lines do not relate directly to the models tested, but are typical lines and serve well for a

qualitative comparison.

Table 3.13 Characteristics of wind and cables for full-scale transmission lines
(approximate values).

Line V [m/s) d[m] C, [m] m [ke/m] S [m]) S, [#]
John Day 13.0 0.041 1.2 3.0 9.1 0.18
Lambeth 6.0 0.028 1.0 1.7 14.0 0.15

It can be seen that the spectra of Figs. 3.51 and 3.52 contain peaks corresponding
to the natural frequencies of the cables and even a pronounced peak at higher frequencies
corresponding to the tower natural frequency. The other line (John Day) did not have the
peaks so pronounced. From table 3.13 we can infer a higher aerodynamic damping for this

line in relation to the Lambeth line. At least qualitatively, the wind tunnel tests agree with

Ferraro's full-scale data.
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Figure 3.51 Normalised power spectra of (a) wind speed and (b) transverse

swing angle for a full-scale transmission line - November 26, 1979 storm, Lambeth,
Ontario (after Ferraro, 1983).
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Figure 3.52 Normalised power spectra of (a) wind speed and (b) transverse
swing angle for a full-scale transmission line - March 13, 1980 storm, Lambeth,
Ontario (after Ferraro, 1983).
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Figure 3.53 Normalised power spectral densities of transverse swing angle
for John Day-Grizzly transmission line, Oregon, USA (after Ferraro, 1983).



CHAPTER 4

WIND FORCES ON TOWERS

4.1 INTRODUCTION

As already stated in chapter 1, transmission towers exist in many shapes and are
made generally from steel or wood. The majority of transmission line networks, however,
are supported by steel lattice towers, as shown ir; figures 1.1 to 1.3.

There are two ways of calculating the wind loads on lattice towers:

a) The first method is to determine the loading on each tower member separately
and add them to determine the total load. For that, one need to know the geometric
properties of each element as well as its aerodynamic force coefficient and design wind
speed. For a typical tower, which is constituted of many structural elements, this is a very
time consuming process.

b) The other way is to determine the loads on sections of the structure (including
several elements) for which there are aerodynamic force coefficients available. The total
force is also obtained from the summation of these partial loads, but it is a more practical
and less time consuming procedure.

A fundaraental concept is the solidity ratio ¢, defined as the ratio between the
total frontal area of all individual members (effective or solid area), A, , and the frontal
envelope area, A, i.e., the area of the limiting surface that includes all the individual

members:

131
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b=A;/A (4.1)

-

where the frontal areas are the areas projected in a plane perpendicular to the wind
(shadow area). Solidity ratio must lie in the range 0 ¢ < 1, with ¢ = 1 representing a
solid body.

The drag forces on the tower's sections are determined by putting models or
full-scale sections of the tower in wind tunnels and measuring the loads induced by
uniform or turbulent winds, through load cells at the base of the sections. The total force,
F, obtained is then divided by the dynamic pressure, g, and by the effective area, 4, and a

drag coefficient is obtained:

Cp=—"F1 (4.2)

This drag coefficient is then associated with its corresponding solidity ratio,
becoming suitable for codification purposes. The process automatically includes the effects
of shielding caused by front elements on other elements located in their wakes. As an
example, a comparison made by Blessmann (1990) of values of drag coefficients for a
lattice tower of square cross-section given by some wind codes and researchers is shown
in Fig. 4.1. NBR-6123 is the Brazilian wind code (1988), DIN4131 2 German code (1969)
and NV-65 a French code (1980).

There are many works dealing with wind forces on lattice towers. For more

insight the works of Cook (1990) and Georgiou and Vickery (1979) are indicated. Data
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and design indications can be obtzined from appropriate codes and also from Walker

(1975) and Bayar (1986).
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Figure 4.1 Drag coefficients of lattice towers of square cross-section (from
Blessmann, 1990).

A more convenient form of drag coefficient, C,,’, for the purpose of load analysis

is based on the projected enclosed area of the front face, i.e.,

Cp' = Asolid) / Afenclosed) C,= ¢ C, 4.3)
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Thus, there are two alternative ways of determining the drag:

F=12pV C," Afenclosed) = 1/2 p, V* C,Asolid) 4.9

-~

N~

However the solid {or effective) area at any section of the tower is difficult to
estimate, whereas the enclosed area may be represented as a simple function of height.
The wind speed was assumed to be uniform in the example above just for

simplification, but it is very well known that the variation of mean wind speed with height

in the lower part of the atmospheric boundary layer follows a logarithmic law of the kind:

Vi =% Un ln% (4.5)

where V(z) is the mean speed at some height z from the ground, & = 0.40 is the Von

Karman constant, . the friction velocity and z, the roughness length.
It is a fair approximation, however, to represent the mean velocity variation with

height by a power law function:

r«:):z‘/ﬂ(%)“ (4.6)

where Vy is the mean wind speed at the reference height A, here chosen as the tower's

height, and o is the power law exponent, a function of the terrain roughness.
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A somewhat improved form of these laws can be obtained if the heights are
measured not from the true ground but a false ground which varies with the height of the
roughness elements of the terrain. This correction can be significant in densely developed
areas where the effective ground plane tends to be nearer the average roof height (in case
of buildings) rather than at true ground level. In general, transmission towers are located
in open terrain and, for the purposes of this work, Eq. (4.6) will be adopted.

As already described in previous chapters an important tool in the analysis of the
response is the use of influence lines or functions. Figure 4.2, e;ctracted from Cook (1985),
shows the influence function for axial tension, F,., in a bracing member of a léttice tower
of the Eiffel type, in which the lines of the main legs of the braced panel would intersect if
produced upwards. The unit load at C, immediately above the braced panel, produces the
maximum tension in the member. The unit load B at the intersection point of the legs has
no effect on the bracing member, since the load is resisted wholly by the main legs. The
unit load A at the top of the tower puts the bracing member into compression. The
influence line is therefore positive in sign below B and negative above it. Such towers are
frequently shaped so that the main legs intersect at the center of pressure of the mean wind

loading profile with the objective of minimising the loads in the bracing members,
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T 4

Figure 4.2 Tension in shear bracing member of lattice tower (after Cook,
1985).

Wind loading is by its nature a dynamic force, whose effect on a structure as a
whole is to start it vibrating at its natural frequency and so inducing dynamic bending. This
causes shear and bending stresses at all points, depending on the mass and acceleration of
that point.

To obtain the natural frequencies and mode shapes of the towers a lumped-mass
solution may be employed by dividing the tower height into a number of sections and
lumping the mass of each section at discrete points. The stiffness properties between
nodes can be obtained by considering the stiffness of individual members, and combining
these into a local stiffness matrix. By assembling the contributions from all sections, a

system of equations can be written as;
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M} + Kl{y} =0 4.7

where [M] = mass matrix;
[K] = stiffness matrix;
{y} = vector of honizontal deflections at each mass point.

By defining the circular frequency, ©, by the equation:

@ = 1%1 (4.8)
we end up with:
(K1-o*M]){y}=0 4.9)

The eigenvalues and eigenvectors give the free vibration natural frequencies and
mode shapes for an undamped system. For more insight in dynamic analysis of structures
and the introduction to other methods of analysis, the classical textbooks of Clough and
Penzien (1993) and Thomson (1993) are recommended. A more common approach
nowadays is to use a finite element method software and introduce the whole structure
into the computer for analysis. Guidelines on computer use in transmission tower design

are given by Lo et al. (1975).
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Tower motion is generally dominated by structural damping, being also strongly
influenced by damping of aerodynamic origin. Typical values of structural damping for

transmission structures are given in table 4.1, which is extracted from ASCE (1991).

Table 4.1 Approximate dynamic properties for transmission structures.

Type of structure Fundamental frequency f, [Hz] Damping ratio
Lattice tower 2.0-4.0 0.04
H-frame 1.0-2.0 0.02
Pole 05-1.0 0.02

The aerodynamic damping for the tower can be estimated by ﬁsing modal analysis

(oSl G
Y Ccm 2 Coj M;

(4.10)

where C;” is the modal damping at mode j, C,,,, the critical modal damping and M, the

modal mass at the jth mode of vibration. The modal damping is given by:

H
q=ch3¢ (4.11)

with C=p, V C, w. Recognizing that generally the mean velocity ¥, the drag coefficient
C, and the tower's width w do vary with height, we have:

a IV Cow@p2(2)dz
ga,=[ 0 )Jo (@CoEWERAE) “)

4nfr, 4 m(2)W} (2)dz
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4.2 THEORETICAL APPROACHES

4.2.1 Statistical method using influence lines

Based on the considerations above and the statistical method described in 1.3.3
we can write the main equations assumed for the calculation of each of the three-'1ds of

response of the tower. The load on a small cross-section of the structure will be:
dF(z) = 20 PHACoEIW()dz (4.13)
for the mean component, and

dF(z,1) =, V (2) v(z,8) Cp(z) 6(z) w(z) dz (4.14)

for the fluctuating component. The three kinds of response are then:

4.2.1.1 Mean response

The mean response is given by:
H -
F =], 3P V@) 0(ECo() wie) i) s (4.15)

using Eq. (4.6) we have:

_ L\ .
F=lp [l (£) 00 Cowa i
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or,

. \ 2%
r=qu I: (;) 9(z) Cp(z) w(z) i(z) dz (4.16)

4.2.1.2 Background response

The background response is given by:

Fi=] :’ | j’ PECH(C(= WG YWV, DIV W, iz ) w@w(E Ydzdz

73=p3] : J f Co()CoE WEE WEE 16,0, RV, v @i W Ydzds
(4.17)

where R(v:, vs) is the cross-correlation coefficient between v at the two heights z and 2’

and can be expressed by:

v(z, )v(z ,0)
R(v.,v.)= W = g (82/%Ly) (4.18)
where Az= z—z'l . Then:

73=p20i%; [, |, Co(:>co(z’)¢(z)¢(z’>(§) (ft_z) e 6L i2)iz (I Ydladz

or,

!

Fi=an 1), | Co<z)co(z’>¢(z)¢<.~')(?})u(%) e i (e Ydzdz

(4.19)
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4.2.1.3 Resonant response

The equation of motion in modal co-ordinates for a structural system subjected to

a dynamic force can be written:
My + Gy + Ky = Q0 ) (4.20)

where y, is the generalized co-ordinate or modal amplitude; M, , C, and K are,
respectively, the generalized mass, damping and stiffness of the jth mode while (7) is the

generalized force given by:
H 7
Q=] F 0ne)d @21)

The loading in this case is the wind and this may be expressed in terms of the
fluctuating component of wind velocity by making use of Eq.(4.14). In practice , however,
the presence of the structure tends to distort the turbulent flow and this applies
particularly to the small high-frequency eddies. Davenport (1961) suggested the
introduction of a correction factor to take account of this effect, which was termed

Aerodynamic Admittance Function, (/). Then:

0/ =X, P VW= ACOEAEWEI(E) de 422)
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The spectral density of the modal generalized force is then:

St =PBW], [, CoEICoE O TEVEIS e, 2 b wlewie! s
(4.23)

where S,(z,z'f) is the cross spectral density of wind velocity, which is used in the

~ calculation of the correlation of the individual frequency components of wind turbulence,

or coherence; ) o
Sv(—,a
Y2,/ M— (4.24)
Sy (f)Sv(f)

The square root of the coherence, when plotted against the reduced frequency, can be

approximated by an exponential function of the form:

Clazlf

YAz,f)=e o (4.25)

A representative non-dimensional form of the power spectral density of the wind

can be given by (Davenport, 1987):

5% _,, 045( J ‘)) (4.26)

0-2
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Although the wind spectra, and therefore the ccherence, do vary with height, it is
common to assume it consiant and adopt a value of V(z) = Vun, i.e., to consider the mean

vélocity at ‘nid-height in Eqs. (4.25) and (4.26). Therefore, the spectra of the generalized

force becomes:

Sol) =0 S A, [l CotICotz 1005 ) (2)
=2 MW EwEWwEYdzd?  (4.27)

or, multiplying by 1, :

50t = Cant L2 [ [7 Comrcaene(5) (5)
e~ Ty (), (2 Yw(2)w(s’)dzds’  (4.28)

The variance of the generalized modal co-ordinate, y, can be given

approximately by:
) = =B = 550 () (4.29)
4(§aj+c.|3) Kl

which is obtained by integrating the spectral density for modal response (displacement)
over a narrow band in the vicinity of the natural frequency corresponding to modej. K, =
@7 M, is the modal stiffness, with the modal mass given by:

M; = [ m(@p(z)dz (4.30)
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The resonant response for local effects (shear, bending moment, etc.) is obtained

by multiplying the square root of Eq. (4.25) by the response participation factor:

Fy=0a0))f, mASi@iEE 431)
and therefore:
;= (2L Sa B fo M) 1) i) & @32
4 Ca+8s) 7 me)pie)d:

4.2.1.4 Total response
The total veak response 7 is given by:

r=F+g7F (4.33)

with the totai fuctuating respense 7 (rms value) being:
F= [F2+37%, (4.34)

The statistical peak factor g, is given by:

f 0.577
s = o 21 i e 4.35
& nloD JZIn(nD (4.35)
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with the time T being around 1200 s to 3600 s and the crossing rate v estimated by:

) 272_
n2=~—g’—f—’2 (4.36)
r'sp +Zrm

4.2.2 Current Procedures

4.2.2.1 Velocity gust factor

The current procedure for the design of transmission structures is largely based
on the assumption of a static behaviour of the structure. A certain pattern of wind Ioading'
is assumed, generally a power law profile for velocities, the aerodynamic force coefficients
are determined and the corresponding pressures calculated. The peak wind velocity used

can be estimated by:

f/= 7"*' g;cv
or,

A —

V= V[l +g,°=V”] =V(1+g. 1) 4.37)

The hourly mean wind sgeed is multiplied bv a gust facter and, therefore, the

corresponding mean wind pressure by the square of it.
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4.2.2.2 Gust response factor

An attempt to consider dynamic effects on the response of these structures is
made through the Gust Response Factor (GRF) method suggested by Davenport (1979).
This is incorporated in the ASCE (1991) guidelines for the loading of transmission
structures, but with the resonant response component neglected. The approach is based on
statistical methods which takes account of the spatial correlation and energy spectrum of
the wind speed and the dynamic response of the transmission line system. The peak

response is given by:

t=Fpi G, (4.38)

where Fp is the mean wind drag force, i, an influence coefficient and G, the gust response

factor for the tower and is given by:

G:=1+0.75g.E. /B, +R, (4.39)

with the exposure factor £, being:

E.=J24x (Z—"f)a (4.40)

ho

where = is the reference height, 4, the effective height (at the approximate center of

pressure of the structure), ¢ the power law exponent and x the surface drag coefficient for

which typical values are given in table 4.2,
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Table 4.2 Typical values of the surface drag coefficient x (Davenport, 1979).

Type of Terrain Power Law | Surface Drag Coefficient
Exponent « K (z,=10m)
Open country, flat shorelines 0.10 0.0015
Farmland, scattered trees and buildings 0.16 0.0050
Woodland, Suburbs 0.28 0.0150

The dimensionless resonant term R, is:

=513
R =0.0123(’%) (4.41)

o

X

where £, is the tower's natural frequency, ,the mean wind speed at effective height A_

and { the tower's total damping (structural plus aerodynamic).

The dimensionless response term corresponding to the quasi-static background

wind loading on the tower, B, , is given by:
Bee—l (4.42)
1+0.375H/L, ’
where H is the tower’s height and L the transverse integral scale of turbulence.
There are, however, some simplifications in the GRF method. It does not account
for unbalanced loading effects, or shear and axial loads, nor the effect of higher modes of
vibration in the calculation of the response factors. A unified approach for a variety of

structural responses is possible through the statistical method using influence lines,

described in 4.2.1, which can easily incorporate all those factors.
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43 CALCULATION OF THE RESPONSES

Several responses due to certain assumed wind characteristics were calculated for
some typical transmission towers. These values were obtained considering transverse wind
on the tower only. The consideration of the wind action on the conductors as well as the
dead weight will increase the loads on the members. Also, the consideration of the
conductors' masses will, in general, decrease the natural frequencies of the towers,
therefore increasing the resonant response. The Aerodynamic Admittance Function was

assumed to be equal to unity in the analyses.

4.3.1 Towerl

Shown in Fig. 4.3, this is a typical example of a suspension transmission tower,
which was extracted from the example given by Zar and Arena (1979). In this reference,
only the main members are given and, therefore, an assumption regarding the other
members was made. From the characteristics of the structure the solidity ratio, ¢(z), drag
coefficient C,(z), mass distribution, m(z), natural frequencies and mode shapes as well as
influence lines for tension in some members were obtained (Figs. 4.4 to 4.10).

To initiate the investigation the following properties were assumed for the wind:
mean wind speed of 35 m/s at the tower's height (H = 33.2 m), a terrain between open
country and suburban, and therefore the power law exponent o = 0.16, vertical length
scale of turbulence "L, = 50 m, exponential decay factor for narrow band correlation C = 8.

Different values of damping were used to study its influence on the resonant response.
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Table 4.3 shows the responses (tension) calculated for some members adopting

the approach described in 4.2.1. In this example a structural damping § of 3% of the

critical was assumed and the aerodynamic damping was considered as well. Using Eq.

(4.12) the values were: {,, = 0.039 and {, = 0.013. A statistical peak factor g, = 3.6 was

adopted.

Table 4.3 Forces in some members considering aerodynamic damping.

member | FIN} |7, M | F, IM | P, INI| F [N | F W] G
12113 2484 944 9 87 948 5897 2.4
L10 46675 | 14719 3630 273 | 15162 | 101258 2.2
2 2154 685 285 60 744 4832 2.2
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From the results given in table 4.3 it can be seen that for members 12/13, which
have reversal in the forces depending on the load position, the resonant response in the
second mode is bigger than the resonant response in the first mode of vibration. For the
other two members the response in mode 1 was dominant. A response factor G was
calculated by dividing the peak response by the mean response and is also shown in the
table. These values were compared with the results given by the Gust Response Factor
method presented in 4.2.2.2. The parameters adopted in the GRF method are: .= 0.16, H
=33.2m, ¥V, =35mks, z,,~ 10 m, V,,=28.9 mss, k= 0.005, b, =22.15 m, V,=32.8 mss, g,
=3.6,L,=50m, f.=2.4 Hz and { = 0.069. The value of the gust response factor obtained
was G, = 1.8, which must be multiplied by the mean response to obtain the design value,
It can be seen that the statistical method using influence lines gives larger (20-30%) peak
responses than the GRF method.

Figure 4.11 shows the influence of the damping in the calculation of the resonant
responses. The comparison is made for values of { ranging from 0.01 to 0.10 which are
considered limit values. It can te seen that within this range the resonant responses can
have their values doubled. As the correct structural damping is not easy to estimate, an
allowance for the possibility of smaller values of { should be made since this means higher
resonant loads. Although this influence sometimes mz' not be so big in terms of the total

fluctuating component, increased resonant loads may lead to fatigue problems.
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Unfortunately tower I did not have the design values due to "wind only"
available. The results obtained however, instigated the necessity of going further in the
analyses and work in a tower for which design values were available (from a Utility

Company) and that is what is done next, for tower IL.

Resonant Response

—+..

mode 1 - member 12
-=-

mode 2 - member 12
e

mode 1 - memberL10
—-

mode 2 - member L10
-

mode 1 - member 2
-

mode 2 -member 2

Member Force [N]

1 .00 I T I L) i T T T
0.01 0.10

Damping (% of critical)

Figure 4.11 Influence of damping on the resonant responses (tension) for tize
first two modes of vibration of some members of tower L. -
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4.3.2 Tower II

This is shown in Fig. 4.12 and it is, again, an example of a suspension tower, but
a slightly different configuration. The mass distribution, m(z), natural frequencies and
mode shapes, solidity ratio, ¢(z), and drag coefficient distribution, Cpz), as well as
influence lines for tension in certain members are shown in Figs. 4.13 to 4.20.

Initially the response (tension) due to wind action was calculated in member
F3AT of the isolated tower. The mean, background and resonant components of the
response were obtained following the formulation presented in 4.2.1.

As an example, the response in the member was calculated for two kinds of
terrain (open country, o = 0,10, and suburban exposure, o = 0.25). An open country wind
speed of 50 ms at the towers top, H = 43.9 m, was assumed, together with a
corresponding velocity for the suburban exposure. The results are shown in Table 4.4 with
the assumed parameters: turbulence length scale, L, = 50 m, exponential decay factor for

narrow band correlation, C = 8, tower damping { = 0.01 and statistical peak factor g=3.6.

Table 4.4 Effect of different exposures in the response calculation.

V,ms]| o FIN | %N | 7 M| 7% ] FIM] G
35 0.25 2457 1441 108 440 7895 32
50 0.10 6310 1318 126 577 11510 1.8

The influence of the mean speed, V(z), the power law exponent, «, the
exponential decay factor for marrow band correlation, C, the vertical scale of the

longitudinal component of turbulence, °L, , the mode shape and the damping ratio in the
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response was examined. Some results are given in table 4.5 (these values were determined
using the same parameters as for table 4.4) and others shown in Figs. 4.21 to 4.24.

Fig. 4.21 shows the variation of the mean response with wind speed for three
power law exponents. The response increases as /(z) increases and o decreases, but the
influence of the velocity is dominant.

Fig. 4.22 represents the variation of the background response with L, for two
cases of wind speed and power law exponents. Again, the influence of the velocity is
predominant but now an increase in & (and consequently an increase in the turbulence
intensity /, ) causes an increase in the background response. A variation in L, does not
cause significant alteration in the response, at least in the range 30-60 m, which is the same
order of magnitude as the tower's height.

Fig. 4.23 shows the variation of the root square of the spectrum of the
generalized force at the natural frequency of the jth mode (SGF) with the exponential
decay factor C and the mode shape, for two velocities and power law exponents. The
value of SGF diminishes as C increases. It is bigger for mode 1 and increases with wind
speed.

Fig. 4.24 is similar to Fig. 4.23 except that it shows the variation of the total
resonant response varying with the same parameters as Fig. 4.23. Now, the combination
of the influence line for member F3AT with the 2nd mode shape makes the ratio between
the response participation factor and the generalized stiffness bigger than the
corresponding ratio for the first mode, making the resonant response bigger in the 2nd

mode. Also, an increase in the power law exponent causes an increase in the resonant
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response. In reality, however, a bigger ot comes together with a smaller wind speed and
the smaller roughness terrain will still give the bigger response. A total damping of 0.01

was assumed and, of course, a lower value, although not likely, would increase the

response.

Table 4.5 Influence of different wind speeds and exposure in the responses.

v, [m/s] 30 30 50 50

o 0.25 0.10 0.25 0.10
FoOV 1805 2272 5015 6310
7, [N 1059 474 2939 1318
Far _[N] 70 14 285 126
7y [N 285 137 1198 577
7N 5762 4049 16487 11510
G 3.2 1.8 3.3 1.8
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Figure 4. 21 Variation of mean response with wind speed and exposure.
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Figure 4.22 Variation of the background response with the vertical scale of

longitudinal turbulence.
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Figure 4.23 Variation of the root square of the spectrum of the generalized
force with the exponential decay factor and mode shape.
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Figure 4.24 Variation of the resonant response with the exponential decay

factor and mode shapes.
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The method was then applied to other members and the responses calculated
(tables 4.6 and 4.7). A third velocity value was included (Vy= 42.4 m/s and & = 0.143)

because that is the value adopted by the Utility Company from which the tower was
obtained and the responses given by different methods will be compared for this value.
From the analysis of these tables it can be observed that, for the members in which there is
reversal in the efforts depending on the load position, the resonant response in the second
mode of vibration was bigger, by four to five times, than the corresponding one in the first

mode. Although this effect is not as severe interms of resulting stresses when all the

Table 4.6 Member responses for: L, = 50m, C=8,=10.01.

member Fl F3AT
V, [ms] 30 50 424 30 50 424
o 0.25 0.10 0.143 0.25 0.10 0.143
F M 27119 84073 58529 1805 6310 4248
7, M 13499 15865 16050 1059 1318 1312
Foy [N] 7606 13651 12090 70 126 112
Fop [N] 1397 2824 2413 285 577 493
F OV 83125 | 160102 | 131387 5761 11509 9310
G 3.1 1.9 2.2 3.2 1.8 22
member FiT PoT
v, [ms) 30 50 42.4 30 50 42.4
o 0.25 0.10 0.143 0.25 0.10 0.143
F M 2780 10176 6757 6041 24424 15725
7, [N] 1665 2125 2099 3836 5183 5035
., [N] 87 157 139 149 268 237
Fop [N 368 743 635 698 1412 1206
Y 8927 18300 14668 20088 43787 34383
G 3.2 1.8 22 3.3 1.8 22
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components are computed in the peak response, it can lead to fatigue problems and

therefore decrease the nominal strength of the members in a shorter time than expected.

Table 4.7 Member responses for: L, = 50m, C=8,( =0.02.

member Fl F3AT
Vv, [ms) 30 50 42.4 30 50 42.4
o 0.25 0.10 0.143 0.25 0.10 0.143
Y 27119 84073 58529 1805 6310 4248
s [N] 13499 15865 16050 1059 1318 1312
7oy [N] 5383 9661 8556 50 89 79
For [N] 989 1999 1708 202 408 349
FIN) 1st&| 79558 | 151329 | 124294 5690 11287 9144
2nd modes
FINM)1st | 79437 | 150943 | 124006 5622 11066 8980
mode only
Gist& | 29 1.8 .| 21 3.2 1.8 22
2nd modes
G st 2.9 1.8 2.1 3.1 1.8 2.1
mode only
member F1T POT
V, [ms) 30 50 42.4 30 50 42.4
o 0.25 0.10 0.143 0.25 -0.10 0.143
7 M 2780 10176 6757 6041 24424 15725
7, M 1665 2125 2099 3836 5183 5035
7oy [M 62 111 98 105 190 168
7oy [N] 260 526 449 494 999 854
FIM 1st&| 8851 18067 14492 19970 43439 34120
2nd modes
PN 1st | 8778 17836 | 14322 19856 43095 33861
mode only
Glst& | 3.2 1.8 2.1 3.3 1.8 2.2
2nd modes
G 1st 3.2 1.8 2.1 33 1.8 2.2
mode only
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Table 4.8 presents response values (force on members) calculated from different

methodologies. The design values (due to wind only) used by the Utility Compavny are

compared with the Gust Response Factor method and the statistical method using
influence lines (SIL). The parameters adopted in the GRF method are: o = 0.143, H =
43.9m, V, =424 ms, 2, =10 m, V,, =343 mss, x = 0.004, h, = 29.3 m, V, = 40 mss, g, =
3.6, L, =50 m, f. = 1.7 Hz and § = 0.02. The value of the gust response factor obtained
was G, = 1.8, which was multiplied by the mean response to obtain the design value. The
Utility method does not consider any dynamic effects in its procedure.

From the analysis of the table it can be seen that the SIL gave always higher
response values than the GRF method and also the Utility method. The results show that
there can be an increase of more than 30% in the members' stresses by using SIL, in
relation to the usual procedure. For the ratio SIL/GRF the difference was up to 20%. This
figure can vary a great deal according to the properties and characteristics assumed for the

wind and structure.

Table 4.8 Forces [V] on members obtained from different methodologies.

member | Utility GRF statistical method using  infl. lines
method | method = 0.01 {=0.02 £=0.02
£=0.02 [1st & 2nd modes | 1st & 2nd modes | 1st mode only
F1T 12635 12163 14668 14492 14322
F3AT 6955 7646 9310 9144 8980
F1 109960 | 105352 131387 124294 124006
POT 33070 28305 34383 34120 33861
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4.4 FORCES ON THE TOWER-CABLES SYSTEM

When there are a number of conductors supported by a tower, it is usual to
consider the maximum load exerted by each conductor and to apply it simultaneously at
the appropriate points (Armitt et al., 1975). These loads are combined with the maximum
insulator and tower loadings. For certain tower members, however, this practice can in

fact constitute a reduction of its wind load. Lets take as an example the two towers

studied earlier in this Chapter (Fig. 4.25).

iac(z) lap(2) Ky(2)

i (a) (b)

vied

T R R R R AR AR RS ERRESERR TS

INFLUENCE MOOE
FUNCTIONS SHAPES

Figure 4.25 Influence lines for tension in tower members.

If we do not consider the loading due to the upper cable, the force on member (b)

will be bigger than if we consider it. Regarding the middle cable, if the legs intercept
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exactly at the height of the insulators' supports, no forces will be transmitted to member
(b), but certainly will for member (a).

This measure could be regarded as too conservative. A good compromise would
be to consider the correlation of loads existing among cables at different heights. This is
not done in this work but is considered worth pursuing and a gooed tool for this study is
the experimental approach described in Chapter 3.

The efforts in the tower members due to wind on cables can be obtained by
employing a method as described in Chapter 2 and using influence coefficients from the
" influence lir.es of each member corresponding to the cables' heights. Those are then added
to the efforts due to wind on the tower and the total wind effect determined.

As an example, table 4.9 presents the forces in some members of tower II due to

wind on cables only. For this the wind velocity adopted was V= 42.4 m/s at H = 43.9 m,
o = 0,143, °L, =30 m, g, = 3.6. The cables were assumed to have a length / = 400 m and

diameters of 0.04 m (conductors) and 0.01 m (ground-wires). Only the mean and

background responses were caiculated, following what was observed in Chapter 3.

Table 4.9 Forces in some members of tower II due to wind on cables only.

member F oIV AN 7 [N G
FIT 515 164 1105 2.15
F1 136752 43624 293798 2.15
PST 614 196 1320 2.15
F3AT 526 168 1131 2.15
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For the members in which there is reversal of forces according to the load
position (Fig. 4.25b), the resultant cable loads are not too big. The contrary is true for the
other members (Fig. 4.25a). A comparison with the values obtained from wind on the
tower only can be seen in table 4.10. The loads on the tower dominate for members such

as those in Fig. 4.25b. Loads on cables had the biggest share in the other case.

Table 4.10 Comparison of wind loads in members of tower II from cables and tower.

member 7 [N (cable) | #[N] (tower)| 7[N] (total) | % cable % tower
F1T 1105 14492 15597 7 93
F1 293798 124294 418092 70 30
PoOT 1320 34120 35440 4 96
F3AT 1131 9144 10275 11 89

As a final observation, it should be mentioned:

Stress calculations in a transmission tower structure are generally based on a
linear elastic analysis, normally assuming that members are axially loaded and
pin-connected, with the stiffer main leg members considered as a continuous beam. Forces
or stresses in the members are usually determined using a computer-aided method of
analysis. There has been, however, some indication (EPRI, 1986 and Al-Bermani et al,
1992) that the linear elastic truss analysis method for transmission towers should be used

with caution and that a more refined technique, meaning a non-linear analytical technique,

would be preferable.



CHAPTER 5§

SUMMARY AND CONCLUSIONS

5.1 OVERVIEW OF STUDY

The behaviour of transmission lines under severe boundary layer winds was
examined. In this context, the thesis subject concerned two main topics:

Firstly, the examination of the effect of scale of turbulence on the response of a
line-like structure (cable model) through wind tunnel tests and the comparison of
experimental results with theoretical predictions made through the statistical method using
influence lines. Consistency with theory allowed the development of a new modelling
approach to conductor systems using a distorted horizontal length scale (span wise) to
accommodate these systems in the wind tunnel. Transverse and oblique wind incidences
were tested. Cables with different characteristics were simulated and correlations between
drag forces at the cables' supports were obtained.

Secondly, from a theoretical approach, the design procedure for the establishment
of wind loading on transmission towers was reviewed and current procedures, such as
Davenport's Gust Response Factor, were compared with the statistical method using
influence lines, which is considered more realistic. This latter approach can account for
unbalanced loading effects, shear and axial loads and the effects of higher modes of

vibration in the calculation of the response factors.
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5.2 SUMMARY OF SIGNIFICANT RESULTS

From the results obtained in the experimental work, it is apparent that the new
modelling approach to conductor systems in wind tunnels is a valid technique. It is
necessary, however, that a correction be made in the values of the variance measured in

the distorted model. Specifically, the findings were:

®  Mean values measured from normal and distorted models agree fairly well among

themselves and with those predicted from theory.

i The variance of the response measured from the distorted model was roughly

double its corresponding value in the normal model. The horizontal distortion of the
cable was ¥ = 50%. In agreement with theory, the variance obtained from distorted

models should be multiplied by ¥, the horizontal geometric distortion of the cable

model, to obtain the real values of the variance of the response.

° From the resulting spectra of the first models (low Ihass per unit length) it can be
seen that, at the model design velocities, the response is all background. The theoretical
predictions in this case overestimated a little bit the fluctuating response; but, due to
the fact that there are uncertainties in the determination of the turbulence length scale,
it can be said that the statistical method using influence lines is a good tool in the

theoretical prediction of the cable responses.



174
¢  From the results of the other models (higher mass per unit length) it can be seen
that the response has both components: background and resonant, for the design
velocities. Comparison with theory was made and in this case the consideration of the
resonant response of the first mode of vibration together with the background response
were necessary to make the total predicted rms response match the measurements.

Again, the same observation is valid: the theoretical method is a valid tool in the

prediction.

. The results obtained demonstrate the effect of turbulence in the dynamic
response. Theory says that the variance is directly proportional to the ratio between
turbulence length scale and the structure’s span, and that is exactly what is
demonstrated in these experiments by modifying the structure and leaving the wind
characteristics unchanged.

* Results obtained from the more massive cables demonstrated that the resonant

response can be important in the total response. It depends on the characteristics of the

structure and of the wind flow.

®*  Aecrodynamic damping plays an important role in the dynamic behaviour of the
cables. This was demonstrated in the experimental results obtained for the lines with
different characteristics studied and also in full-scale experiments made by other

researchers.
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¢  The correlation coefficients of the drag force reactions at the two cables were
fOunci to be almost invariant with wind velocity and bigger for the smallest separation
between cables. The values were slightly smaller for the more turbulent wind. The
coherence between the forces was also found to be smaller for the larger separation

between cables and to decrease with wind velocity.

. The model cables were always successful in qualitatively reproducing full-scale
behaviour of transmission lines. Quantitative comparison was not possible for lack of

similar data.

Several responses due to certain assumed transverse wind characteristics were
calculated for some typical transmission towers. The statistical method using influence
lines (SIL) was compared with the Gust Response Factor method (GRF) and with values

given by Utility Companies (using other methodologies) when available. The main findings

were:

®  Peak loads calculated using SIL were larger than peak loads given by the GRF.
The difference was around 20% to 30%. They were also larger than the values

calculated by the Utility Company by up to around 30%.
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A The dynamic response of transmission structures is strongly dependent on.the

turbulence intensity level and its spectrum, The assumed values of the vertical
turbulence length scale, however, will not cause significant alteration in the response as

long as they are of the same order of magnitude (or higher) than the tower's height.

For members in which there is reversal in the forces depending on the load
position, the resonant response in the second mode of vibration was bigger, even by
four to five times, than the corresponding one in the first mode. Although this effect is
not as severe in terms of resulting stresses when all the components are computcci in
the peak responses, it can lead to fatigue problems and therefore decrease the nominal
strength of the members in a shorter time than expected.

®  From the current results it can be concluded that the incorporation of the
dynamic properties of transmission structures in the design methodologies is needed
and that the statistical method using influence lines is a more correct approach since it

allows for the inclusion of a larger number of factors in the design methodology.
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5.3 RECOMMENDATIONS FOR FUTURE RESEARCH

Information regarding correlation among cable forces located at different heights
(vertical separation), further horizontal separations and different types of terrain, as well as
displacement of cables to verify if they can touch each other, are very important. The
experimental technique developed can assist, in combination with the theoretical approach,
in answering those questions.

The modelling can also be extended to several spans, located side by side, and to
a possible joint modelling of cables and tower structure. In such case it must be
remembered that velocity scaling laws for cables and towers are different: Froude number
for cables and Cauchy number for towers.

It is very important for design procedures to try to establish boundary situations
in which the consideration of the resonant response in the calculation is necessary, and
how many modes of vibration should be considered. This is also possible to be done
through the experimental technique developed.

For the towers, it would be interesting, although very difficult, to try to identify
the exact tower members that have failed in wind related accidents and make a detailed
investigation to see if the statistical method using influence lines can predict any extra load
not taken into account in the design, and this can include the problem of fatigue. Further
investigation in non-linear analysis of the towers and a possible inclusion of that in the

theoretical method would also be useful.



APPENDIX A
STATIC AND DYNAMIC BEHAVIOUR OF A SINGLE CABLE UNDER

UNIFORMLY DISTRIBUTED LOAD
A.1 - STATIC BEHAVIOUR (from Zetlin and Lew, 1979)

The cable will assume a parabolic configuration under uniform load (Fig. A.1),

so the initial curve is assumed to be a parabola.

R S A A A

T w -~ 1 J/T
i
- L

Figure A.1 Cable hanging in a shallow parabola.

The problem is to find:
a) the deflected configuration;
b) the force in the cable;

c) the forces on the supports.
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It is assumed that the uniformly distributed load acts vertically and that the

supports at each end of the cable are on the same horizontal line.

The initial length / of the cable can be expressed accurately enough for design

purposes by:

1=L[1+-§—(%)2] (A1)

The tension 7'is given by:

2 2
T=2L 16(§)
1+16(2

35 (A.2)
The approximate elastic elongation of the cable is:
_ Tl
Al = A, (A.3)
The increase in sag is:
Al
AS= A4
(16115)(S IL)[5—24(S /1)* ] A9

The angle B is given by:

tanB:i(Sz;m (A.5)
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The vertical and horizontal reactions are:

U=TsinB
H,=Tcosf (A.6)

A2 - DYNAMIC BEHAVIOUR : The Linear Theory of Free Vibrations of a

Suspended Cable.

This part is mainly based on the works of Blevins(1979), Irvine (1981) and
Simpson (1965). It assumes small sag to span ratios (<1/8).

If the cable is given a small arbitrary displacement from static equilibrium, the
resulting vibrations will have three components (Fig. A.2): (1) horizontal motion in the
plane of the catenary, X(x,t); (2) vertical motion in the plane of the catenary, Z(x.t); and

(3) transverse motion out of the plane of the catenary, Y(x,t). The spatial form of the free

vibrations associated with each of these components is given by the mode shapes X(x),
Z(x)and y(x), respectively.

Figure A.2 Definition diagram for cable dynamic deflections X, Y and Z.
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In our case ¥(x) has no practical importance and only the other two will be

given. The natural frequencies (all frequencies given in Hertz) and normalised mode
shapes are then:

a) Out-of-plane (pendulum) mode:

T
f g = ﬁ m (A7)
7,6 = () = sin (j-?) (A8)

where j=1,2,3,... signify the first, second, third modes, respectively, and so on, The

frequency of the first out-of-plane mode is the first of any given flat-sag suspended cable.

b) In-plane (vertical) motion:
It is now necessary to separate the in-plane modes in antisymmetric and
symmetric. The form of typical symmetric and antisymmetric in-plane modes of sagging

cables is shown in Fig. A.3.

—ix

ANTISYMMETRIC \SYMMETRIC

Figure A.3 First symmetric and antisymmetric in-plane cable modes.
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In the case of antisymmetric in-plane modes:

m=§ﬁ§ (A9)

al:

3/0= ) = sin(22) | (A10)

Again j=1,2,3..but now signify the first, second, and so on antisymmetric
modes.

For an elastic catenary with spring-restrained ends, the effects of cable
elasticity are confined to the in-plane symmetric modes of oscillation. In this case,
additional tension is induced and is substantially constant with the span. The natural

frequencies and mode shapes of the symmetric in-plane modes are given by:

fa=st|L (A1)
Z,(x) = (p(x)) =1 -tan (%)sin (EL’E) —Cos (iii{) (A.12)

where j=1,2,3,... represent the first, second,.... symmetric modes. The nondimensional

frequency parameter g may be found from the positive nonzero roots of the following

transcendental equation:

wn(%)-(%)-5(%) (r13
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where A7 = (mgL/H)’L / (HI/EEA), being L is the span length, A the horizontal component
of cable tension, m the mass per unit length, / the cable length, £ the modulus of elasticity
and A the cable cross-sectional area. Equation (A.13) is of fundamental importance in the
theory of cable vibrations and its solution is expressed graphically in Fig. A.4 for a certain
range of values for the parameter A”. Table A.1 gives the frequencies of the first eight

symmetric in-plane modes for a wide range of values of the parameter involving cable

elasticity and geometry.

L v 1 el R 1 LR 1
st A2vi6nd]
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le 4172

Figure A.4 General dimensionless curves for the first four natural
frequencies of a flat-sag suspended cable: (a) first symmetric in-plane mode, (b)

first antisymmetric in-plane mode, (c) second symmetric in-plane mode, (d) second
antisymmetric in-plane mode.

As a general rule it can be said that if A is much greater than 2567,

g, = 2.861
€= 4.9181
£ = 6.9418
g=2j+1 . j=4,56, ..

and if A* is much less than 1.0,
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£j=2j-1 : J=12,3, ..

In the case of the first modes three important ranges may be established:

1. If A*< 41, the frequency of the first symmetric mode is less than the
frequency of the first antisymmetric mode. If A* = 0, then the natural frequencies and
mode shapes approach those for a straight cable. The vertical component of thé first
symmetric mode has no internal nodes (Fig. A.5a).

2. If A* =47, the first symmetric and first antisymmetric in-plane modes
have the same natural frequencies and the vertical modal component is tangential to the
profile at the supports (Fig. A.5b). This value of A” gives the first modal crossover.

3.If A*>4 1%, the natural frequency of the first symmetric in-plane mode is

now greater than the natural frequency of the first antisymmetric in-plane mode and two

internal nodes appear (Fig. A.5c).
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Figure A.5 Possible forms for the vertical component of the first
symmetric in-plane mode.
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An undesirable property of shallow catenaries is that the lateral and in-plane
antisymmetric normal modes occur in corresponding pairs and have nearly equal natural
frequencics (in the cxtreme casc of a stretched string, corresponding lateral and in-plane
modes have cqual frequencies). Add to this the fact that in some cases there is also the
possibility of coupling (or "tripling") with one of the symmetrical in-plane modes. There is
no simple means of detuning these modes except to increase the sag to span ratio of the

catenary, which is not always possible.

Table A.1 Natural frequencies of the first eight symmetric in-plane modes as a
function of A?:

oo 286 4.9 6.94 8.95 1096 1297 1497 16.98
256w 286 491 6.93 8.93 1093 1291 1481  16.00*
1960  2.85 4.9] 6.92 8.92 1091 1281 14.00%* 15.15
1448 285 4.90 6.91 8.90 10.81  12.00* 13.15 15.05
100> 2.85 4.89 6.89 8.80 10.00* 11.15 13.04 15.02
64 2.84 4.87 6.79 8.00* 9.14 1104 13.02 15.01
36 2.82 4.78 6.00*  7.14 9.04 11.02 13.01 15.01
16 274 4.00* 512 7.03 9.01 11.01 13.00 15.00
100 2.60 3.48 5.05 7.01 9.01 -

80 248 331 504 701 9.01 -
60 229 318 503 701 - — —
4™ 200%* 300 502 701 - - -
20 161 304 501 700 - - —
10 135 302 500 - - — — —
8 128 301 - _
6 122 - — - - -
4 115 — — — - — —
2 1.08 - — — — — — —
1 104 — - — — — — —
0 1.00*  3.00* 500% 7.00*  9.00% 11.00* 13.00% 15.00*



APPENDIX B

ESTIMATED NATURAL FREQUENCIES OF CABLES

In this appendix the estimated natural frequencies [/=] for the cables tested
and corresponding full-scale values are given. They were calculated using the
methodology indicated an Appendix A and, therefore, consider the effects of cable
elasticity in the symmetric in-plane modes, The frequencies were calculated by considering
two situations: (a) a "no wind" condition, or tension due to the cables' own weight, and
(b) resultant cable tension obtained by assuming a wind load corresponding to the mean
wind speed used for test. Situation (a) is expected to serve as a lower limit, below which

the frequencies are not expected to be.
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Table B,1a Estimated natura! frequencies for cables 1 & 2 and full-acale for a *no wind® condttion,

187

} ]-==> fuil-acale [ eeresanse >cable 1 | =se=e=>cabla 2 |
! | ] in-plane I ! | | | I J
| mode | outof | antoym | aymmetric | outof | in.plane i outof | in-plane |
! | plane | | EfPa] | EJPa} | plane | | | plane | | I
! ! ] ! 7E10 ) 2811 ! | anteym | asymm | | antsym | symm |
| 1 i 02 | 041 | 058 | 058 | 144 | 288 | 443 | 148 | 297 | 424 |
| 2 041 | 082 | 1} 1] 289 | 377 7.4 | 297 | 383 | 73 |
! a3 | 061 | 123 | 141 | 142 | 433 | 888 ] 1002 | 445 | 89 | 103 |
I 4 | o8| 16 | 18 | 183 | 577 | 11385 | 1292 | 893 | 1187 | 1328 |
) S ] 102 | 204 | 223 | 224 | 722 | 1444 | 1582 | 742 | 1484 | 1626 |
| g8 | 123 | 243 | 28 | 263 | 868 | 7.3 | 1872 | 89 | 178 | 19.24 |
| 7 i 143 | 286 | 286 | 306 | 1011 | 2021 i 2161 | 10.39 | 2077 | 2221 |
j 8 | 163 | 327 | 300 | 347 | 1155 | 231 | 2451 | 1187 | 2374 | 2319 |
| 9 | 18 | 388 | ! | 1289 | 2399 | | 335 { 2871 | i
| 10 | 204 | | ] | 1444 | i | 1484 | ! !
] " 223 | | | | 1588 | ! | 1832 | f !
| 12 | 243 | | ] | 1732 | ! | 178 | | i
| 13 | 285 | ! I { 1877 | [ | 1929 | [ I
1 1w | 288 | [ [ | 2021 | [ | 2077 | | |
| 138 ] 308 | | ! | 2168 | I | 2228 | | |
| 16 | 327 | | | 1 234 | } | 2374 | ! |
I 17 1 347 | I | 1 2434 | | | 2822 | ! |
| 18 | 388 | | | | 2599 | ] | 2871 | | |
Table B.1b Eatimated natural frequencies of cables 1 & 2 and full-acate for a wind speed of 45 m/s (6.4 m/s model).
] | +=e=> full-ncale | EE— >cable 1 [ >cable 2 |
| l i in-plane l l i | i : 1
| mode | outof | antmsym | aymmetric | outef | in-plane | outot | in-plans |
! | plane | | E[Pa] | EfPa] | plane | | | plane | ] |
| | } | 7E10 | 2E11 | | antsym | symm | | antsym | symm |
| 1 | 02 | 041 | 038 | 038 | 144 | 289 | 413 | 148 | 297 | 424 |
1 2 | o041 | 082 | 11 1| 28 | 577 | 71 | 297 | 583 | 7.3 |
] 3 | o061 | 123 | 141 | {142 | 433 | 866 | 1002 | 445 | 89 | 103 |
! 4 | o082 | 183 | 182 | 183 | 577 | 1135 | 12832 | 593 | 1187 | 1328 |
| 3 | 1.02 | 204 | 223 | 224 | 722 | 1444 | 1582 | 742 | 1484 | 1826 |
} 8 1 123 | 245 | 262 | 283 | 866 | 1732 | 1872 | 8.9 | 178 | 19.24 |
[ 7 | 143 | 288 ! 28 | 308 | 1011 | 2021 | 2161 | 1039 | 2077 | 222t |
[ 8 | 1.63 | 327 } 309 | 347 1 1185 | 231 | 2451 | 1187 | 2374 | 23.19 |
I g | 1.84 | 368 | i | 1299 | 2399 | | 1338 | 2671 | [
b0 204 | j | | 1444 | | | 1484 | | |
R § T - { | | 1588 | | | 1832 | | |
[ 12 | 24 | i I | 17 | ! I 178 | | !
P13 1 28 | ! ! | 1877 | i | 1929 ! | I
| 14 | 2688 | ! ] | 2021 | | | 2077 | ] !
| | 308 | ! | | 2188 | | | 2225 | ] |
| 18 | 327 | | | | 231 | | | 2374 | | |
I w1 347 | | I | 2454 | | | 2522 | ] |
j 18 | 388 | | 1 | 2399 | | | 2871 | i 1




Table B.2a Estimated natural frequencies of cables 3 & 4 (08g=0.2m) and full-acale for a ‘no wind® condition.
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| ] see=> full-scale | eeseesse>emble 3 | wesmee >cable 4 |
| | ] in-plane | 1 | ] | ] !
| mode | outo! | anteym | symmetric | outef | in-plane j outet | in-plane 1
| | plane | | E[Pa] | E[Po] | plane | : | plane | [ |
} H — | 7610 | 2E11 | | antisym | aymm | | entsym | symm |
) 1 | 018 | 035 | 047 | 05 | 128 | 252 38 | 128 | 2% | a8 |
| 2 | 035 | 07 | 068 | 084 | 282 | a0 | 82 | 282 | 304 | 82 |
i 3 | 033 | 108 | 089 | 1.07 | 378 | 73 | 874 | 378 | 736 | 874 |
| 4 | 07 | 141 | 123 | 127 | 504 | 1008 | 11.27 | 504 | 1008 | 1127 |
| 3 | oes | 176 | 1%8 | 199 | 83 | 128 | 138 | 83 | 128 | 136 |
| 6 [ 108 | 211 | 189 | 1.94¢ | 758 | 1391 | 1633 | 738 | 1891 | 1833 |
| 7 123 | 246 | 229 | 229 | 88 | 1763 | 1883 | t-K: -2 1763 | 1883 |
] 8 | 14t | 281 | 264 | 264 | 1008 | 2015 |} 2139 | 1008 | 2045 | 2139 |
| 9 | 1,38 | 317 | | | 1138 | 2287 | | 1134 | 2287 | |
| 10 | 178 | | | | 128 | | | 128 | | }
| 11| 193 | | | | 1383 | | | 1383 | } |
| 12 | 211 | | ! {1811 ] ! 1 1311 | ! |
P18 | 229 | l [ | 1837 | | [ 1837 | | |
| 14 | 246 | | | | 1763 | | | 1783 | | i
115 | 264 | | | | 1889 | ! | 1888 | i 1
} 18 | 281 | | | | 203 |} | | 2013 | | |
| 17 | 299 | | | | 2141 | | | 2141 | | |
| 18 | 317 | | | | 2267 | ] | 2267 | | }
Table 8.2b Estimated natural frequencies of cable 3 (sag=0.2m) and full-acale for a wind apeed ot 40 m/o (5.7 m/s modsl).
| |--e=> full-scale JE—— >cable 3 [ =meeee > |
| | [ in-plane 1 l i | | [ i
| mode | outof | antaym | symmetric | outof | in-plane | outof | in-plane |
| | plene | | EPa] | E[Pa} | plane | | | plene | | |
} t } | 7E1D | 24E11 | | antisym | symm | | anteym | symm |
11 02 | 041 ] 045 ] o038 | 146 | 283 | 417 | | ! |
| 2 | 04 o8 | 084 | 082 | 283 | 583 | 7.8 | | 1 |
| 3 | cs1 | 123 | 103 | 1.05 | 439 | 878 | 1012 | | { |
| 4 | o082 | 164 | 143 | 144 | 58 | N7 | 1304 | | | I
| 5 102 | 208 | 184 | 184 | 731 | 148 | 1589 | | 1 |
| 6 | 123 | 245 | 225 | 228 | 878 | 1798 | 18.14 | | | }
! 7 | 143 | 288 ] 286 ] 268 | 1024 | 2048 | 1987 | | ! |
| 8 1.64 | 327 | 307 | 307 | 117 | 236t | 2209 | | | 1
| 8 | 18 | 368 | | [ 1317 | 26833 1 | [ I
I 10 | 205 | | | [ 1463 | i | | i |
o1t ] 228 | i 1 1609 | | | | ! i
| 12 | 263 | | | | 1788 | | | | 1 !
| 13 | 268 | | ! | 1902 | ! ] ! ! {
| 14 | 286 | | f | 2048 | I | | ! i
{18 [ 307 | i ! | 2194 | t | [ f |
1 1 | 327 | | i | 2347 | | | | ] |
1 17 | 348 | 1 1 | 2487 | | | I | {
| 18 | aee | | | | 2633 | | | | | !




Table 8.3 Estimated natural frequencios for cable 3 (s2g=0.3m} for a *no wind® condition and

a wind spesd of 3.7 mye (40my/e full-ccale},
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| | +es»> fuli-acale {no wind) | veemveenn >cable 3 (no wind} fovewee >cable 3 {wind = 3.7 m/s} J
| [ | in-plane i } ! ] ] I [
! mode | outof | antmym | aymmetric ) outof | in-plane | outof ) in-plane i
! | plane | | E[Pa} | E[Pa] | plane | ! | plane | ! ]
! H ! ! 7EI0 | 2E11 | | anteym | symm | | anteym | symm |
i 1] I i i i 105§ 21 | 3] 123 | 245 | 351 |
] 2 ] | } | I 2% | 42 | 816 | 243 | 48 | 603 |
] 3 | 1 j | | 313 | 6298 | 728 | 368 | 735 | 831 |
T S I ! I { 42 | 839 | 939 | 49 | 981 | 1097 |
| T | | ! | | 323 | 1049 | 113 | 6143 | 1228 | 1343 |
I 8 ] { { | 629 | 1239 | 1381 | 735 | 147t | 129 |
A ] { i [ 73% | 1468 137 { 838 | 1716 | 1835 |
[ 8 | | | f | 839 | 1678 | 1781 ( 981 | 196t | 2081 |
i 9 | } ] i | 944 | 1888 | | 1163 ] 2208 | |
! 10| | | } | 1049 | I | 1226 | | |
.S B | | ! o184 ] ! | 1348 | I !
P12 | | ! { 1239 | | ] 1471 | I
[ 13 | ] { | 1364 | ! | 1383 | I !
| 14 | | i i | 1489 | } | 1746 | ] }
1 13 | | i i | 1574 | | | 1839 | | |
1 18 | | I [ | 1879 | I | 1981 | | }
[ 17 ] ! ] ! | 1783 | ] | 2084 | | i
| 18 | { t ] { 1888 | ] | 22068 | ! ]
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