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Guyed masts are a specialized type of structurevanty used in the broadcasting industry
to support equipment at substantial heights. Thedyc analysis of these structures under
seismic loading is a much understudied field tleguires investigation. The complex nature
of their analysis arises from the nonlinear feweflection relationship of the cable supports
as well as A effects in the mast. These lead to the structdnébéing significant nonlinear
characteristics even under working load conditiéidl nonlinear analysis of guyed masts is
rarely performed as it is complex and time consgmiklasts are usually designed by
equivalent static methods for wind and ice loadamdy, with the seismic load case often
assumed to be less onerous. The validity of thssiraption is investigated as part of this

research.

In this project four existing guyed masts in the WKh heights ranging from 99m to 312m
are accurately analysed under various seismic ngacbnditions using SAP2000 structural
analysis software. The research aims to gain arerstahding into the distribution and
magnitudes of forces developed during typical seisamd design wind events, establish
indicators and trends that may aid in guyed masigde and identify the circumstances in
which seismic loading may be the governing loadecésvestigations into the ‘travelling
wave’ effect, the significance of vertical motiand the suitability of a response spectrum
analysis are also undertaken. Applicable sectidnEwocode 8 are followed wherever

possible.

It is shown that when subjected to substantiahseigvents with peak ground accelerations
in the region of 4mfs significant forces can develop in masts thatcamaparable to those
produced during a wind assessment using the Patati inethod. The distribution of forces
can be appreciably different from a wind loadinglgsis and any regions with irregular or
inconsistent distribution of wind response forces de vulnerable to seismic loading,
particularly when mean hourly design wind speedsless than 22m/s. It is also shown that
enough common or predictable seismic behaviout®kistween masts to suggest that the

development of a simplified seismic analysis metftwdyuyed masts is feasible.
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Introduction

1 Introduction

Guyed masts are specialized structures that aret roftsn used to support tele-
communications equipment for broadcasting. Althosighilar to other freestanding towers,
their behaviour is very different. The presenceref-stressed cables supporting a number of
spans of the structure allows the lattice frama gtiyed mast to be significantly smaller in
both geometry and member size. The reduction imativereight of the frame makes the
guyed mast a popular design option for towers ofsaterable height. The material cost
saving typically becomes important when comparingestanding versus guyed tower
options in the 100m to 150m range. Above this rahgematerial cost saving far outweighs
the added design and manufacturing complexitied, aaguyed mast is usually preferable.

The geometry of a typical 240m guyed mast is shiowigure 1-1.

The analysis of these structures is complex, athosome design codes have simplified
their design significantly. They are usually degidras a triangular or square lattice frame
with a pinned base. Pre-stressed cables suppoftaime at near equal spans and extend to
supports on the ground at angles typically betwa®and 50 degrees. The projection of the
cables means that these structures can occupysexdesreas on the ground and a typical

mast of 450m in height could have a distance oh6bétween extreme supports.

The slenderness of the mast (beaolumn effects), together with the sag of the cable
means that the structure exhibits significant mogdr characteristics even under working
conditions. The stiffness of the guy cable changik the sag of the cable, leading to a
nonlinear forcedisplacement relationship in the structure. Thatretly large deflections

exhibited by typical mast behaviour, coupled witle thigh pre-compression effect of the
cable supports, means that significark Frces can develop. Variations in the axial load i

the mast during extreme loading further complichéeanalysis of this effect.

Guyed masts are subjected to a wide range of dynsvadings that typically arise from
wind, earthquakes, sudden rupture of guys, galtppinguys, sudden shedding of ice from

guys, etc. Since 1959, there have been approxiyna@) documented collapses of towers
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(both guyed and freestanding) in the United Statlese [13]. The majority of these

collapses have been attributed to wind and iceimgaduring major storms; however a
number of permanent deflections and collapses dabseearthquakes have also been
reported [17]. This is a clear indicator that tlehdéviour of this family of structures is not

fully understood and needs to be investigated éurth

In freestanding towers the dynamic behaviour igattarized by the first few fundamental
natural frequencies, which allows for a more sifigdi approach to the assessment of
dynamic loading. Guyed masts however, exhibit higbdal participation across many

modes, and determining the important modes canxtoeneely complicated.

Cantilever

Anchor Point Anchor Point
Radius 98m Radius 194m

Figure 1-1 Geometry of a typical mast
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1.1 Current Design Methods

Although a large number of masts are built each,yabormation assisting in their analysis,
and particularly their dynamic analysis, is spaase scattered over a number of sources.
This, coupled with a competitive marketplace, tigbtlheduling and lack of resources, means
that an advanced nonlinear (or even linear) dynamnalysis is only undertaken in special
circumstances. Recently Madugula [29] provided a&imoeeded summary of the dynamic
analysis and design of guyed masts. His publicapiolfs together much of the available
information and describes many of the procedured usthe modelling and design of guyed
masts. It also covers much of the relevant resgamotiuced in recent years and was a good

source of information for this research.

1.1.1 Design for Wind

Current codes and guidelines relate predominatethe design of guyed masts under wind
loading conditions, with allowances made for theatyic response of the structure under
wind loads, using a number of static methods. TaglPLoad method of dynamic wind

analysis (equivalent static method) has been dpeeldy a number of researchers [3; 5; 9].
Similar versions of this method of analysis haverbedopted by the British Standard

BS8100-4, the European Standard EC3 part 3, an@ahadian Standard CSA S37-94. The
use of the Patch Load method according to BS81@-described in section 2.5. The

requirement for multiple load and analysis casesded for the Patch Load method has
hindered its widespread acceptance for routinegdesthe British Standard suggests a
simplified procedure for the design of masts bel®®m in height that specifies the dynamic
response of each span of the mast directly frorméan hourly static response using a gust
factor that is dependent on the span length aedtesitain. The method is based on British

wind conditions. A similar procedure is currentlgifig developed in the United States [29].

The American design standard for antenna suppostingtures, TIA/EIA-222-F (TIA/EIA
1996) uses a gust factor method that applies d@nhdapendent gust force to the tower based

on the fastest mile mean wind speed. The gustrastdependent on the overall height of
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the tower and is applied uniformly to the statio@s at all elevations. This assumption that
the gust factor is constant over the height ofttieeer implies that the ratio between the peak
dynamic response and the mean response is congtamt the tower's height. For
freestanding towers with a single dominant vibratraode, this assumption is reasonable
and the gust factor method has been shown to babgiifor this type of tower [29]. For
guyed towers however, where the dynamic/mean regpoatio is not constant, the
suitability of the method has been questioned [20]. A revision to this standard
(ANSI/EIA/TIA-222-G) was published in August 200bhis revision outlines a new static
method based on a 3 second wind speed. The me#ezdnuodification factors applied to
each static response of the structure at diffguesitions, i.e. mast bending moments:

1.3 to 1.4 for positive moments

1.2 to 1.3 for negative moments
The method seeks to redistribute the response &atatic load so that it closely resembles

that of a dynamic wind analysis.

1.1.2 Earthquake Response and Design

Research into the seismic response of buildingdbkan investigated extensively over many
years, and consequently most building codes amtlatds have reasonably sophisticated
and proven design methods. Telecommunication towleosh guyed and freestanding)
however have received far less research and goételavailable for designers for a
simplified analysis are far less plentiful. As suk the rules set out for buildings are often
extrapolated for use on towers, which can be mitshgg or a seismic assessment is omitted
from the design procedure. No approximate statithotehas been widely adopted for the
seismic analysis of tall guyed masts. Unlike otmere linear structures, the wide range of
significant natural frequencies and nonlinear respomakes the defining of realistic

acceleration/load profiles extremely complicated.

Eurocode 8 part 6Towers, Masts and Chimnegsiggests a simplified static analysis for
short towers (less than 60m) or towers of less mapoe, and a modal response spectrum

analysis method (static analysis using SRSS or @@dal combination rule) for other
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linear towers. Draft versions of this standard ikxblthat a nonlinear time history analysis
was required for guyed towers with nonlinear bebawvi29], but later drafts (No. 6, July
2004) and the recently published standard imply tina modal response spectrum analysis
method is adequate. A time history representat®omlafined as a suitable definition of
seismic action, however minimal guidance is giveriaathe modelling of masts during this

type of analysis.

ANSI/EIA/TIA-222-G, the American design standard Bmtenna supporting structures has
recently introduced seismic requirements for towleas are in high seismic zones but only if
they have structural irregularities [21]. The u$@ gimple equivalent lateral force method is
required for short masts. A time history seismialgsis is only required for guyed masts

when the distance from the base of the tower togargysupport point is greater than 300m.

1.2 Research Involving Guyed Masts

Some studies have been conducted into the dynaaniormmance of guyed masts, however
most of them relate to determining the fundamenthural frequencies of the mast for
application to all dynamic loadings, and many amrarapplicable to dynamic wind loading.
The author was only able to find a similar study Auyiri [1] that modelled the seismic

performance of a number of existing masts, andudysby Hensley [8] that modelled the

seismic performance of a generic mast.

Most studies address the point of whether the ceste modelled as a simplified beam or
if a full three-dimensional model of the trussitdtis needed. A study by Madugwda al
[14] modelled two scaled down versions of typicasts as both beam and truss models
using the ABAQUS finite element package. The twatnavere also modelled physically to
verify the finite element models. The study shovgeshd agreement between the natural
frequencies of both the beam and truss models hsaweavith the experimental model, and
concluded that the beam model could account aadyrddr the inherent complexities
involved in guyed masts and resulted in apprecigéiéngs in solution time. A similar study

by Wahbaet al [22] looked at six different full scale masts ramgfrom 46m to 122m. The
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masts were modelled both as a full truss model, asa simplified beam-column, under
static wind loading conditions to the Canadian 8tad for Antenna Towers. Good
agreement was found between the models for alinsigsts and the same conclusions were

drawn.

The equivalent beam properties of a lattice masstdarived using the unit load method for
determining displacements under axial, shear, ingraind torsional loads and equating them
to a beam model under the same loadings. Kahlagiedents a method for determining
these equivalent properties for several triangutast bracing patterns. The method
acknowledges coupling between different degredseeflom, caused by the non-symmetric

shape of various bracing patterns, by the usegefoaetric coupling matrix.

Amiri [1] undertook a similar numerical study teethuthor’s present research. Eight existing
masts (heights ranging from 150m to 607m) in th&ddhStates and Canada were modelled
using the nonlinear finite element software ADINBach guy cable was modelled as a
linkage of ten prestressed truss elements and afiloe& was made for full geometric
nonlinearity. Time history analyses were conductedthe masts, using three ‘classic’
earthquake accelerograms (1940 El Centro, 1966iParland 1952 Taft), two of which are
used in the author’s current research. The inpstsealed to match the seismic risk level of
0.34q, the risk level of the Victoria region in Gala. It should be noted that all analyses
were conducted without any ancillary loadings pnésin this research the ancillary loads

are included.
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A summary of Amiri’'s conclusions is as follows:

Fundamental natural period of the magthe following equation was proposed to
estimate this for masts in the 150m to 350m range:

T =0.008H - 074 (1.1)
where H is the total height of the mast in metfesimple check was suggested with
an earthquake design spectrum to estimate whe#teral effects are important.
Values corresponding to the 0.5-3Hz range wereidered sensitive.

Base shearSignificant base shear developed in towers irl&@m to 350m range of
the order of 40% to 80% of tower weight. The fallog equation was proposed to
characterize this:

BS=2830H ™’ (%of W) (1.2)

For taller towers, behaviour was unpredictable ardktailed dynamic analysis was
recommended.

Axial forces in the masiVhen seismic vertical effects are considered, dugaers
with slacker cables (i.e. below 5% of UTS) were ceysible to unpredictable
behaviour and a detailed nonlinear dynamic analysis recommended. For towers
with initial cable tension closer to the recommehd®% of UTS, the maximum
dynamic component of axial force at the base ofntlast was approximately 80% of
total weight of the mast and a detailed study @& thast axial forces was not
considered necessary.

The following equation was proposed to characatettie variation in maximum axial
force anywhere in the mast:

P,/ BA=100-95h/H)* (%) (1.3)
wherePgy,/BA is the percentage ratio of the maximum dynamic comparfeaxial
force in the mast at a section at elevatipfin metres) to the maximum dynamic
component of the axial force at the base of the mast.

Cable tensionsThe dynamic component of cable tensions varied fro# 80300%
of the initial tension, with typical values for towers garg in height from 150 to

350m of between 50% and 200%.
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Many comparisons will be drawn between Amiri's [1] @%b and the research reported in

this thesis.

A study by Hensley [8] investigated the response of anl@0l mast using the commercial
program ABAQUS to ground motion records from the Eén€o and Northridge
earthquakes. The study was part of a multi-stagegraimed at analysing the potential for
snapping—cable energy dissipaters (SCED) to minimizetanal response and investigated
the effect of cable pretension, mast properties andlitieetion of input on mast response.
The study yielded several strong trends although s@ndom instances of peak values
could not be accounted for. Horizontal displacementsegdly remained constant or
decreased with increased cable pretension, whilst pedical displacements were almost
linear as a function of guy tension. Maximum bendingnmants showed a slight decrease
with increase in cable pretension, although this trendm@® consistent at the middle guy
level. Maximum observed cable tensions were gener@l0g@2to 300% of initial tensions,
and base shear trends were virtually negligible in ltbctions. When mast mass and
stiffness were varied, the response of the mast wasriged by a change in mass rather than
stiffness, as the increased stiffness was not suffidi@nesist the larger inertial forces
produced by the relative mass increase. The study atseeslthat variation in the direction

of seismic motion has very little effect on mast response.

1.3 Objectives of Research
The lack of published research on the seismic behawvibrealistic or existing guyed masts
means that a broad range of areas are in need ofigatemn. The following objectives were
set out for this research:
1. Gain an understanding into the magnitude and distributfoforoes generated in
guyed masts during typical seismic and design wind events.
2. Compare the results of the various analyses and fgehg parts of the structure
where an indicative wind analysis does not provideughostrength to sustain an

earthquake load. Identify the scale of earthquake meéulesurpass design forces
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produced in a wind loading analysis using the Patch Loathad. All the masts
analysed in this research were designed or check&58100-4. As EC3 part 3:
towers, masts and chimneys, is not yet available in theB$#8100-4 was deemed a
suitable method for comparison.

. Assess the effect and significance of the travelling eastke shear wave on mast
response for different earthquake and ground types.

. Assess the effect of vertical motion on mast responsediiferent types of
earthquake.

. Identify indicators and trends that help in the understandf the seismic behaviour
of these structures and aid designers in estimating seismiznses Compare these
indicators with those developed by Amiri [1].

. Compare the forces produced from a set of linegyorese spectrum analyses with
those produced from a set of nonlinear time history aealyldentify possible

shortcomings with the use of the response spectrum ch&thguyed masts.
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2 Review of Applicable Theory and Design Codes

The analysis and design of guyed masts is complex awisdon many areas of structural
theory. Although a large part of this research is carexewith the modelling of guyed masts
using SAP2000, it was necessary to review the theotyréhates to these structures so that
an accurate model could be created, and useful corapardgawn. This section provides a
review of the following:

1. Dynamic theory for both single and multiple degree of foeedtructures

2. Static and dynamic behaviour of cables

3. Earthquake groundmotion and its characteristics
4. Design of guyed masts to BS8100-4
5

Relevant sections of EC8 and the use of the resmpesgrum method

2.1 Introduction to Vibration Theory

In order to understand and interpret any form of seigmalysis it is necessary to have an
understanding of the response of structures to dyndoaiding. A guyed mast is a
complicated multiple degree of freedom structure withlinear behaviour and is usually
analysed using advanced finite element software. Howéwerconcepts developed for more
simple models must be understood before more advaacalyses are attempted. This
chapter presents an introduction to the theory that willigdeoa background for a better

understanding of the computer aided analysis.

The oscillatory behaviour of a structure, following an exgitiorce or initial displacement,

is governed by the interaction of its mass and its stiffnesk. An initial displacement
generates a restoring force (stiffnesdisplacement) which accelerates the structure back to
its equilibrium position. The acceleration causes the masgain momentum (mass
velocity) and overshoot its initial position causing thegess to repeat itself (with a change
in sign). This process would repeat indefinitely if it wagd for various energy dissipating
mechanisms present in all structures. The process of yerlisgipation is known as

damping, and for the purpose of analysis here,as@imed that all damping takes the form

10
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of linear viscous damping. The damping coefficientis the constant of proportionality

between force and velocity.

2.1.1 The Single Degree of Freedom Oscillator

The simplest dynamic model is the Single Degree of Frag@DOF) oscillator shown in

Figure 2-1. It is a model for a simple single story framiéh slender columns and an
inflexible girder (where it is assumed all the mass re$jd® any other model that can be
defined (or approximated) by a single mass and displcentigure 2-1 shows the
parameters used to analyse a typical SDOF structuater @) forced vibration and b) ground

motion.

m = F() | m |
C K (] .

—

Y
Figure 2-1 The single degree of freedom oscillator

The equation of motion for a linear SDOF oscillator is:

my + ¢y + ky = F(t) (2.1)
This shows that the applied force is balanced by the inel@imping and stiffness forces.
During an earthquake there is no direct force appbetie structure and the above equation
becomes:

My + (Y = ¥,) +k(y = ¥,) =0 (2.2)
whereyy is the displacement of the ground.
This can be rearranged to take the standard form:

my, + oy, +ky, = -my, (2.3)

wherey; is the relative displacement of the structure giveg-iry

11
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2.1.1.1 Free Vibrations

The equation of dynamic equilibrium for a SDOF structwith no damping or external

force is :

my +ky=0 (2.4)
This mass will undergo free vibration if given an initial diggmenty,, the solution of
which is:

y(t) =y, cosa,t (2.5)

where w, = Jk/m, and is known as the circular natural frequency (rad/s)
If damping is included, the equation of motion is:
my +cy+ky=0 (2.6)
If c=2vkm, the system is said to be critically damped and thetateiovill return to its

initial position without any oscillation. This value for critiddmping leads to the damping

ratio:
c c
f: = 2.7
2vkm cC, @7)
If & < 1, the system is underdamped.
For an underdamped system:
y(t) = yoe " cosy1- &t (2.8)

This solution is a decaying oscillation. The nafdraquency,w, has been multiplied by

J1- &2 . For typical damping of less than 5%, this factotlpse to 1 and is neglected.

2.1.1.2 Harmonic Vibrations and Resonance
Considering the solution of equation 2.1 in whibke dynamic system is excited by a time
varying applied harmonic force of the form:

F(t) = F, sinQt (2.9)
If the frequency of the load? = w,, resonance will occur which leads to very largeés
being generated.
The equation of motion in this case is:

my + oy + Ky = F, sinQt (2.10)

12
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Damping ensures that the transient vibration ispkthout quickly and the solution takes the

form of:
(F /k)sin(Qt +¢)

t) =
Yo [a- @/ w)?)? + 451 w?)?]

(2.11)

1/2

wheref3 = c/2mand ¢ is the phase angle.

Figure 2-2 shows a plot of the Dynamic Magnificatieactor (DMF) for a SDOF structure
versus forcing frequency, as a function of the ratirequency. DMF is defined as the ratio
of the peak dynamic displacement caused by the dr@orioad F(t) to the displacement
produced by the static application of the Idad In the case of harmonic ground motion,
DMF is defined as ratio of the peak absolute disgl@ent of the structure to the peak

displacement of the ground.

12
11 2% damping [
10 5% damping | |
9 15% damping
3 40% damping :
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Figure 2-2 Dynamic magnification curves for a SDOFtructure subject to forced harmonic loading

The response can be categorized into of three freqnency ranges:
« Q<<a, Rate of forced vibration is lower than the sturets natural frequency

The structure moves with the force as a rigid body

13
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* Q=a, Rate of forced vibration is similar to the sttue’s natural frequency
Resonance occurs and there is a large dynamicifaratbn of the motion of the
structure. The main resistance to motion at ttagesis damping. For the theoretical
case of zero damping the peak displacement isitefi

« Q>>¢a, Rate of forced vibration is higher than the stuwe’s natural frequency
The mass undergoes less vibration than the fositlh, the spring and damper

acting as absorbers.

2.1.2 Multiple Degree of Freedom Systems

A Multiple Degree of Freedom (MDOF) system is onkick requires a second order,
ordinary differential equation to describe the motof each independent degree of freedom.
This model is usually needed to describe most tstres as the use of a SDOF model is not
realistic. For a system with N degrees of freedequation 2.3 can be written as a set of
equations in matrix form as follows:

My, +Cy, +Ky, =Mpy, (2.12)

whereM ,C, andK are the mass, damping and stiffness matrices KW, y; is the relative
displacement vectory; is the ground acceleration apds a vector with ones in thg’
directional degrees of freedom, and zero in allaiing positions. The equation can be
integrated directly for many degrees of freedonmgisidvanced computer packages such as

SAP2000.

2.1.2.1 Natural Frequencies and Mode Shapes
The free vibration case for a MDOF system with am@ing gives an important insight into
the behaviour of a structure. The equation of nmoisowritten as follows:

My +Ky =0 (2.13)
The solution to this equation has the form:

y = @cosat (2.14)
where ¢ is an eigenvector, commonly termed the mode shape,describes the relative

displacement of points within a structure.

14
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Differentiating and substituting into equation 21&&ds to the following equation:
(K-w*™M)p=0 (2.15)

which can be solved to give N natural frequencasuére roots of eigenvalues), each of

which correspond to a different eigenvectoy,

The mode shapes describe the particular deformagdesbf the oscillation at a specific

natural frequency and are usually mass normalizedcaled with respect to the mass matrix

such that:
¢, Mg, =1 (2.16)

The natural frequencies and mode shapes are systeperties and are independent of
external loading. This type of analysis is usetulat designer in determining the range of
loading frequencies that will cause a structureddillate, and aids in identifying which parts

of a structure will be susceptible to vibratioragiarticular frequency.

2.1.2.2 Participating Factors and Mass Participatio n

Identifying the natural frequencies of a structdoes not identify the relative importance of
each mode in determining its response to acceberddiading. Identifying these important
modes becomes increasingly difficult as the numifedegrees of freedom of a model
increases and this task is made more complicatadyinyed mast model as large numbers of
vibration modes develop in the cables that canntisdly act independently of the mast. The
process of determining the relative importance a¢hemode is done using participating

factors and mass participation ratios.

Modal participating factors represent the extenwhich a response is excited in a particular

mode. The modal participation facigr, and the modal ma$4; are defined as follows:
L = ij% (2.17)
i

M, => mg’ (2.18)
j
where
m  are the lumped masses

@ the displacement of mags mode shape
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| l

Figure 2-3 Displacments in thath mode of vibration

The ratioL;¥M; has units of mass and can be thought of as therstnod mass taking part in
a particular modal response. The mass participatita for a given mode can be found by

the following expression:
c LM,

= (2.19)

total

where Myta IS the total unrestrained mass of the system. Mesfcipation ratios are
expressed as percentages. Mass participation rat®svery important as they give an
indication as to how important a particular modéysidentifying what percentage of the

overall mass of a structure takes part in any @agr mode.

2.1.2.3 Damping

Damping plays an important role in the dynamic gsial of MDOF structures. The most
common way of treating damping in a time historglgsis is to use an equivalent Rayleigh
damping in the form of:

C=aM + K (2.20)
whereC, M andK are the damping, mass and stiffness matriceseopliysical system and
o andp are pre-defined mass and stiffness damping cagstan
Mass damping is linearly proportional to period astiffness damping is linearly

proportional to frequency.
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The equivalent damping at a particular frequen@gifollows:

- a B (2.21)

In order to damp a range of modes at a similare/aiuo modes at either end of the range,
with frequenciesy andwy,, can be chosen and assigned the same dampinggratio
The damping constants are then as follows:
g =% 2223a)  B=é—2 (2.22b)
o +a, W+ a
A typical plot of equation 2.21 is shown in Figi.
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Figure 2-4 Typical plot of equation 2.21 for Raylesh damping

Software packages (e.g. SAP2000) typically allo® tiser either to specify the damping
coefficients directly, or to specify a damping oaéind two modal frequencies andw, as
described above and shown in Figure 2-4. Unwaniietons or noise outside this range

experience higher levels of damping.
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2.1.3 Dynamic Analysis by Numerical Integration

The most general approach to determining the dymamsponse of complex structural
systems is to integrate the dynamic equilibriumagiguns directly. This usually involves the
attempt to satisfy the dynamic equilibrium of tlystem at discrete time intervals, once the
solution has been defined at time zero. Numerattmigues have been proposed, which can

broadly be classified as eithexplicit orimplicit. [24]

Explicit methods use the differential equationiitet ‘t’ to predict the solution at time+4’
,however the stability of the solution is very sémsito the size of the time step and usually
requires that very small time steps be used. Intptiethods require the solution to be
solved at each time step, ‘once the solution at-4' has been found. Larger time steps may
be used and the system can be either conditionallynconditionally stable. Wilson [24]
recommends that only implicit, unconditionally de&almethods be used for the step-by-step

seismic analysis of structural systems.

The most commonly used method of analysis was dpedl by Newmark [15] and has been
modified and improved by numerous researches. mathod is used by SAP2000 and is
used in this research.
The equilibrium equation, can be written as follows

Mi, +Cu, +Ku, = F, (2.23)
whereu is a general displacement vector.
Newmark’s equations are derived using a Tayloreseand assume that the acceleration is
linear within a time step. Newmark’s equationstamslard form are as follows:

Uy = Uy + DMy + (= FDG + DG, (2.24)
Uy =0t @- y)AtUt—At + JAtd, (2.25)

Equations 2.23, 2.24 and 2.25 are used iterat@tbach time step to solve for each degree
of freedom of the system. Wilson [25] formulatec tmethod into a matrix form and

eliminated the need for iteration.
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Newmark’s method is conditionally stable if:
yzl ,,BSE andAts; (2.26 4, b, ¢)
2 2 V
Whax 2 - ﬂ
and is unconditionally stable if:
2B=y= % (2.27)

However, ify is greater than 0.5, errors are introduced assatiaith ‘numerical damping’

and ‘period elongation’.

Although the method may be stable if equation A28atisfied; if a particular structure
contains natural periods smaller than the time ss=al, the response in these modes will not
be computed. It is therefore essential that carefigntion be paid to the time increment

used, reducing this until no significant variatiomghe structure’s response are evident.
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2.2 Cable Theory

2.2.1 Static Analysis

One of the most important elements in correctly ellaty guyed masts is a

good

understanding and modelling of the cable stays.tMbshe nonlinearity in these types of

structures stems from the nonlinear ferdeflection relationship of the inclined cables.

Under gravity loading, a flexible cable deformsoira catenary, and if the cable is taut this

profile can be approximated as a parabola.

The length and typical forces of a free hangingleaibjected to uniform loading can be

described by the following expressions reportedBiuchholdt [26] and Irvine [28].

The

expressions assume that the profile of the caljlatis.e. the ratio of sag to span is less than

1:8, and that the profile of the cable is therefapproximately parabolic. Independent finite

element analyses have since shown that the expnsseetain their validity with ratios as

high as 1:5 or 1:4. [28]

T,
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X

Figure 2-5 Simply supported cable with uniformly dstributed load

soxfe Y] 2] B e
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H = 2.29
P~ gg (2.29)
z ady|”
TP A | 2.30
o, { [x Xj} (2.30)
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z adV|”
Qg = Hp{l’f(y-yj } (2.31)

The static horizontal stiffness of cables primadgpends on two mechanisms:

1) changes in cable profile

2) elastic stretching of the cable as its tensumes.
The tauter the cable becomes, the more linear tifiress becomes as the cable tends to
behave increasingly like a rod. Much research leas lone analysing this behaviour. Irvine

[28] presented a theory that uses the paramétdp account for geometric and elastic

effects:
2= (WLcEOSH Jz AEL/ Q__ _iok 2.32)
Q L[1+8(wL," cosd/8QL.)?] Ky
where
A cross sectional area of cable
E elastic modulus of cable
Lc length of the chord line joining cable ends

average tension in calit/cosd

weight of the cable per unit length

& = Ol

, kg elastic stretching component and cable profile comept [19] defined by equations
2.34 and 2.35

This parameter describes the ratio between gearetd elastic effects. Higher values for
A% imply that geometric effects (changes in cabldileogovern the stiffness of the cable,
whereas lower values imply that elastic stretchofighe cable governs its stiffness. For
example: heavy inextensible metal cable — highevaffA®

light taut flat cable — low value faf

This parameter is used extensively in both stattcdynamic cable theory.

The varying stiffness and in particular the varyihgrizontal stiffness of a cable is of
fundamental importance to the behaviour of guyedstmaThis relationship has been

investigated by a number of researchers.
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Sparling and Davenport [19] approximate the stadidzontal stiffness k of a flat parabolic

cable by:
1

K~ L (2.33)
1/k, +1/K,

wherek. andky are the elastic stretching component and the gatolile component given
by:

k, = %co§ 6 (2.34)
12Q°
and k, = T (2.35)

This relationship has been investigated by Goldlzerd) Gaunt [6] who showed that under
uniform loading a cable deforms into a catenary #redarc lengthS of an inclined cable

can be described by:

1/2
4H °
S=| e ginpe| W €00 | | 2gizg (2.36)
w2 2H ¢

p

A change in mean tension produces a change ineagthH. When the end supports are
displaced, the new cable force can be found itexgtiusing the above equation, as well as

the following expression for arc length of the éoling step:

S H H
S:Sm +_>m P _ P (237)
AE.|cosfd |cosd)

where

S arc length from previous step

(Hy/cod))m  mean cable tension from previous step.
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Davenport [2] gives an expression based on Deanrsula [4] for a catenary showing that

for small deflections the cable horizontal stiffeesn be written as:

23 -1
k=k|{L-(038+ 004cos o) 2} + V\izLT K fi- o.rz}} (2.38)
in whichk; is the horizontal stiffness of a taut wire (zerg)sgiven by:
K = EA(l:_OS‘2 e (2.39)

C

andr is the ratio of the average cable weight to theragye tensionw%.

Eurocode 8: Part 6 requires careful modelling ef ¢hable stiffness. If the sag of the cable is
significant, this should be accounted for by the of an equivalent modulus of elasticity,
Eeq An iterative solution is required to show the leatorce-deflection relationship, based

on the following formula:

E, - & 2.40
= (1V2L2) - (2.40)
where
v specific weight of cable per unit volume
o tensile stress in cable
E Youngs modulus of cable material

E. Youngs modulus of cable, usually the samé&abut can be adjusted to take into

account the wrapping effect of the cable strandsraling to:
E./E=cosV (2.41)

whereV is the wrapping angle of the single chords.

A plot of the force-deflection relationship using the above methodsSpgrlinget al [19],
Goldberget al [6], Davenport [2] and the method proposed by Eade 8: Part 6 for a
typical inclined cable is shown in Figure 3-4 ($&tt3.2), in comparison to that of a simple

model produced using SAP2000.
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2.2.2 Dynamic Analysis

Dynamic cable behaviour has been investigated sixtely by Irvine and Caughey [10].
Irvine [11] presented analytical expressions fa tfatural frequencies and mode shapes of
taut inclined cables.
Dynamic cable behaviour can be divided as follows:

e Out of plane modes

* In plane modes (antisymmetric)

* In plane modes (symmetric)
Out of plane motion or swinging is uncoupled framplane motion. No additional tension is
generated during vibration, in which the only easicited mode is its first pendulum mode.
This motion is of little importance to a guyed masalysis.
In plane modes are categorised as either purelynggirally symmetric or antisymmetric
about the cable midpoint.

The lowest natural frequency of a perfectly taas#t wire is given by Irvine [11] as:

7
@= (2.42)

C

wherem is the mass per unit length.

When the sag of the cable is meaningful, natuedudencies for the antisymmetric modes

can be obtained from the above taut wire equatjonsing the following relationship [11]:
a,=2na, n=1273, .. (2.43)

The relationship between symmetric modes and the wére modes is not constant and

depends on the degree of tautness.

According to Irvine [11], the natural frequenciek symmetric modes can be found by

finding the roots of the following equation:

ofal m)_(al [m)_4(al, [m) (2.4
2 Q) | 2 yQ) £ 2 \Q '

Antisymmetric modes do not generate significanalsirain or changes in dynamic tension

in the cable. They therefore interact very littlehvthe structure and are generally ignored.
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Figures 2-6 and 2-7 show the first two symmetrid antisymmetric cable mode shapes of a

typical inclined cable.

Figure 2-6 First two symmetric cable mode shapes

Figure 2-7 First two antisymmetric cable mode shape
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2.3 Earthquake Ground Motion and Spatial Variation of Motion
The measurement of seismic waves is fundamentaéigmology and seismic analysis of
structures. Three main types of waves propagate fhe source of an earthquake:

» Primary waves — the fastest type of wave causihgnvetric changes in the earth

» Secondary waves — shear the earth perpendiculae tirection of travel

* Love and Rayleigh waves — surface waves creatimgdmal motion (Love waves)

and horizontal and vertical motion (Rayleigh waves)

The interaction of these waves at the surface feemely complicated, but the result is
strong ground motion (i.e. accelerations, velosiied displacements). Earthquake locations
and magnitudes are determined from measuremeres taging seismographs installed all
around the world. Engineering seismology is pritgazoncerned with motion that occurs up
to 100km from the earthquake source (slightly mforelarge magnitude events), although
there have been incidents where destructive mohans been caused at significantly larger

distances, usually as a result of amplificatiorsbft soil deposits.

Specifically designed seismographs, called accgtaphs, produce records known as
accelerograms which generally consist of three gragjzular components of motion (two
horizontal, one vertical), registering the groumdederation versus time. Large databases of
these records are hosted by a number of websiigs[83] and [34]) and individual records

can be freely downloaded.

A number of parameters can be used to characteambquake ground motion. The peak
ground acceleration (PGA) is the most commonly ws®tlis simply the largest acceleration
value in the time series. The corresponding peakrgt velocity (PGV) and peak ground
displacement (PGD), as well as the duration of amo&ind frequency content of motion are
also important parameters. The energy content afirgt motion can be described by the

Arias intensity, which is the integral over timetbé square of the acceleration:
Al =2 [a(t)dt (2.45)
29

wherea(t) is the acceleration time history in unitsgof
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The software package Seismosignal (freely availfibla [36]) can be used to analyse all of
these parameters. Different structures are exchigdearthquakes in different ways,
depending on the characteristics of each. Howdverpeak ground acceleration and the
duration of high amplitude ground motion are goadicators as to how destructive an

earthquake will be.

Earthquake accelerograms measured at differenttigusi within large engineering

structures that occupy significant ground areasbeaappreciably different. This is known as

the Spatial Variation of Earthquake Ground Moti8VEGM) and its causes include: [7]

1) Wave passage effeetSeismic waves arriving at different stations #fedent times.

2) Incoherent effect- Differences in superposition of waves from an edexl source
caused by irregularities and inhomogeneities atbegrath of the wave.

3) Local site effect- Differences in local soil conditions at each statmay alter the
amplitude and frequency.

The underlying ground type of the site is very imnt as it affects the travelling shear

wave speed, the amplitude and frequency of groutidmand the amount of damping

introduced at the supports points due by movemietieofootings.

SVEGM can be important as differential movementsofpports can lead to a lateral
‘stretching’ or ‘compressing’ of a structure. A diédd assessment of these effects is beyond
the scope of this research; howeverwae passage effeist modelled by the use of a time
delay of the excitations at various supports (sBgéd his effect is likely to be significant for
guyed masts as the large distances between staprsymints on the ground can generate
significant differential movement, leading to a dgn type loading caused by rapid

tightening of the cables.

Table 2-1 shows an extract frdBurocode 8 part 1, Table 3.1: Ground typaad describes
the various properties of the relevant ground typelse used for design. Significant to this

research is the shear wave speed parameter whisledsin stage 2.
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Ground Type

Description of Stratigraphic Profile

Parameters

V5v30(m/5)

NSPT (blows/30cm)

cu(kPa)

Rock or other rock-like geological
formation, including at most 5m of

> 800

weaker material at the surface.
Deposits of very dense sand, gravel,
or very stiff clay, at least several tens
B of metres in thickness, characterized
by a gradual increase of mechanical
properties with depth.

Deep deposits of dense or medium-
c dense sand, gravel or stiff clay with
thickness from several tens to many
hundreds of metres.

Deposits of loose-to-medium
cohesionless soil (with or without
cohesive layers), or of predominately
soft-to-firm cohesive soil)

360 - 800 > 50 >250

180 - 360 15-50 70-250

<180 <15 <70

Table 2-1 Extract from Eurocode 8 Ground types (Take 3.1-Eurocode 8:1)

2.4 Overview of Relevant Sections of Eurocode 8: Part 1 and Part 6
Eurocode 8 applies to the design and constructidsuibdings and civil engineering works
in seismic regions. Its purpose is to ensure thité event of earthquakes:

* Human lives are protected

» Damage is limited

» Structures important for civil protection remaireogtional.
The code adopts a probabilistic approach with eegaithe likelihood of significant seismic
action and classifies structures in terms of tireportance, as well as identifying various
classes of failure, before determining design llegsli The specific magnitude of loading is
obtained from the national annexe of the countpgc#ic to the level of seismic activity of
the region. Part 1 of Eurocode 8 outlines generalsrand seismic actions for buildings and
parts 2 to 6 outline specific provisions made fpedalist structures, including Eurocode 8

part 6: Towers, Masts and Chimneys.

Eurocode 8 is a detailed design code, most of wisiaiot applicable to this research. This
section introduces techniques used in Eurocoded&ammarises sections applicable to this

research.
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2.4.1 Response Spectrum

A response spectrum is a tool that designers cofdyn@e in the design of buildings and
other linear structures. It does not reflect théaitied time history response of a structure
during an earthquake, but rather plots the pealkporese (acceleration, velocity,
displacement) of a single degree of freedom stracto a particular earthquake, as a
function of natural frequency (or period) and can glotted for various damping ratios.
Response spectra are used in simplified desigregwoes that estimate the peak response of

a structure during seismic loading.

For design, the response spectra of many diffeearthquakes are combined into a smooth
elastic response spectrum. The spectrum is adjastutding to underlying soil types and is
scaled according to peak design acceleration. ISofteind types tend to amplify the peak
ground acceleration and lengthen the period of mpgowotion, thus increasing response of
higher period structures. Figure 2-8 shows the El@8tic response spectrum for soil type C

(defined in Table 2-1), scaled to a design acctteraf 3m/$ and 5% damping.

=
o

acceleration (m/s ?)
o - N w £ (4] (o] ~ [ee] ©

period (s)

Figure 2-8 Type 1 elastic response spectrum for $oype C, design acceleration of 3mfs5% damping

The use of an elastic response spectrum for dgmigposes is usually limited to linear
structures whose response is governed by vibrati@ansmall number of significant modes.
Conventional structures in which failure occursdigtributed yielding are often designed
using ductility modified spectra in which the respe spectrum is reduced using a Q-factor

to allow for energy dissipation during yielding. Asost of the mast members operate
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primarily under axial loading, any yielding thatght take place is likely to lead to buckling,
resulting in severe permanent deflections or ewdlagse. Yielding is therefore not usually
allowed for in guyed masts, however a Q-factor .6fi& permitted by Eurocode8: part 6 for
a response spectrum analysis of guyed masts walkes tinto account strain hardening and

yield strength usually exceeding characteristiersjth.

2.4.2 Modal Response Spectrum Analysis

This method is recommended by Eurocode 8 for esémycture, with the seismic action
defined by a response spectrum. The analysis ferpsed by applying horizontal forces to
the lumped masses into which the structure has lo@ded and then calculating its
response in each particular mode. The force appliedasyg, in modei, calculated on the
basis of a response spectrum is:

L
Ry =5 SMigm, (2.46)

where
S(T) the ordinate of the response spectrum for thegerf vibration of modé
Li modal participating factor defined by equation72.1

Mi modal mass defined by equation 2.18

The displacements for thith mode can be calculated from:

L T?
U, :M—'S(T)iqq]mj ? (2.47)

whereT, is the period of the mode considered

Eurocode 8 requires that the following must be met:
« the sum of the effective modal masses for the maaes into account amounts to at
least 90% of the total mass of the structure.

» All modes with greater than 5% total mass partitgramust be taken into account.
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The overall seismic response of any action shattdieulated by combining the response of

the individual modes using the SRSS rule:

E.={>E’ (2.48)

where
Ee is the seismic action effect under consideratiorcé, displacement etc.)
Ei is the value of the seismic action effect dueilbwation mode i.

If modes are closely spaced such that their perfp@ndT; (with T;<T;) do not satisfy the
following condition:

T, < 09T, (2.49)

more accurate combination procedures should betedopuch as the Complete Quadratic

Combination (CQC) (not detailed in EC8).

The CQC method of combination [23] is a relativeBwnmethod of modal combination

based on random vibration theories and is used vwdoempling between closely spaced
modes is likely and needs to be accounted for. ek value of a response effect under
consideration is estimated by the following doutllenmation equation conducted across all

modes:

EE = ’;%EnpnmEm (250)

whereE, is the modal response associated with node

The cross modal coefficiephy, with constant damping is:

_ 8{2(1+f)f3/2
P = 052y £ 482 f (4 1)

(2.51)

wheref= ay/ ay and must be equal to or less than 1.

2.4.3 Time History Representation

Eurocode 8 states that seismic motion may be repted by the use of ground acceleration
time histories subject to a number of considerat&ated in 3.2.3.1 of Eurocode 8. Artificial

or recorded accelerograms can be used but neexigcated accordingly to match the elastic
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response spectrum for the particular soil type alasign acceleration. The same

accelerogram may not be used in both horizontactdons simultaneously.

2.4.4 Tension Limits

Eurocode 8: part 6 states that the stress in thiesaue to the design seismic action shall be

lower than the preload stress in the cable.

2.5 Guyed Mast Design Using BS8100-4:1995

At present British Standards require that guyedtsnas designed according to BS8100-4,
the code of practice for loading of guyed mast® ¢bde covers dead, wind and ice loading
and is applicable to bolted, riveted or welded thetatructures composed of leg members
and triangular bracing. Portions of BS8100-4 areilar to BS6399-2, the code of practice

for wind loading on buildings, in the determinatioinwind speeds, terrain factors etc.

The principles of limit state design are adoptetbulghout BS8100-4, and all dynamic
loadings and response are approximated using aivadepi static load case. Factors of
safety on wind and ice loading are applied to tlkesigh wind speed depending on the
economic consequences of failure, or type of locatAdditional factors of safety applied to
design strength are based on a quality class @escin BS8100-4. The following section
summarizes the parts of BS8100-4 relevant to thleading analysis conducted in this

research.

2.5.1 Overall Wind Resistance

The total resistance over a section of the maskisn as:

YRy = Ry + Raw (2.52)
where

Rwm the wind resistance of the bare mast section

Raw the wind resistance of the ancillaries
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The resistance of the structure is calculated udnag coefficients for the lattice members
that take into account the shielding effect ofwhedward members on the leeward members
by the use of a solidity ratio.

The overall normal drag coefficient of a bare masgfiven by:

Cn = Chnit ﬁ + CNcﬁ + Cne Ac

F Ar F

(2.53)
where

Cnt » Gue » Gue are the overall normal drag coefficients for masimposed of flat sided,
subcritical and supercritical circular memberspessively, to be obtained from
Figure 8 of BS8100-4

As the total projected area, when viewed normal ¢offite, of the flat-sided members in
the face

Ac the total projected area, when viewed normal t fdte, of the circular-sectioned
members in the face in subcritical regimes

Ac  the total projected area, when viewed normal & fte, of the circular-sectioned
members in the face in supercritical regimes

Ar is the total projected area normal to the face

The resistance of a mast is given by:
Rv = KoCnAs (2.54)
where
As the total area projected normal to a face, ofdtmactural components in the face
within one section height of the mast at the legglcerned

Ko the wind incidence factor given in Figure 7 of@80-4

The resistance of linear and discrete ancillasesaiculated in a similar manner using drag
coefficients and incidence angles. In addition duotion factor K is used to take into
account any shielding of the ancillary by the mtssdlf. The resistance of the guys is also

calculated in a similar way.
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2.5.2 Mean Load Effects

The wind load on the mast due to a mean hourly wpeedV, in the direction of the wind
should be taken as:

Puww = ?VZZZ Rw (2.55)
and the load on the guys in the plane containiegiimd and the guy should be taken as:

Pow = %vzzz Re (2.56)

where R is the resistance of the guys apdis the density of the air at the reference

temperature and pressup € 1.22kg/ni for the UK).

2.5.3 Dynamic Loading

The dynamic response of the mast due to wind lepdirsimplified to a static analysis by
the use of a series of successive patch loads. atch load is applied individually to the
mast in its equilibrium position, under mean howiyd load, and their effect is combined

using the root sum of squares to calculate theffe dynamic response.

These successive patch loads are applied as follows

a) On each span of the mast between adjacent guys|é&egparately)

b) Over the cantilever if relevant

c) From midpoint to midpoint of adjacent spans (sejelya

d) From the base to the mid-height of the first guele

e) From the mid-height of the span between the penate and the top guy and the

top of the mast.

This arrangement of patch loads can mean that iaaftymast with four stay levels could

have as many as 10 patch load cases in addititre tmean load case.
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The patch load is given by:

Puw = 0 VaV 10y Rw[Fl_m] (2.57)

where

S-10 is the topography factor determined in accordavite section 3.2.4 (BS8100-4) for
h=10

Vio is the mean hourly wind speed at an effectiveltteaf 10m

o is the turbulence intensity and is given in Figlisein BS8100-4 according to site

terrain

For all patch loading cases the loading on eachiytiye plane containing the wind and the

guy should be calculated from:
(1+ KcKKL)®® + S
L+ S)°

Pe = %VZZRG [ (2.58)

where

Kc is a turbulence factor given in Figure 16 of BSB40
KL is a length factor given in Figure 11 of BS8100-4

Kt is a terrain factor given in Figure 17 of BS8100-4

The response of the mast must be calculated uraddr successive patch load case. The
overall response under patch loading is calculaiethe root sum of squares of the mast's
response under each individual patch load.

reL= 30 reu (2.59)

where
rpL is the load response from the jth load pattern
N is the total number of load patterns required

rej IS the total effective load effect of the patchdsa

The equivalent dynamic load for design purposéises calculated from:
F’M = 5rp|_ (260)
Where J can either be calculated according to Annexe NB$8100-4, or conservatively

taken as 3.78.
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2.5.4 Total Design Load Effect

The total load effect for each component of thetrnakimn should be determined from:
Y Fy=F,+F *F', (2.61)

where

Fo is the still air load effect

Fu isthe hourly mean load effect
F'm  is the fluctuating load effect
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3 Modelling Methods and Assumptions

In order to accurately model the masts a numbenitél assumptions needed to be made
and validated. The following chapter describeséhessumptions with respect to the mast,
cables and the model as a whole. The linear antinean static and dynamic analysis finite
element software, SAP2000, is used throughoutrdssarch. The analysis options were set

to allow a large displacement, nonlinear geomstiftness in all cases.

3.1 Mast Assumptions

Much research (described in section 1.2) has baedartaken into the modelling of a spatial
lattice mast as an equivalent beam element. Thevegjht of a lattice truss is substantially
different to that of a beam element with similah&eoural properties. In order to control
the dead load and mass of the mast, the self waightmass of the mast (calculated from
section properties of the equivalent beam) were®seero. The correct values, calculated
from the original lattice mast were then appliedaaslitional loadings and masses to the

mast. All ancillary masses and loadings were agptiea similar manner.

The equivalent beam stiffnesses for the masts usetthis research had already been
calculated by ‘in house’ software at Flint and INP#rtnership (FNP) and were supplied to
the author. Although a small amount of directiostiffness variation can be observed
because of unsymmetrical bracing arrangements, generally considered negligible, and
the stiffness in each direction is assigned theesamlue. A validation analysis was
performed in order to verify the use of a beam rhadereference to the more complicated

lattice model, as well as to check the mast sti#ées supplied by Flint and Neill Partnership.

3.1.1 Static Load case Comparison of Beam Model

A single section from the bottom span of mast A0¢hUmast with 3 stay levels introduced in
chapter 4) was used for this comparison and matieléeboth a cantilevered lattice (actual
members) and a cantilevered beam (with sectioneptigs supplied by FNP). A load of
15kN was then applied at different heights andcthreesponding displacement at that height
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recorded. The bending stiffness was then calculbtesttd on this deflection. Results are
shown in Table 3-1 and Figure 3-1.
Lattice Model Beam Model
Load Height Unit Load Deflection Deflection %
(m) (KN) E (m) I (m*%) (m) I (m%) Difference
15 15 2.E+08 0.013 6.30E-03 0.013 6.71E-03 6.12
30 15 2.E+08 0.094 7.20E-03 0.093 7.27E-03 0.88
45 15 2.E+08 0.309 7.38E-03 0.309 7.38E-03 0.09
60 15 2.E+08 0.727 7.43E-03 0.728 7.42E-03 -0.15
75 15 2.E+08 1.414 7.46E-03 1.418 7.44E-03 -0.26
90 15 2.E+08 2.439 7.48E-03 2.447 7.45E-03 -0.31
105 15 2.E+08 3.869 7.48E-03 3.882 7.46E-03 -0.34
FNP 7.51E-03

Table 3-1 Results of static bending comparison fdattice and beam models

% Difference

20

40

80

Applied Load Height (m)

Figure 3-1 Percentage difference between the latécand beam models

At heights below 15m it is likely that shear sté#fs influences deflections and the bending

stiffness calculated may not be entirely accudatd@so implies that the beam model may not

be appropriate as deflection values differ by uB% and possibly more at lower heights.

However, as the height of the applied load increamed bending stiffness of the model

dominates its behaviour, the deflection valuesliduiconverge to a difference of below 1%.

The smallest span on a mast analysed in this @séar29.88m (implying a maximum

difference of approximately 1% on Figure 3-1) ahe shortest total mast height is 99.88m.

In addition to the presence of long spans, cabhipaus that allow considerable movement

provide additional flexibility in these regions. ¢tan therefore be concluded that mast
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behaviour in this research is likely to be goverbgdending behaviour and the equivalent

beam model is suitable for a static analysis.

3.1.2 Modal Comparison of Beam Model

A modal analysis was also undertaken on both ttiedaand the beam cantilever models

with a height of 105m. A comparison of the residtshown in Table 3-2.

Lattice Model Beam Model
% Mass % Mass %
Mode | Period Frequency Contribution Period Frequency  Contribution Difference Difference
(s) (Hz) (s) (Hz) (Hz)
1 6.90 0.15 61.71 6.90 0.14 65.47 0.01 0.07
2 1.11 0.90 19.08 1.13 0.89 20.45 0.01 1.51
3 0.40 2.48 6.62 0.41 242 7.07 0.06 2.30
4 0.21 4.74 3.43 0.22 4.60 3.59 0.14 3.05
5 0.13 7.60 211 0.14 7.24 2.03 0.36 4.77

Table 3-2 Results of modal comparison for latticersad beam models

It can be clearly seen that for any important beganodes contributing more than 3% mass

participation to the mode, there is little diffecenin the frequency of the vibration of the

mode for the lattice and beam models.

mode 1

mode 2
Figure 3-2 Lattice and beam cantilever mode shapes

mode 3

Figure 3-2 shows that in addition to very similatural frequencies, the mode shapes of the

first three modes from the lattice and beam moaedsdentical.
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From the results of the static and modal validatmalyses it was concluded that for this
research, the mast lattice framework could be oeplaby a beam element with similar

properties.

3.2 Cable Modelling Methods and Assumptions

Much investigation was conducted into how cablesewaodelled using SAP2000, as their
nonlinear behaviour is crucial in the modellinggfyed masts. SAP2000 analyses cables
using a standard frame element with the followirggifications.

» The bending stiffness of the ‘effective rod’ is wedd by a modification factor to
accurately reflect the bending stiffness of thelesb Much research has been done
by Raoofet al[16] in the area of bending stiffnesses of spstednd cables, however
this largely relates to the interaction betweenleattrands and the changing
properties of the cable as it flexes. It is therefof minimal use to this research as a

single modification factor is needed by SAP2000.

A compression limit can be set to zero, howeves ttan lead to difficulties in
convergence when running time history analysegraatice, the use of this limit is
unnecessary as the cable (with reduced cable esgjnwill simply buckle when
compressed.

* The initial cable geometry is defined using staddzable formulae and was verified
using equations 2.28-2.31 in section 2.2.

* The model is analysed using a full large displacgna@alysis to effectively model
the geometric nonlinear effects. This implies tin&t stiffness matrix is recalculated
at multiple stages during a static analysis; ceaath time step during a time history
analysis.

» To accurately model the cable profile, cables tgitycconsisted of between 80 and

250 elements

The way in which SAP2000 models the fordeflection relationship of an inclined cable

was investigated in comparison to a number of teyéical models introduced in section
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2.2.1. A simple inclined cable (Figure 3-3) was mléetl and its top support displaced

horizontally. The results are plotted in Figure.3-4

X
== Ho
20m
H —
0 30m
A (effective area of cable) 1.51E-04 m
E (Youngs modulus of cable) 1.99E+11 R/m
w (weight of cable) 11.623 N/m
Hy (initial horizontal reaction) 1kN
Haiure (horizontal breaking force) 175kN
X 0-0.3m
Figure 3-3 Simple inclined cable
45
40
35 /' //
~ 30
: / /
<
- 25 / /
o
Q 20
]
Q
T i
—— Analytical-Davenport [2]
—— SAP2000
107 Analytical-Goldberg [6]
Analytical-Sparling [19]
5 -
’/,0, ——Zero Sag
0 ——— O — Analytical-EC8
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Displacement (m)

Figure 3-4 Plot of force-deflection relationship for an inclined cable usingzarious models
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It can be seen in Figure 3-4 that the SAP2000 moelgbonse is similar to that of the
analytical method described by Goldberg and Gabiht This is the most accurate method
that models the cable deformation as a catenaryramtdhe usually assumed parabolic

profile. It is also not limited to small deflectien

In all the methods the behaviour of a cable caditided into three stages:
1) Almost linear behaviour up to a point, with veriflé increase in force. This stage is
characterized by a flexible cable hanging in aratg
2) A period of marked nonlinearity with sharp increasdorce as the cable starts to
behave like a rod. The profile of the cable becostesght.

3) A more linear behaviour similar to a taut rod zero sag.

All methods show reasonable agreement in the indtia final stiffnesses. What is of
interest is that the onset of the nonlinear stagehfe formulae described in Eurocode 8 part
6 is significantly later than the other methodse Bignificance of this is beyond the scope of
this research, however is likely that when usedstatic analyses, deflection will be

overestimated resulting in a conservative desifus €ertainly deserves investigation.

The above model was then analysed a number of timis different bending stiffness
modification factors applied to the cable ‘rod’ pesties, ranging from 0.1-1. It was found
that even with this large range of modificationtéas, there was no appreciable change in
the force-deflection relationship for the cable. A modal as& was also performed on the
model with the same range of modification factérgain no appreciable change in natural
frequencies for the first five modes was observednodification factor of 0.5 was chosen
for all analyses, as this represented a substartialction in bending stiffness to encourage
more ‘cable like’ behaviour, without reducing ibtonuch so as to hinder the likelihood of

convergence during analyses (early time historyyaea suggested this).
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3.2.1 Pretension

The cable geometry is chosen based on the initiepsion force and defined by SAP2000
using standard cable theory with correspondinge®rdescribed by equations 2.28-2.31.
However, when the analysis is run, the self wedjfithe cable stretches it and the resulting
increase in sag reduces the necessary tensiorditioa to this loss of tension, the mast
compresses under any loading and reduces the tensithe cables even further. It is

therefore necessary to introduce an additional &zatpre load to control the tensile load of
the cables effectively. The process of obtaining t¢lrrect pretension in all of the cables
becomes an iterative one, in which the cable teatpsr loads are adjusted until the correct

pretensions are reached in all cables.

3.3 General Assumptions

Cables are typically connected to the outer membktise lattice, producing an offset from
the centre of the mast. It was found that thisifigantly complicated the analysis procedure
and it was decided that the offset would be omitted the cables assumed to be connected
to the centroid of the mast. As the lateral bendind shear response are of primary interest
it is unlikely that this assumption will have a migcant effect on the overall behaviour of
the mast; however the additional eccentric momdt (effect) introduced at stay
connection points will not be accounted for. Eanhalyses that included this effect showed
that the bending response was offset by the amoutiie eccentric moment, however in

relation to the overall bending in the masts wasimal.

A number of the mast models supplied had unsymoatcable anchor points (varying
heights and radii), indicating that the mast wai#t lom a slight slope. This also complicated
the model considerably; in particular the iteratiwmcess of acquiring the correct cable
pretensions, and it was decided to use an averdge of radius and height for the anchor
points of a particular stay level. In comparisorthie scale of the masts these alterations in

geometry of the structure are minor and there effelikely to be insignificant.

The base of the mast was modelled as resistanotmmin all three directions, resistant to

torsional rotation, but free to rotate about thand Y axes. This assumption is in keeping
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with the original mast design assumptions and dudst slenderness and relatively low

lateral stability, is accurate in describing ithaeiour.

All material is assumed to behave in the lineastedarange. A Q-factor of 1.5 is permitted
by Eurocode8: part 6 for a response spectrum asatyguyed masts, however as yielding
is not allowed for in a BS8100-4 wind analysis,at®wance in the seismic analyses in this
study would result in a futile comparison. Accuratedelling of this effect in a time history

analysis in SAP2000 also has significant limitagion
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4 Masts Used for Analysis

In order to assess the response of masts desigmadrent standards, existing masts in the
UK were used for the analysis, rather than desgyairgeneric mast, as these represented a
more realistic representation of masts in the lraating industry. Data based on four
existing guyed masts in the UK was supplied by tFind Neill Partnership, a leading
London based consultancy that has designed angisagaimany masts in the UK and was
largely involved in the development of BS8100-4& titode of practice for loading of guyed
masts. Details relating to the original designevner or location of the masts were not

supplied for confidentiality reasons, but all masiaformed to BS8100-4.

4.1 Mast Geometry

All four masts are triangular lattice in form, ramg in height from 99.88m to 313.6m. The
geometry of the masts is summarised in Table 4tlye@ towers taller than 150m usually
provide economical solutions over their free-stagdiounterparts. With three towers above
this limit and one below, any changes in mast biglawver this range can be assessed.
Table 4-1 also gives an average panel width, aleitly the average mast mass (structure
only) to give an indication of the relative membg&ing (and number) of the masts. It should
be noted that mast A, a more recent design, ughsshiength steel (yield stress 355 N/?)1m
and tubular members for the main mast members,ealsdhe remaining towers utilize solid

rod members with yield stresses closer to 240 Nlmm

Mast No. of No. of Average Average Average Span Outer

Height Type Stay Anchor Panel Mast (excluding Support

9 levels  Groups Width Mass cantilever) Radius

(m) (m) (kg/m) (m) (m)

Mast A 99.88 Triangular Lattice 3 1 2.10 138.55 29.96 44.65
Mast B 24500  Triangular Lattice 5 3 1.98 348.92 46.94 176.9
Mast C 239.30  Triangular Lattice 4 2 2.40 369.15 57.42 238.5
Mast D 313.60  Triangular Lattice 5 3 2.44 357.85 61.64 267.6

Table 4-1 Geometry of masts analysed
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98.88m

ABC2

ABCA
radius=44 65m

Figure 4-1 Mast A- geometry

245.00m

AB1 co E1
rad=72.77m rad=149.33m rad=176.88m

Figure 4-2 Mast B— geometry
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AB1 CcD1

rad=88.9m rad=183.5m

Figure 4-3 Mast C— geometry

AB1

rad=97_.78m S

rad=151.55m DE1

rad=267.65m

DE3

Figure 4-4 Mast D- geometry
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4.2 Mass Breakdown of Masts

In addition to the various static load cases tactwesidered for design, the distribution of
mass is important in the determination of the wsiwibration modes of a structure. The
primary reason for the existence of guyed maststoissupport ancillaries for the

telecommunications industry. It is therefore unwiseanalyse these structures without this
extra mass loading, as a number of previous stuthes done. Hensely [8] showed that
mast response is more susceptible to variationsiast mass than mast stiffness which

further emphasizes this point.

A breakdown of the total mass for each mast is shiovf able 4-2.

Mast Mass Component Mass (kg) Percentage of Total

A Cable 5801 18.55
(99.88m) Mast 13839 44.26
Other 11628 37.19

Total 31269
B Cable 20620 16.29
(245m) Mast 85486 67.52
Other 20508 16.20

Total 126614
Cc Cable 18663 13.97
(239.3m) Mast 88338 66.14
Other 26567 19.89

Total 133568
D Cable 46954 27.79
(313.6m) Mast 112223 66.41
Other 9804 5.80

Total 168981

Table 4-2 Mass breakdown of masts

The percentage of the total mass due to the cadbheges from approximately 14% to 28%.
Generally this percentage increases with mast heigth the exception of mast A which
has a relatively high cable mass. This might bdamed by the relatively low mast mass
(rather than high cable mass) due to the use wfiesit high strength tubular members. As

one would expect the percentage ancillary loadiedy the shortest mast is the highest
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(37%), whereas masts B and C are between 16% &nbdMast D (5%), at 313.6m, appears

to be far less efficient carrying the least additibload of all the masts. As the tower height
increases more of the member strength is needsdpioort the self weight of the structure

and resist lateral loads due to increasing spagthen Cable support radii need to be
increased to be able to provide adequate lateffilests and consequently cable strengths
(and therefore weights) need to be increased tpastithe self weight of the cable over such
large spans. Mast D seems to be approaching sopex iimit in the ability of the design to

carry load.

A graphical representation of the mass distribuod breakdown over the length of each
mast can be found in Figures 4-5 to 4-8 overldatah be seen that most of the irregular
distribution of mass is located at or near staypsupevels (represented by dotted lines) and
is caused by both the additional structural massiee in these regions as well as ancillary
point loads. In addition to these areas, the amils of masts B, C and D have high
concentrations of mass. The relatively low add#idnading on mast D is clearly evident in

Figure 4-8.
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4.3 Stay Pretension

A pretensile force of 10% of the breaking forceh# cable is commonly used as a guideline
for design. Previous studies by Amiri [1] used ttliseshold as a parameter to describe a
‘typical’ mast and suggested a formula to estintéefundamental natural period of a mast,
relative to its height, provided its initial caltnsions were close to this limit. It also showed
that mast axial force was more susceptible to as®e in dynamic tension (during a seismic
analysis) if the initial tension was below this iimThis guideline design tension is low
enough to ensure that the steel cables will nopriome to fatigue failure over time when
subjected to repeated loading. All the masts cemsil are well below this limit and many
may be considered slack if the above guideline wgesl, however the relative stiffness and
stiffness utilization (described in section 4.4)aidfar better description of relative cable
tautness as it does not depend on the failure dbdice cable. Table 4-3 shows the nominal
cable diameters used and Table 4-4 shows the wétiteasile load (UTL) and pretension

force for the various mast stays.

Mast Stay level
A B C D E
A 30.0 45.0 45.0 N/A N/A
B 32.0 42.0 31.8 47.6 31.8
C 40.0 44.5 44.5 35.0 N/A
D 34.9 47.6 50.8 57.2 41.3
Table 4-3 Nominal cable diameters (mm)
A (Level 1) B (Level 2) C (Level 3) D (Level 4) E (Level5)
Mast A Pretension (kN) 78.48 98.10 127.53 N/A N/A
UTL (kN) 822.10 1957.00 1957.00 N/A N/A
% of UTL 9.55 5.01 6.52 N/A N/A
Mast B Pretension (kN) 41.69 65.55 76.27 142.25 84.33
UTL (kN) 864.26 1446.98 847.19 1983.43 847.19
% of UTL 4.82 4.53 9.00 7.17 9.95
Mast C Pretension (kN) 88.83 107.03 152.06 103.01 N/A
UTL (kN) 1393.02 1654.59 1654.59 1103.63 N/A
% of UTL 6.38 6.47 9.19 9.33 N/A
Mast D Pretension (kN) 100.71 112.99 147.38 222.44 108.08
UTL (kN) 1036.56 1784.09 1943.56 2571.48 1435.24
% of UTL 9.72 6.33 7.58 8.65 7.53

Table 4-4 Initial pretension force and UTL of stays
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4.4 Relative Horizontal Stiffness of Stays

The correct modelling of the nonlinear lateralfegfks of the stays is fundamental in the
analysis of guyed towers. In order to compare thevalent lateral stiffness of each mast an
equivalent linear stiffness was calculated for eat@ly based on equations 2.36 and 2.37
presented by Goldberet al [6] for force displacement relationship of a calflee same
relationship as used by SAP2000). An initial displment of 2:0mm was used to calculate an
effective linear stiffnes& under initial conditions. This was compared to $tiéfness of a
rod ko (i.e. with zero sag) under the same conditions, rttio k/k, giving a comparable

stiffness utilization for each cable.

Mast Stay level
A (level 1) B (level 2) C (level 3) D (level 4) E (level 5)
Mast A Anchor Point Inner Inner Inner
(99.88m) k (N/m) 1147600 791600 360000 N/A N/A
ko (N/m) 1192377 979166 403685 N/A N/A
(k/ko)% 96 81 89 N/A N/A
Mast B Anchor Point Inner Inner Intermediate Intermediate Quter
(245m) k (N/m) 347800 202200 122500 127700 62700
Ko (N/m) 842674 501705 211419 293054 107577
(k/ko)% 41 40 58 44 58
Mast C Anchor Point Inner Inner Outer Outer
(239.3m) k (N/m) 763300 309900 179800 80800 N/A
ko (N/m) 1193960 508514 364405 150198 N/A
(k/ko)% 64 61 49 54 N/A
Mast D Anchor Point Inner Inner Intermediate Outer Outer
(313.6m) k (N/m) 397200 207000 101300 80000 28200
Ko (N/m) 569991 402609 290428 256764 101758
(k/ko)% 70 51 35 31 28

Table 4-5 Cable horizontal stiffnesses

As expected the stiffness utilization tends to dase with increased cable length and
increased support radius. Horizontal stiffness sanddecrease with height, but increase with
support radius. This generally means that the igtee/s are less efficient and requires that
anchor points for the higher stay levels are furtdveay from the mast to generate significant

stiffness.

Although the stiffness utilizations described bylEa4-5 indicate that most of the cables are
initially in the nonlinear range described by FiguB-4, the overall lateral stiffness of the
masts is more linear than might be suggested lsy lhovement of the stay support points

involves the loading (stiffening) of cables on te away from the direction of movement,
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and unloading (reducing stiffness) on the sidehm direction of movement. The nonlinear
effect of loading and unloading of individual cabls somewhat balanced by the unloading
and loading of cables on the opposite side of thstnfigures 4-9 and 4-10 show the overall
force-deflection relationship of the stay level pointshe X direction for the various masts.

Included on the graphs for comparison are the #ffedinear force-deflection relationships

based on the stiffness after pretension.
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5 Modal Analysis

5.1 Introduction and Methodology

A linear modal analysis was performed on each mbdséd on the stiffness at the end of the
nonlinear pretension load case. Although the modepess and frequencies would be
different if the analysis was conducted with thestria a deformed position, this is still a

useful analysis as it gives some insight into thiéal behaviour of the mast before any

nonlinear cable effects are induced.

The mass of the cables contributes between 15%3@%dto the overall mass of the structure
and thus has a significant effect on its vibratioodes. It also makes it extremely difficult to
differentiate between ‘mast modes’, ‘cable modasg modes that are a combination of the
two. By running analyses with the cable mass seéto, it is possible to get a feel for which
modes are essentially ‘mast’ modes and therefometefest. The percentage contribution of
total mass to the mode is also a key feature ierdehing which modes are of interest to the
behaviour of the mast. SAP2000 calculates the masgcipation of each mode using the
method described in section 2.1.2.2. The user setsnumber of modes (in order of
increasing frequency) to be calculated and thegogagie mass participation to be achieved
(typically 99%). During the analysis SAP2000 ca#tas modes until one of these conditions

has been satisfied.

Bending modes typically occur in orthogonal paas the initial stiffness is the same about
both the X and Y axes). The presence of the cab#dses it necessary for a large number of
modes to be calculated in order to achieve 99% mpagtipation (usually between 100 to
200 modes). With the large number of modes caledlait was necessary to identify a
percentage mass contribution, below which a mode m@& deemed significant. A mass
participation ratio of 5% was identified as a spbigaminimum limit as this was deemed low
enough to cover major modes, and excluded a largear of minor modes below this ratio,
particularly in the 3% to 5% range. Eurocode 8 flaaiso identifies 5% mass participation
as a cut-off, above which modes should be congsid@rea response spectrum analysis. This

identified between three and eight modes for thetsnanalysed.
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5.2 Results and Discussion

5.2.1 Lateral Modes

Table 5-1 lists all lateral modes that have claset more than 5% mass participation when
both orthogonal bending modes are considered asgée snode. The modes are listed in
order of increasing frequency, with their relativgportance shown by their percentage mass

participation.

Mast Mode Frequency (Hz) Period (s) % Mass Participation
A 1 (A&B) 1.67 0.60 20.90
(99.88m) 2 (A&B) 1.81 0.55 9.70
Cables % 3 (A&B) 2.06 0.49 4.62
18.55 4 (A&B) 2.18 0.46 33.80
5 (A&B) 2.48 0.40 7.38
6 (A&B) 2.59 0.39 6.34
Other 17.27
B 1 (A&B) 0.52 191 11.90
(245m) 2 (A&B) 0.78 1.29 28.71
Cables % 3 (A&B) 1.27 0.79 15.84
16.29 Other 43.56
C 1 (A&B) 0.63 1.59 20.34
(239.3m) 2 (A&B) 0.69 1.45 4.92
Cables % 3 (A&B) 0.83 1.21 19.00
13.97 4 (A&B) 0.99 1.01 14.69
5 (A&B) 1.30 0.77 4.68
6 (A&B) 1.90 0.53 6.73
Other 29.63
D 1 (A&B) 0.51 1.96 13.60
(313.6m) 2 (A&B) 0.57 1.76 5.54
Mast D 3 (A&B) 0.62 1.62 5.15
Cable % 4 (A&B) 0.64 1.55 15.66
27.79 5 (A&B) 0.77 1.30 13.67
Other 46.37

Table 5-1 Mast modes with greater than 5% mass paidipation

It can be seen that the taller the mast, and the mbles that contribute to the structure, the
more modes occur that contribute less than 5% pasgipation overall to the vibration of
the structure. In mast B (245m) and mast D (313.6mmich both have five stay levels,
approximately 45% of the mass is not accountedffonly significant modes (> 5% mass
participation) are considered, whereas mast A @8)8&nd mast C (239.3m) with three and

four stay levels respectively, approximately 209 83% of the mass is not accounted for.
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The presence of a large number of flexible cablag serve to ‘split’ what is essentially a
single mast mode. Slight variations in the modegpshaf a particular set of cables can occur
without significantly altering the deformed shapgele mast. This causes a slight change in
natural frequency and introduces a new mode. iffies in understanding the vibration of

such structures are clearly illustrated here.

The dynamic behaviour of most structures can uglmdl described by a small number of
natural frequencies, one of which is the most damirand described as the fundamental
natural frequency. Although this is not the casthwuyed masts, investigation of the most
significant flexural mode is a useful starting goifigure 5-1 below shows a plot of the most
significant flexural period (highest mass partitipa ratio) versus mast height for the four
masts. A linear trend line has been added shovaegnicrease in flexural period with height.

The trend line identified by Amiri [1] in a similatudy has also been added to the graph for

comparison.
350
300 ——?
B 250 ——‘_Q/‘; ‘e
—g 200 // - &  Most significant
@ g flexural period
T 150 A R it Linear trendline
3 IR g _ 3
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Figure 5-1 Plot of the most significant flexural peods against mast height

The study by Amiri [1] did not include the massaify ancillaries in the analyses of the
towers. The added mass of the ancillaries consider¢his research would cause increases
in the natural period of the structure, and exldire rightwards shift of the graph. Amiri [1]
suggested that his formula could be used to estithat fundamental natural period of guyed

towers in the range 150m to 350m and then be used fdesign check to assess the
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importance of lateral effects. Evidence producedthis research suggests that a large
number of significant modes exist with varying llsvef mass participation and the author
would not recommend the use of such an equatioarfgthing more than an initial estimate
of natural period. The governing formula for th@wa trendline to estimate natural period is
as follows:

T =0.007H - 0.2347 (5.1)
where
T natural period in s

H tower height in m.

5.2.2 Mode Shapes

Figures 5-2 to 5-5 show the mode shapes of modésmare than 5% mass participation.
The modes are shown in order of increasing frequeara their frequencies and mass
participation shown in Table 5-1. As the deformedstmshape is of primary interest, the

cables have been omitted.
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Figure 5-2 Mast A— mode shapes
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Figure 5-3 Mast B— mode shapes

: |
/r’ Vo e pats ' 14,

Undeformed Mast Modes 1 2 3 4 5 6

Figure 5-4 Mast C— mode shapes

Undeformed Mast Modes 1 2 3 4 5

Figure 5-5 Mast D— mode shapes
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The distribution of mass is largely uniform aloig tength of the masts with local areas of
increased mass, usually at the stay attachmenttspalne to ancillary loading and
strengthening in these areas (see Figures 4-58)o #he top section (including any small
cantilever) of masts B, C and D also shows a higbacentration of mass. The shapes of the
significant modes generally appear to be closehab of a cantilever or propped cantilever
rather than those of a continuous beam with meltgalpports. This characteristic was also
observed by Amiri [1] when describing the first féwndamental mast mode shapes and can
be explained by the fact that the horizontal stiff of the stays reduces with increases in
height (see Figures 4-9 and 4-10), resulting inosenfixed support closer to the base, while
allowing more flexibility further up the mast. I$ iapparent that local variations in mass
distribution (usually at stay levels) have miningfect on the significant mode shapes,

which are primarily governed by cable stiffness.

5.2.3 Vertical Modes

The lateral seismic behaviour of guyed masts (armstnother structures) is usually
considered more important than the vertical respoasd consequently a vertical modal
analysis is often not undertaken. Part of this agde investigates the effect of vertical
ground motion on mast response and thus vertitmhtion and the analysis of the vertical
natural frequencies is essential in understandiagrhportance of this effect. Table 5-2 lists

the most significant modal frequencies of the méateve 5% mass participation).
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Frequency % Mass
Mast (Hz) Period (s) participation
A 7.63 0.131 9.7
7.78 0.129 58.7
Other 90.3
B 3.89 0.257 38.4
3.91 0.256 22.0
Other 39.6
c 4.30 0.233 36.0
4.32 0.232 9.3
4.34 0.231 15.0
4.36 0.229 5.3
Other 34.4
D 0.27 3.638 3.6
3.42 0.293 57.2
Other 42.8

Table 5-2 Mast vertical natural frequencies

Table 5-2 shows that the vertical modes occur athmhigher frequencies than lateral
modes; of the order of 3 to 4 times higher. As elg@ there is a strong correlation between
mast height (and therefore mass) and natural frexyyevith increasing frequencies shown
for shorter masts. Analysis of the mode shapes shinat for the most part, important
vertical modes involve extension and contractiontted mast rather than vertical cable

vibration.
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6 Wind Analysis

6.1 Introduction and Methodology
In order to assess the importance of a seismig/sisat was necessary to undertake a wind
loading analysis to be able to compare the desigre$, produced during a wind loading
design, with the forces produced during the seisamalysis. BS8100-4 was chosen as a
suitable design code to give an indicative desigrdwesponse because:

* The masts had already been designed/checked tdOBSB1

» Eurocode 3 part 3: Towers, Masts and Chimneystigetoavailable in the UK, but is

due for publication in June 2006 (without the nadilbannexe)

+ Both codes are similar and both use the Patch hosttiod.

It should be noted that BS8100-4 is based on a rhearly wind speed, and EC3-3 is based
on a 10 minute average. Both are given at a rederéright of 10m with a return period of
50 years. A factor of approximately 1.07 can beduseconvert mean hourly wind speed to

10 minute averade

A full wind loading analysis using BS8100-4 was eridken on all four masts from one
direction only, along the line of a mast leg. Thadvdirection was chosen with the worst
direction factor (i.e. the closest to 1) and shaeloresent the worst wind loading condition,
although this would have to be verified as thectife area of mast in another direction may
be the dominating factor in determining the streggiresponse. It was decided that as only
an indicative wind loading assessment was neededjrig from this single direction was

sufficient.

All the loading area calculations to be used haeaaly been carried out by Flint and Neill
Partnership and were supplied to the author infah@ of distributed areas (i.e. in’m),

and point areas (i.e. in3n

2 Obtained from Figure 4.2 of [29]
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6.2 Wind Speeds and Loading Profiles

The analysis was undertaken using the general mettescribed in BS 8110-4 and
summarised in section 2.5. It should be noted #flathe masts have been analysed fully
according to BS8100-4 by Flint and Neill Partnepskaind all of the masts fulfil its

requirements.

. . . Equivalent 10 Partial factor on Site altitude
Mast Mean Hourly Wind Direction minute average wind speed factor, Sa
Speed V, (M/s) factor, Sd 9 peed, v !
Speed (m/s)
A 23.0 0.97 24.6 14 1.2
B 24.0 0.92 25.7 11 1.3
C 225 0.93 24.1 11 1.05
D 235 0.91 25.1 11 1.15

Table 6-1 Mast design wind speeds
Figures 6-1 to 6-4 show the mean wind loading pesffor the four masts. Point loads have

been ‘smoothed’ into the data to give a visualespntation of the mean loading. Stay levels

are indicated by dotted lines.
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Figure 6-2 Mast B— mean wind load profile
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Figure 6-4 Mast D— mean wind load profile

Average mean load
Mast Height (m) (KN/m)
A 99.88 2.54
B 245.00 2.64
C 239.30 2.49
D 313.60 2.11

Table 6-2 Mast average wind loading

The average mean loading on the four masts isiveblatsimilar (between 2.11 and 2.64
kN/m). Although mast D is the tallest, its relativéow additional loading leads to a lower

overall wind resistance.

Both the mean wind loading and patch loading aopgrtional toV2. In order to understand
the relative significance of seismic loadings ieas with more or less wind than that used
for the design of masts used in this researchndicative wind analysis was also conducted
with mean hourly wind speeds of 20m/s and 28m/pewsvely (21.4m/s and 30m/s
equivalent 10 second average). Mast forces producttese analyses are shown in section

8 in comparison to those produced during the seismalyses.
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6.3 Results and discussion

The results of the wind loading analysis are shawthe form of force diagrams (moment,
shear and axial). Both the mean response and gigndenvelope (f+ and ky-) and are
shown in Figures 6-5 to 6-16 for all masts. Tab$hows the mean and design tensions for
the stays from the wind loading analysis, as wslittee ultimate tensile load (UTL), and
design tension as a percentage of the ultimateleelosd, indicating the utilization of the

cable under wind loading.

Stay Level
Lowest Highest
A B C D E
Unloaded (kN) 79.8 104.1 136.5 XX XX
Mast A Wind (mean) (kN) 141.5 239.7 254.4 XX XX
Fu+ (design load) (kN) 211.1 351.7 344.9 XX XX
UTL (kN) 822.1 1957.0 1957.0 XX XX
% utilization 25.7 18.0 17.6 XX XX
Unloaded (kN) 44.1 73.8 83.4 164.7 95.7
Mast B Wind (mean) (kN) 136.9 239.7 190.4 394.0 244.4
Fw+ (design load) (kN) 283.1 380.7 256.2 483.1 306.3
UTL (kN) 864.3 1447.0 847.2 1983.4 847.2
% utilization 32.8 26.3 30.2 24.4 36.2
Unloaded (kN) 92.0 116.7 167.6 116.3 XX
Mast C Wind (mean) (kN) 203.3 280.3 346.4 234.1 XX
Fwt (design load) (kN) 370.4 451.4 458.7 300.6 XX
UTL (kN) 1393.0 1654.6 1654.6 1103.6 XX
% utilization 26.6 27.3 27.7 27.2 XX
Unloaded (kN) 80.5 120.8 152.7 267.7 136.3
Mast D Wind (mean) (kN) 190.3 325.0 364.5 485.5 286.3
Fut (design load) (kN) 304.7 459.0 463.8 562.2 335.2
UTL (kN) 1036.6 1784.1 1943.6 2571.5 1435.2
% utilization 29.4 25.7 23.9 21.9 23.4

Table 6-3 Cable tensions from wind analysis
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Figure 6-13 Mast A- design wind axial forces
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Figure 6-14 Mast B—- design wind axial forces

Axial Force (kN)

-500

-1000

'
=
a
o
o

-2000

-2500

-3000

Mast Height (m)

Wind (mean)
——FM+
—FM-

Figure 6-15 Mast C- design wind axial forces

Axial Force (kN)

'

=

a

o

o
I

Mast Height (m)

Wind (mean)
— FM+
——FM-

Figure 6-16 Mast D — design wind axial forces

67



Wind Analysis

It can be seen in Figures 6-5 to 6-12 that the eslidghe bending moment and shear force
diagrams closely resembles that of a continuousnbeath sagging moments in the spans
and hogging moments at the stay supports. The tmlahsagging and hogging moments
depends on the span lengths and the relative edsfof the stays. It can be seen that a better
balance seems to have been obtained for masts ACanih relatively similar maximum
sagging and hogging moments along the length ofnthst. Masts B and D have large
differences between these sagging and hogging msmarmd mast D in particular has
maximum hogging moments generally twice the vafugsagging moments under mean wind
loading. This is likely to indicate an inefficienesign as it is unlikely that significant
variations in section sizes would be employed @amht spans and supports. A much higher
design bending moment (produced at the supportg)ldvtherefore need to be used
throughout. Increasing the span length in theseomegcould serve to redistribute the
bending moment, creating a more efficient desidre frofile of the design loading casg'F
and ky~ with patch loading (described in section 2.5),ayatly follows the same trend as the

mean loading diagrams, with values usually 200%08% of the mean loading case.

The axial force distribution is typical for that af column with point loads at repetitive
intervals. The self weight of the mast and its bendes produce a gradual increase in axial
load down the mast and the prestress cable supidtiarge loads where they are attached.
The effect of the patch loading increases the dekigding by a maximum of 10% at the

base of the towers.

Table 6-3 shows that all stay tensions are welhiwitimits under the wind design loading

case. In most cases they are approximately 30%serdf the ultimate tensile load.
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7 Seismic Analysis

The nonlinear seismic response of the masts wasssd using a series of time history
ground motions applied at the base of the mastsaantie stay supports. The following
sections describe the main objectives of eachfsatalyses and outline the assumptions and

methodology used.

7.1 Details of Analyses

7.1.1 Stage 1 — Uniform Ground Motion

The major part of this research assessed the respdrthe four masts to time history ground
motion based on three different earthquake acagianos. The scale of the accelerograms
was increased through a range typically used ithgaake design until some of the forces
produced were similar to those produced duringnditative wind loading assessment using
BS8100-4. Analyses at four different levels of peatund acceleration were conducted to
gain an understanding into the magnitude and Higion of forces produced during
different seismic events and to assess how nomnlitheapeak response of the masts was to
increases in the scale of the accelerograms. liti@ddesults were also used to assess how
vulnerable masts designed primarily for wind logdwould be to a typical seismic event. A

total of 48 time history analyses were conductethdthis stage.

7.1.2 Stage 2 — The Travelling Wave Effect

The distance between support points of a guyed oastoe substantial, particularly with

taller masts (up to 401m for the masts in this wtud simplified approach was adopted to

allow for the travelling effect of earthquake wavbg means of a delayed onset of ground
motion at the different supports, according to afiéht shear wave speeds. Although
earthquake groundmotion consists of a number dérdint types of waves travelling at

different speeds, the shear wave speed was useldatacterize this effect. As this is the

slower of the two most destructive types of waveud S waves), it is likely that this effect

will be exaggerated. However a more detailed amabyfsthe combine effect of both P and S

waves is beyond the scope of this research. Anaiyere conducted based on shear wave
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speeds of 270m/s, 580m/s, 800m/s (correspondiggotand types A, B and C in EC8). The
direction of the travelling wave was applied aldhg X axis (Figures 4-1 to 4-4), in line
with a line of stays. Table 7-1 shows a breakdoithe delay times at the various supports

of each mast subjected to the various travellingesa

Mast A Support Point
Wave
Speed
(m/s) ABC1 Mast ABC2&3
Distance from 1st
support in wave path (m) 0.00 44.65 66.98
Time delay (s) 800 m/s 0.00 0.06 0.08
580 m/s 0.00 0.08 0.12
270 m/s 0.00 0.17 0.25
Mast B
Wave
Speed
(m/s) El CD1 AB1 Mast AB2&3 CD2&3 E2&3
Distance from 1st
support in wave path (m) 0.00 27.55 104.11 176.88 213.27 251.55 265.32
Time delay (s) 800 m/s 0.00 0.03 0.13 0.22 0.27 0.31 0.33
580 m/s 0.00 0.05 0.18 0.30 0.37 0.43 0.46
270 m/s 0.00 0.10 0.39 0.66 0.79 0.93 0.98
Mast C
Wave
Speed
(m/s) CD1 AB1 Mast AB2&3 CD2&3
Distance from 1st
support in wave path (m) 0.00 103.60 193.50 238.45 290.25
Time delay (s) 800 m/s 0.00 0.13 0.24 0.30 0.36
580 m/s 0.00 0.18 0.33 0.41 0.50
270 m/s 0.00 0.38 0.72 0.88 1.08
Mast D
Wave
Speed
(m/s) DE1 C1 AB1 Mast AB2& 3 C2&3 DE2 & 3
Distance from 1st
support in wave path (m) 0.00 116.10 169.87 267.65 316.54 343.42 401.47
Time delay (s) 800 m/s 0.00 0.15 0.21 0.33 0.40 0.43 0.50
580 m/s 0.00 0.20 0.29 0.46 0.55 0.59 0.69
270 m/s 0.00 0.43 0.63 0.99 1.17 1.27 1.49

Table 7-1 Delay times for each support during traviling wave analyses

Although the accelerograms were scaled (or syrgbdyito match a soil type C design
spectrum (which corresponds to a specific shearewaslocity of 180m/s to 360 m/s), in

order to assess the effect of asynchronous groustibm) the same accelerograms were
analysed whilst adjusting the effective shear wapeed (accelerograms and scaling
procedures are defined in section 7.3). Stage lysemidentified that the masts responded
far more to the EC8 and El Centro accelerograms tha Parkfield accelerogram, and thus
the Parkfield accelerogram was not used during piiase. A total of 24 time history

analyses were conducted during this stage.
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7.1.3 Stage 3 — Uniform Ground Motion without Verti  cal Motion

The relatively recent Northridge earthquake (19@#ntified significant vertical motions
that suggested that more careful attention shogldaid to seismic loading in this direction.
Accelerations in this direction were previously giv minimal consideration as it was
commonly believed that lateral behaviour governeastresponse. By running a set of
analyses without the inclusion of vertical motitime effect of this loading on the masts will
be assessed. As with stage two, the Parkfield e@mgiam was not used during this stage. A

total of twelve time history analyses were conddaearing this stage.

7.2 Modelling Methods and Assumptions for Seismic Analyses

7.2.1 Time Integration Method

The nonlinear dynamic analysis is done by a steptey integration of the equilibrium
equations in the time domain. SAP2000 offers a remuf standard direct integration
methods. Newmark’s method [15] of numerical intéigra (described in section 2.1.3) was
used with gamma = 0.5 and beta = 0.25. With thesampeters, the method is equivalent to
the average acceleration method and is uncondilyoetable with no energy dissipation.
Full geometric nonlinearity is allowed for by thelection of a large displacement nonlinear
setting, thus allowing for the stiffness matrix b@ computed at each time step in the
deformed position of the current step. Mass anfhetis proportional damping (Rayleigh
damping) was used to damp both high and low frequenodes outside of the range
significant to mast response. All convergence pold were solved by increasing the
number of cable elements in each cable, which tegirh 80 to 250 elements per cable. The
maximum time step used was reduced until no sicaniti variation in mast response was
evident; this was typically 0.0025s for mast A, &@05s for masts B, C and D. The time
step was usually automatically reduced by SAP2@H0ttie travelling wave analyses to
approximately 0.001s. A data sampling time step efaxsen for each mast to accommodate
at least 20 data points from each significant retperiod identified during the modal
analyses. More information on the time integratom its use in SAP2000 can be found in

the CSI Analysis reference manual [27].
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7.2.2 Damping

Eurocode 8: part 6 states that if a reduced despgotrum is not used for analysis, damping
ratios other than 5% may be used. A ratio of 1%4%is suggested for steel elements. For
this research a value of 2% was used, the same eahployed by Amiri [1]. The range of
important natural frequencies was identified durthg modal analysis and was used to
identify the two frequencies needed for SAP2000aticulate Rayleigh damping coefficients
as described in 2.1.2.3. These coefficients ween thsed throughout the time history

analyses.

7.3 Accelerograms and Time Histories

Three earthquakes were chosen for the analysi$, edubiting different characteristics.
‘Classic’ time histories from the 1940 El Centrothguake, exhibiting a wide range of
frequencies and numerous episodes of strong gramation, and the 1966 Parkfield
earthquake, exhibiting a single pulse type loadiuity dominant lower frequencies. Both of
these earthquakes occurred in the vicinity of tle &ndreas Fault in California. Time
histories in all three directions were available tfeese two earthquakes from [33] and [34].
The third time history was synthesized using SIMQKEsoftware package) to match the
Type 1 European horizontal elastic response spadiu soil type C. Eurocode 8 states that
identical time histories may not be used to charamt¢ motion about two axes
simultaneously, thus a total of three time hiswrigere synthesized for loading along
respective axes. As loading in one direction isallgidominant the EC8 time histories used
to load the Y and Z directions were scaled dowralfgctor of 5/6 and 3/4 respectively, an
approach similar to that adopted by Amiri [1], bdie® the Building Code of Canada 1995
Commentary J. It should be noted that future reseaould improve slightly on this
treatment of vertical motion by utilizing a verticeccelerogram corresponding to the EC8

vertical elastic response spectrum.

Figures 7-1 to 7-3 show the accelerogram with thghdst accelerations (i.e. dominant
direction) from each of the earthquakes to be u$kd. remaining directions are shown in

Appendix 1.
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7.3.1 Scaling and Comparison of Time Histories

Typically buildings are designed for earthquakeastaace by means of a response spectrum
(described in section 2.4.1). A software packadkdseismosignal (available from [36])
was used to calculate the elastic response spedtamm the various accelerograms. The
amplitude of all of the response spectra (and #ueglerograms) was then scaled linearly to
‘best fit' the response spectrum for a type 1, sgpe C earthquake as stipulated by ECS.
The scaling approach used was not strictly in atanace with the design requirements of
EC8 part 1, which requires that the mean of the pariod spectral response (calculated
from the individual component time histories) beaer than that of the site in question. The
requirement that in the significant period rangehd structure (0.2T to 2T) that the peak
elastic spectrum value, calculated from the indigidtime histories be no less than 90% of
the ECS8 elastic response spectrum of the ground tgpalso not strictly adhered to.
Compliance with these requirements is necessamgdsign to ensure that all possible ranges
of seismic loading are covered for any particutamcture. However as this study was not
strictly a design exercise and undertakes to mibdelealistic response of a range of masts
to different types of loading with the aim of demgihg new response trends, increasing the
scale of the accelerograms to such an extent woatidhave been appropriate. Soil type C
was chosen as it represented a ‘middle range’ E§8anse spectrum, defining a reasonably
stiff ground type. It is closest to the ‘averag€&response spectrum and thus should yield
the most applicable set of results; however analysesed on other soil types would be
needed to cover all ranges of mast response. Figureshows the three corresponding
response spectra (after scalingvorst direction only) relative to the EC8 desigrestrum.

Table 7-2 shows the significant natural frequeranyges for the four masts.
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Figure 7-4 Response spectra (5% damping) for accetgrams in dominant direction at 3m/ scaling

Significant Frequency Range (modes with >
Mast 5% Mass Participation) Equivalent Period Range
A 1.75Hz-2.55Hz 0.39s - 0.57s
B 0.5Hz-1.3Hz 0.77s - 2.0s
c 0.6Hz-1.9Hz 0.53s - 1.66s
D 0.5Hz-0.8Hz 1.25s - 2.0s

Table 7-2 Significant frequency ranges of masts

The ECS8 synthesized accelerogram clearly has tHeswrange of vibration frequencies and
is likely to interact more with all of the mastdt#ough of lower response amplitude, the El
Centro accelerogram also consists of a wide rafdeequencies, however the duration of
high amplitude ground motion is significantly shesrtthan that of EC8. The Parkfield
response is particularly high for lower periods .6s) with minimal response shown for
higher periods (>1s). It is likely that the Parldiground motion will only excite significant

response from mast A.

To assess the response of the masts to increaseseaterogram amplitude, analyses were
conducted with various scale factors applied totitme histories corresponding to the ‘best
fit EC8 (type 1, soil type C) response spectrunthwdesign acceleration set at 2.5m/s
3m/<, 3.5m/$, 4m/<. Table 7-3 shows a breakdown of the accelerograpepties.
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Accelerogram Peak Scale from
(worst direction ECB8 Design Peak Ground Ground Peak Ground Original
only) acceleration acceleration velocity displacement Record
(m/s?) (m/s?) (m/s) (m)

EC8-synthesized 25 2.59 0.28 0.09 0.25

3 3.11 0.34 0.11 0.30

35 3.63 0.40 0.12 0.35

4 4.15 0.46 0.14 0.40

EL-Centro 25 2.43 0.29 0.08 0.88

3 291 0.35 0.09 1.05

35 3.40 0.31 0.08 1.23

4 3.89 0.56 0.15 1.4

Parkfield 2.5 3.20 0.18 0.06 0.75

3 3.84 0.21 0.07 0.90

35 4.48 0.25 0.08 1.05

4 5.12 0.28 0.09 1.2

Table 7-3 Scaled accelerogram properties

7.3.2 Input for SAP2000

SAP2000 allows for acceleration time histories ¢oapplied to all supports simultaneously,
but in order for differential movement to be apglie the various supports, a displacement
time history must be applied to a unit displacenieatl at each individual support. As part
of the analyses to be performed required diffeeémtiovement, displacement time histories
were used throughout. Seismosignal was also usextdorately convert the acceleration
time histories into displacement time histories.ohdler to eradicate unwanted noise and
simplify the analysis the time histories were béiltdred between 0.1Hz to 10 Hz for mast
A and 0.1Hz to 5Hz for the remaining masts. Thes®es represent the frequencies that
have any significant effect on the masts. This mggion was verified by doing a number of
different analyses, varying the filter bands. Augkrepresentation of the displacement time

histories is shown in Figure 7.5.

The earthquake direction was chosen to coincide thi2¢ X and Y axes shown in Figures 4-
1 to 4-4, i.e. the X direction coincides with aeliof stays. The dominant component of

vibration was therefore applied along the X axigplane with a line of stays.
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Figure 7-5 Horizontal displacement time historiesgm/s’ scaling)

The total times shown in Figure 7-5 for EC8, Pakfiand El Centro are 20s, 25s and 30s
respectively. The relatively high long period camtef the EC8 and EI Centro time histories
allow for a larger range of displacements thanRaikfield accelerogram.
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8 Stage 1: Uniform Ground Motion — Results and Discussion
This section presents and discusses the resportge dbur masts to time history ground
motion from the three sets of accelerograms at diifferent scale factors. All displacement

loads at the supports were applied simultaneously.

8.1 Mast Bending Moments
Figures 8-1 to 8-8 show the peak bending momene¢lepes about the Y and X axes for
each mast in response to the three earthquakes/st gcaling. Bending about the Y axis

represents bending in the dominant direction oetliehquake.
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Figure 8-1 Mast A- bending moment envelopes (about Y axis) for 4nf/scaling

400

300

200 /\,\ m
100 4 EC8 (max)

—— EL Centro (max)
Parkfield (max)

] 10 20 3 40 50 A060, 70 80 90 14
-100 N

-200 + —~—

Bending Moment (KNM)
o

-300 4

-400

Mast Height (m)

Figure 8-2 Mast A- bending moment envelopes (about X axis) for 4nf/scaling
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Figure 8-8 Mast D- bending moment envelopes (about X axis) for 4nf/scaling

Mast A responded significantly to all three groumbtions, whilst masts B, C and D

responded more to the EC8 ground motion, and te#iset Parkfield motion. This spread of

results is consistent with the frequency contenthef respective accelerograms and natural

frequency ranges of the masts, and it seems likelythe longer duration of ground motion

in the EC8 accelerograms contributed to the appbéeidifference between the EC8 and El

Centro results.

Although similar, the distribution of bending momeracross the masts shows notable

differences. Mast A, with relatively high cable popt stiffness and stiffness utilization

shows sharp hogging moments at the stay conneptiarts of similar magnitude to the

bending moments in the spans. This response idasid that of a continuous beam.

However masts B, C and D, with much lower cablféfn&tss utilization and horizontal

stiffnesses, show considerable bending in the spéhsinsignificant or isolated bending at
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the stay connection points. This indicates thatstas supports behave more like a spring

than a fixed support.

A comparison between the distribution of bendingés in similar sized masts B (five stay
levels) and C (four stay levels) also shows intargs although explicable results. Typical
variations in midspan to support point moment aréhe region of 2:1 for mast B, whereas
the longer spans of mast C increase this ratigppoaximately 3:1 with significantly higher
midspan moments. It is interesting to note thatpbak response and distribution about the
Y and X axes can be appreciably different, althohigjner bending is usually shown about

the Y axis (consistent with dominant direction aftaquake loading).

It should be noted that Figures 8-1 to 8-8 showkpeending moment values across the
masts which do not all occur at the same pointirmet Determining the peak bending
moment in the X and Y directions and designing tfugir vector sum is therefore very
conservative as the peak moments at different ilmtatand directions do not occur
simultaneously. By analyzing the vector sum of tending response in the X and Y
directions in the time domain, the magnitude of theak bending moment can be
determined. Figures 8-9 to 8-16 show the magnitudeke peak bending moments for the
EC8 and El Centro analyses generated in this waglfd®GA scale factors. Four envelopes
from a particular earthquake are shown in the saoleur with increasing magnitudes
corresponding to PGA scale factors of 2.5, 3, 31& 4m/4. The magnitude of the design
wind bending moment is also shown, as well as ditative design moment produced from

analyses with mean hourly wind speeds of 20m/2@&mal's respectively.
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The consistent spacing of the ElI Centro peak monegnvelopes show that the peak
bending-PGA relationship is relatively linear for all maskéowever, the peak response to
the EC8 accelerograms exhibits significant nonlinebaracteristics, particularly at the
higher PGA scale factors. The response of masttB @iPGA scaling of 4nf/sshows the
most severe increase in bending magnitude. Thiineamity is for the most part limited to
certain regions of the masts and is usually cabsethe response at one PGA scale factor
not fitting the trend produced by the other thremlgses which are largely linear. The
nonlinear response to the EC8 analyses can labgefccounted for by the broad frequency
content, and the longer duration of high amplitgdsund motion of the EC8 accelerograms.
This enables the excitation of numerous vibratiardes, that when combined can produce

irregular results.

Generally the EI Centro seismic moments are withim wind design moments of these
masts; although in some regions of masts B and eCd#sign wind forces are slightly
exceeded at the higher PGA scale factors. The EQ8ibg response, however, exceeds the
design wind response in some regions of all ofntlasts at the higher scale factors. Regions
where this is most apparent include sagging irtdpehree spans of mast B and D and spans
one and three in mast C. Although these are regodrisigh seismic bending, the wind
design analyses have produced relatively low bendorces in these regions and an
imbalance in regions of hogging and sagging is egpgaThe mean wind loading analysis
has produced areas of low midspan bending thaflamked by areas of high hogging at
support points, and consequently a relatively loidspan design moment is exceeded by
some of the seismic analyses. Slightly longer spanshese regions could serve to
redistribute these moments, producing a more efitcdesign for wind. This redistribution
could bring the wind design envelope closer to gbsmic envelope. Although there are
regions of susceptibility, the magnitude of adjadengging moment (wind) is usually of
similar magnitude to that of the peak seismic magismmoment and if minimal variations in
mast capacity were designed for, between stay obionepoints and midspan, it is likely

that the masts would have sufficient capacity tihstand the seismic load.
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Indicative design bending envelopes produced foanmourly wind speeds of 20m/s and
28m/s show that in this range the design wind mdmoan be doubled with an increase in
design wind speed of 8m/s (this is because deeaptslare proportional ). In areas with

significant seismic activity and low design windesps close to 20m/s, it is very likely that
seismic loading will be the dominant load case.@osely if design wind speeds are nearer
the 26m/s to 28m/s range the likelihood of a seismsponse (caused by seismic loading in

the region of 3m fsto 4m /4) exceeding that of a design wind response is slim.

In order to compare the peak bending moments pextiacross the four masts, and identify
possible trends, a simple method has been usedrinatize the moments. Amongst other
factors, mast vibration behaviour is related to tmagss and span length, and as static
bending behaviour can be derived from its weiglad@itional load) and span length, the

following equation was adopted in an attempt tomadize peak bending moments:

NMR = L__z (8.1)
PGAxmL
whereNMRis a Normalized Moment Ratio, M is the peak begdimoment in the mast, and

m and L are the average mass per unit length and avepagelength of the mast.

Mast  EL Centro EC8

2.5 3 35 4 average 25 3 3.5 4 average
0.00069 0.00068 0.00066 0.00063 0.00066 0.00080 0.00069 0.00070 0.00078 0.00074
0.00037 0.00036 0.00035 0.00036 0.00036 0.00042 0.00042 0.00039 0.00049 0.00043
0.00034 0.00033 0.00031 0.00030 0.00032 0.00037 0.00038 0.00037 0.00038 0.00038
0.00024 0.00023 0.00023 0.00023 0.00023 0.00038 0.00032 0.00033 0.00036 0.00035

0w >

Table 8-1 Normalized Moment Ratio for peak bendingnoments

Table 8-1 shows normalized moment ratios acrosgahe masts subject to the El Centro
and EC8 analyses. Due to the frequency contefiiteoEt Centro time history, the four masts
behaved differently with the shorter masts interactignificantly more. The EC8 time
history contains a wide range of frequencies anerefiore excited all four masts
considerably. A relatively small spread is showtwaen ratios for a particular mast. Figure
8-17 shows a plot of the normalized moment ratesws mast height and average span. A

power function trend line has been added to the &438.
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Figure 8-17 AverageNMR vs mast height and average span

Although both plots show good correlation to a pofction, a better fit is shown when
NMR is plotted against average span length. The sbhfiee plots is consistent with much
of the mast response, particularly the shear resp@nd is consistent with the trends
observed by Amiri for base shear. This method ofnadization could be developed
significantly to apply to individual spans, massés however for the purposes of this study
is sufficient in showing common behaviour betweeasts.
The average peak normalization ratio (from EC8 ym®H) can be estimated using the
following equation:

NMR= 003 (8.2)

whereL is the average span length of the mast.

8.2 Mast Shear

Figures 8-18 to 8-25 show the peak shear forcelepes in the X and Y directions for each
mast in response to the three earthquakes af 4n@kng. Shear force in the X direction

represents the response in the dominant direcfitimecearthquake.
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Shear force envelopes for the masts show a disibun all masts similar to that of a
continuous beam with high shear forces producestat connection points and reduced
shear produced at midspan. As with the bendingoresy mast A generated significant
shear forces in response to all three ground mstiamilst masts B, C and D responded
more to the EC8 ground motion, and less to theflRdakmotion. This is consistent with the
natural frequency content of the masts and acaglenes. Also consistent with the bending
response, the longer spans of mast C generateificagtly higher shear forces than those of
mast B; as much as twice those of mast B at suguants. The distribution of shear force
shows appreciable differences in the X and Y dioactwith higher forces generally
developing in the X direction, in response to tlmmdhant direction of vibration. It is
interesting to note that the response of mast theoParkfield ground motion appears more
severe at the base of the mast and is generallgrithan the other analyses in the upper
regions. This is because the ‘pulse’ containedhéRarkfield motion is primarily resisted at
the base of the mast with all of the mast and caldss in the lower regions oscillating
together. The ‘pulse’ provides less repetitive gieoumotion that might cause excitation of

the upper regions of the mast.

As with the bending response, determining the pediles of shear force in the X and Y
directions and designing for the vector sum is v@mgservative as peak forces at different
locations and directions do not occur simultangousligures 8-26 to 8-33 show the
magnitudes of the peak shear forces for the EC8&tentro analyses generated using the
vector sum of the X and Y shear components in ithe domain. Four envelopes from a
particular earthquake are shown in the same colaith increasing magnitudes
corresponding to PGA scale factors of 2.5, 3, 3 4m/4. The magnitude of the design
wind shear force is also shown as well as an itidiealesign shear force produced from

analyses with mean hourly wind speeds of 20m/2@&mal's respectively.
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The peak shear force response show similar chaistats to the bending response with
regard to linearity in comparison to PGA. The pehlear response of all of the masts is
reasonably linear to the El Centro time historMsre irregularities and nonlinearities are
shown in response to the ECS8 time histories, pddity in mast B when PGA is increased

from 3.5m/é to 4m/<.

Unlike the bending response, the shear responset(&pm base shear for mast C and
isolated midspan regions) is well within the desigrces produced from the wind analysis.
During a static or equivalent static analysis sasta BS8100-4 wind analysis all loading is
applied in one direction and the whole load needbd resisted by the cables. During a
dynamic seismic analysis, it is unlikely that adjaic spans will oscillate in the same
direction simultaneously and thus part of the oNdosice generated by a particular span is
opposed, to some extent, by the force generatetthdyadjacent span. The restraint force
provided by the cable supports is therefore lowantmight be expected when considering
the vibration of each span independently. The opgolkending in adjacent spans reduces
the hogging moment at the supports and increagesafging moment in each respective
span. The shear force response in the mast is ffietted to the same extent and
consequently the seismic bending response deschibsdction 8.1 is comparable to the

design wind analyses, whereas the shear response is

Indicative design shear force envelopes produceth&an hourly wind speeds of 20m/s and
28m/s show that in this range the design wind sferae can be doubled with an increase in
design wind speed of 8m/s (this is because desigdsl are proportional td%). However

even with a design wind speed as low as 20m/s,unlikely that design wind shear forces
will be exceeded by a seismic response causedismiseloadings similar to those used in

this research.
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As with the bending response a simple method has bheed to normalize the peak shear
force across the four masts. The following equatias adopted in an attempt to normalize

peak shear forces:

PGAxmL
whereNSRis a Normalized Shear Ratio, V is the peak sheaefin the mast, anth and

L are the average mass per unit length and avepagelsngth of the mast.

Mast EL Centro EC8
25 3 3.5 4 average 25 3 3.5 4 average
A 0.00401 0.00390 0.00397 0.00398 0.00396 0.00427 0.00413 0.00385 0.00430 0.00414
B 0.00144 0.00128 0.00116 0.00112 0.00125 0.00150 0.00161 0.00155 0.00146 0.00153
C 0.00108 0.00110 0.00104 0.00103 0.00106 0.00148 0.00142 0.00158 0.00161 0.00152
D 0.00091 0.00090 0.00090 0.00090 0.00090  0.00134 0.00112 0.00105 0.00111 0.00115

Table 8-2 Normalized Shear Ratio for peak shear faes

As with the bending ratios, a relatively small safeof results is shown between the
difference ratios of any particular mast. Figur@48shows the normalized shear ratios

plotted against mast height and average span length
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Figure 8-34 Average normalized shear ratio versus ast height and average span

Again the shape of the curve indicates a simikndrto that observed for bending and total
base shear (reported later in this section for tesearch and that of Amiri's). Unlike
bending however, a better fit is observed wiN®R is plotted against mast height than

against average span length.
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The following equation can be used to estimateatleraga\SRfor the masts subject to the
EC8 ground motion:
NSR=0.712H (8.4)

where H is the total height of the mast.

Figures 8-35 to 8-38 show plots of the peak mase Ishear and total base shear for the four
masts subjected to three different time histoeesh at four different scale factors. The total

base shear is the sum of all the horizontal reastéd support points.
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Figure 8-35 Mast A- peak mast base shear and total base shear vs PGaale factor
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Figure 8-36 Mast B— peak mast base shear and total base shear vs PGzale factor
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Figure 8-38 Mast D- peak mast base shear and total base shear vs PG#ake factor

The peak base shear and total base shear resporibe £l Centro and Parkfield time
histories show an approximately linear responsgatgations in PGA scale factor. Close
investigation showed that even when the peak responcurred at different time steps, the
overall response was close to linear. This couldeha significant impact on the

development of an equivalent static method, asteeall response to increased design PGA

is linear.

The base shear response of the masts to the EG8emgram exhibits significant
nonlinearity. Generally an increase in the scaldefinput accelerogram leads to an increase
in peak base shear (mast or total), however isblp&ak responses (e.g. mast C total base

shear) show decreases in this value (usually witPG#\ scale factor of 3.5 or 4). This
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nonlinear response is not usually reflected in kbt mast base shear and the total base
shear for a particular mast which suggests thaetlseeither a shift to a different vibration
mode or that a particular part or span of the #tirecbecomes more excited at particular

amplitudes.

Figure 8-39 shows the total base shear responsetiase history for mast C for the EC8
accelerograms. The overall response of the mastaappelatively similar for each of the
four scale factors with similar oscillation patterappearing throughout. The magnitude of
the peak response for the four accelerograms isrghy consistent with the scale factor
applied to the accelerogram, apart from a few tedlaegions where this order is not
apparent. At approximately 16.5s an inconsistergkpe shown in the EC8-3 analysis,
causing a magnified peak base shear in Figure &87an apparent reduction in total base

shear at 3.5m7s
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Figure 8-39 Mast C- total base shear magnitude for EC8 analyses (tinf0s-20s)

Mast base shear was identified during early analgsebeing an area that may be susceptible
to earthquake loading when only design wind loadiras considered. Wind design mast
base shear was only exceeded in mast C with thesigcale factor of 4nf/sThis seems to

be due to low wind design forces rather than highrsic forces as the arrangement of wind
loading, mast geometry and cable stiffnesses leadnmean wind loading of close to zero at

the base of mast C, and thus a relatively low deficce in this area.
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Figure 8-40 Peak total base shear/mast weight vs steheight for EC8 and El Centro analyses

Figure 8-40 shows a representation (initially shdwnAmiri [1]) of maximum total base
shear as a function of total mast weight againgttrhaight for the four masts for the EC8
and El Centro analyses. The trend observed by Amith input accelerograms scaled at
0.34g (3.34mA), has been added to the graph for comparisonmiiasi trend is observed
for the masts in the current analyses. Part ofoffeet from the trend observed by Amiri
could be explained by the fact that additional Begi loads were included in the current
study, and were omitted in Amiri’s research. Thissubstantiated by the fact that mast A,
with the highest percentage ancillary loadinguighfest from Amiri’s trendline, and mast D,
with the lowest percentage ancillary load, is cdébseThe consistent shape of the curve for
both studies is a positive sign for the developnaératn equivalent static method for seismic
design. The following equation describes the pesdelshear shown by this study (for both
EC8 and El Centro accelerograms at 4refsling) as a function of mast height (correlation
factor of 0.97).
BS=752H "% (8.5)
where
BS Peak Total Base Shear (kN) as a percentage of mo#st weight (including
ancillaries)

H Mast height (m)
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8.3 Mast Deflections

The following Figures 8-41 to 8-44 show the peaRked¢ions relative to the ground of the
masts to the EC8 accelerogram with increasing gaaters. The vector sum of the X and Y
components has been calculated in the time dom@dhtlae peak value identified and
plotted. The direction of the deflection is therefmot specified. As the EC8 analyses
exhibited the worst and most consistent responsesscthe four masts, the deflection

responses from these analyses are shown.

0.25
0.2 —

E
= 0.15 — EC825
£ — EC83
z 01 — EC835
- / EC8-4

0.05 /

0 +— T T T T
0 20 40 60 80 100
Height (m)
Figure 8-41 Mast A- peak deflection for EC8 time histories

0.7

0.6
~ 05
E
s 04 ——EC8-25
g 03 / \\ ——EC83
B ——EC8-35

//-—\
202 *—//—_\/ W EC8-4
0 T T T T
0 50 100 150 200 250

Height (m)

Figure 8-42 Mast B— peak deflection for EC8 time histories
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Figure 8-44 Mast D- peak deflection for EC8 time histories

The peak deflection in any particular mast gengialtreases with height, apart from bulges
that are shown in the middle part of mast B andtr@ad his general increase is consistent
with an overall reduction in horizontal stiffnedstioe stays with increased height (see Table
4.5). The bulge in the mast B profile is explaifgcthe comparatively low cable stiffness at
level C. It is interesting to note that the peaked#ion/mast height ratio for masts A, B, and
C is approximately equal to 1/400. This ratio foash D is 1/575. The relatively low

deflection at the top of mast D can be explainethieyabsence of any significant cantilever,
and relatively stiff cable stay supports at leveladdition to this a much lower ancillary

load is present in mast D causing the mast toantdess, in proportion to its height, than the

other masts.

The time history deflection response at each stagllis shown in the following Figures 8-

45 to 8-48 for the four masts in response to th8 B€elerogram with 4nf/scaling.
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Figure 8-48 Mast D— EC8-4 stay level deflection, X-direction (time hi®ry)

10C




Stage 1: Uniformo8nd Motion— Results and Discussion

As expected the response of the shorter mast Agmsfisantly different to the other three
masts with a much higher frequency of oscillatigiast A also shows more deflection in the
positive X direction (loosening of the cable inmmawith the vibration) as the stiffness in this
direction is lower. The period of vibration at o sections of masts B, C and D is more or
less regular implying a dominant mode of vibratibowever at lower levels, particularly in
masts C and D, a more irregular vibration is preseplying that some higher modes were
active in the response of the lower sections of rests. Although the lower natural
frequencies will dominate a displacement respopasicularly in regions of the mast where
displacements are highest, the relatively smoottepaof oscillation does imply that mast
oscillation is governed by a particular mode. Thwedr stiffness of the level C cables in mast
B is clearly shown by substantially higher ampléadof oscillation than the surrounding

levels. This caused the bulge in the peak displacemprofile in this region.

Figures 8-49 to 8-52 show a comparison of the tastory deflection response of the masts

at two stay levels for the EC8 and El Centro aresyat 4m/sscaling.
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Figure 8-52 Mast D— EC8 and El Centro time history deflection comparisn (levels C and E)

Interesting similarities are shown between the bieha of the masts to the EC8 and El
Centro ground motion. Although the amplitude of ikestion varies, the period of each
oscillation is similar with each peak in the EC8pense, usually having a corresponding
peak in the El Centro response. Mast A is the omhst that is significantly excited by the
first 5 seconds of El Centro high amplitude growmotion as the higher natural periods of
masts B, C and D require more repetitive oscillaito generate any considerable motion. It
is for this reason that the response of these messssignificantly lower to the Parkfield
ground motion. The shorter natural periods of ndaatlow it to respond more significantly
to variations in each accelerogram, whereas mast€ Band D all show a relatively
consistent response throughout the EC8 analysesighdr amplitude oscillations between

6s and 12s during El Centro analyses.
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8.4 Mast Axial Forces

The following Figures 8-53 to 8-56 show the pealalsesponse of the four masts to the
three accelerograms. Axial forces in the mast aimaarily produced by the self weight of
the mast and cables and the pretension in the <abhe distribution is characterized by a
steady increase in magnitude with decreasing heagttt sharp increases at stay connection
points where stay weight and pretension are adaléldet mast. The compression introduced

at each stay level generally increases with inongaseight.
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Figure 8-56 Mast D— peak axial force for 4m/$ scaling

A regular distribution of peak axial forces is stmomm all four masts subjected to analysis
with an increase in compression exerted by thesstay all levels. The increase in
compression forces between stay levels is largaighier levels (particularly subject to the
EC8 accelerogram) which may indicate that highestnsactions are more susceptible to

vertical vibration. The response of all of the msast the EC8 time history is significantly
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higher than their response to the El Centro andfiékd accelerograms and axial forces

from this analysis are higher (for 4rh&zaling) than those from the design wind analysis.

Figures 8-57 to 8-60 show the peak axial forcehat tase of the masts for the various

accelerograms against PGA scale factor.
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Figure 8-59 Mast C- peak base axial forces

Most of the peak results increase in a

Figure 8-60 Mast B peak base axial forces

linear mamvith increase in scale factor. The

increase in peak axial force with increase in P@aAlesfactor is far more significant for the

EC8 analyses than the other two (approximately%6fds total force increase between scale

factors). Eleven of the twelve EC8 analyses coretlietcross the masts yielded higher base
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axial forces than the wind design force, whereaseraf the El Centro of Parkfield analyses

were above this level.
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Figure 8-61 Increase in base axial Force for EC8 @nEl Centro Analyses

Figure 8-61 shows that all of the masts respondediderably more to the EC8 than the El

Centro loading. The ElI Centro analysis showed that ratio P/Riia Was reasonably

constant for a particular scale factor across tlie fnasts with a maximum range of 3% and

average ratio of 1.13 for the highest scaled amalyhis range was closer to 20% for the

EC8 analyses with an average ratio of 1.35 forhigaest scaled analysis. The highest axial

force increases were shown by mast B (approximaté¥s). It seems likely that the EC8

analysis might over estimate axial force respomsk ififurther analyses based on existing

earthquake records could show that the more cemsi& Centro response was more likely,

this would be a very useful observation for theelepment of a static method of analysis.

However more investigation is needed to substantias.
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Figure 8-62 Dynamic axial force distribution for EC8 and El Centro analyses (4mfsscaling)

Figure 8-62 shows the distribution of the peak dyitaaxial force throughout the mast

across the four masts as a percentage of dynarsi dndal force against relative tower
height. The envelope curve developed by Amiri (¢igna l1l.3) has been added for

comparison. Although interrupted by dynamic forgepleed at the stay supports, the

gradients of the curves are relatively similar anel shallower towards the top of the masts.
Again this suggests that the top regions of thetsnaseract more in the vertical plane than
lower regions. Amiri’s curve has been altered gligho produce a conservative envelope
that encompasses the results from these analymss;ist shown in Figure 8-62. The

governing equation of this envelope is:

P,/ Basg, =100-90(h/H)?® (8.6)

whereH is the total height of the mast ands the specific height concerned.
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8.5 Cable Tensions and Cable Behaviour
8.5.1 Peak Tensions

Assessing the variation in cable tensions is ingwirin understanding the response of a
guyed mast during a dynamic seismic analysis. Eg@-63 to 8-79 show the peak cable
tension reached in each cable (cables on sidey), albject to the three time histories at
four different scale factors. The EC8 limit (twicdtial tension) and wind design tension are
also shown for comparison, as well as a 95% s8&natilization tension i.e. the tension

needed for the cable to behave in a ‘close toalimange when loading (similar to that of the

equivalent rod).
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Figure 8-65 Mast A—- level C1 cable tensions
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Mast A cable pretensions show high stiffness atilan which suggests that much of the
masts peak response to increases in PGA shoulddae.| Figures 8-63 to 8-65 show this to
be the case although a slight nonlinear responsshasvn by the EC8 time history,

particularly between a scaling of 3m/® 3.5m/é. The response of the cables is not
consistent with regard to each time history. Leiatables show higher tensions in the El-
Centro and Parkfield analyses, whereas levels BGustiow considerably higher tensions
developing in the EC8 analysis, particularly athieigscale factors. The longer duration of
EC8 motion is likely to cause excitation of the whonast producing higher tensions in
upper regions, whereas the pulse and shorter dorafi motion of the Parkfield and El

Centro acceleragrams is primarily resisted at tweland 1st stay level.
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Figure 8-66 Mast B— level Al cable tensions

Figure 8-67 Mast Blevel B1 cable tensions
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Figure 8-68 Mast B— level C1 cable tensions

Figure 8-69 Mast Blevel D1 cable tensions
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Figure 8-70 Mast B- level E1 cable tensions

The peak cable response of mast B with respeant liistory scaling is far more nonlinear
than the response of mast A. With initial cablestens in the 40% to 60% stiffness
utilization range any movement of the stay suppeither loading or unloading) is in the
nonlinear range. The percentage increase in cab&an is higher at the bottom two levels

where most tensions exceed the ECS8 limit.
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The peak cable response of mast C is approximhtedgr with respect to PGA apart from
an initial nonlinear response at level B to the E@&hquake. The initial stiffness utilization
of the cables in mast C is approximately 10% to 2@&her than in mast B which may
explain the more linear peak cable response (gsafe closer to a linear range). As with
mast B, the percentage increase in peak cableotersihigher for the bottom two levels A
and B. The ECS8 limit is exceeded at both theseldefcer all the EC8 analyses and the El

Centro analyses with higher scale factors.
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Figure 8-79 Mast D- level E1 cable tensions

Apart from level A and B, all other cables in mBsbperate well below the 95% stiffness
utilization range. Despite this, the peak respoofséhe majority of the cables is roughly
linear compared to PGA scale factor. As with thieeotmasts, the percentage increase in
cable tension is higher at lower levels, with calde levels A, B and C showing tensions

close to, if not exceeding, the EC8 limit.

Apart from isolated responses, the peak cable betmaacross all masts showed a roughly
linear relationship with respect to PGA, despitenynaf the cables operating well below any
linear range. For reasons described in sectioncBerning the opposing oscillation of
adjacent spans during a dynamic seismic analylses,design wind tension significantly

exceeds peak seismic tension. The EC8 limit, howyavas exceeded by many of the cables
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particularly at lower levels. This is consistentttwthe findings of both Amiri [1] and

Hensely [8] where increases above this limit wenamon.

8.5.2 Other Cable Behaviour

Appendix 2 shows all of the extreme cable tensmosiuced during the analyses. It can be
seen that a wide range of cable forces have bemtuped and that a number of the lower
cables of masts A, B and C have dipped into conspyasat some stage during the analysis.
A compression limit in the cables was omitted froine models to avoid convergence
problems as the cables would buckle if any comprassccurred. In comparison to the
forces exerted on the masts by the cables on thesom side, the compression exerted by
the few cables is insignificant and thus unliketyntave had any appreciable effect on the
mast response. The worst compression producedyircale occurred in mast B level A
(19.7kN). Close investigation of this cable showtbdt during a static analysis with
deflections far exceeding those that occurred dutie seismic analysis, the cable would not
go into compression, however the time history resposhown in Figure 8-80 shows that
whilst vibrating a small number of oscillations gesmted short intervals with minimal

compression.
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Cable A-1 (bottom)
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Figure 8-80 Mast B~ level Al cable tension response (EC8, 3rikcaling)

Cable compression only occurred at isolated extrpaaks in cable oscillation and as this

represents the most significant occurrence of cablapression in all analyses, it can be
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concluded that the development of compression hadnmal effect on the behaviour of

masts in these analyses.

The wide range of forces that developed in theasaBlggests that the use of any linear
method based on the assumption of a) small deflestand b) flat parabolic profile, is
unlikely to accurately model cables for this tygeapalysis, however further analyses would

be needed to substantiate this.

8.6 Acceleration Profiles

The following Figures 8-81 to 8-84 show the peagederation of the masts during the EC8
analyses against mast height. The accelerationtteei X direction and shown relative to the

ground motion.
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Figure 8-82 Mast B— EC8 acceleration profiles in X direction
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Figure 8-84 Mast D— EC8 acceleration profiles in X direction

The profiles generally show that there is increaaedeleration in the spans and in the
cantilevers, although the mass distribution thraughthe mast seems to have an effect in
distorting this trend, producing somewhat irregypeofiles. Increases in PGA generally

produce increases in mast acceleration, althoughptiofiles are not always consistent
(particularly in masts B and D). The more nonlineature of mast B is again shown by
highly inconsistent acceleration profiles in thevéw two spans. Of particular interest is that
the average acceleration generally decreases matkases in total mast height. The higher
frequency response of mast A generated accelesatibthe order of 25% to 50% higher

than the other three masts, whilst mast D genetattbwest accelerations in the region of
25% lower than masts B and C. Peak acceleratian nseasure of ‘effective earthquake

force’ on a structure and therefore it is consistkat this acceleration trend relating to mast
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height is similar to the trends observed for theastand bending response, i.e. increases in

normalized force response with reduction in height.

Amiri [1] used the acceleration profile as a madetiescribe the fundamental mode shape of
the mast. Due to the uneven nature of these psgfpart from mast A), these results cannot

be used in this way.
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9 Stage 2: Travelling Wave Effect — Results and Discussion
In order to assess the significance of the trawghvave effect, this section presents aspects
of mast response from the travelling wave analysesomparison to those from analyses

with uniform ground motion.

9.1 Mast Forces
The following tables and figures show the variaiiopeak base forces and bending moment
distribution across the four masts for the same BQ8 El Centro accelerograms (scaled at

3m/<) with three different shear wave speeds (270n88rs and 800m/s).

Mast Total Mast
Base % Base % Base %

Case Shear change Shear change Axial change

EC8-3 22.3 N/A 182.5 N/A 1200.2 N/A

EC8-Wv270 21.3 -4.4 189.5 3.8 1266.0 5.5

EC8-Wv580 23.7 6.3 221.8 215 1187.7 -1.0

EC8-Wv800 21.3 -4.2 207.8 13.9 1186.6 -1.1

EL-C-3 22.2 0.0 189.3 0.0 1109.2 0.0

EL-C-Wv270 12.0 -46.1 111.8 -40.9 1222.4 10.2

EL-C-Wv580 19.2 -13.4 181.4 -4.1 1157.3 4.3

EL-C-Wv800 20.1 -9.5 190.9 0.9 1138.7 2.7

Table 9-1 Mast A- stage 2 key response forces (kN)
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Figure 9-1 Mast A- stage 2 bending moment envelopes (about Y axis)

The response of mast A shows increases in tota dlasar for all three wave speeds in the

EC8 analysis (maximum of 21.5%), whilst the massebahear is usually reduced. This

implies greater excitation of the higher regiongstle# mast for all three wave speeds. The
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distribution of moments also shows more signifidancteases/variations in the upper spans.

The changes shown in the EC8 analyses are notstensiwith trends from the EI Centro

analyses. The total base shear and mast baseasbkaamduced for all three EI Centro wave

speeds. This is greatest for the 270m/s analysesevteductions of up to 46% were shown.

This suggests a large change in the vibration patteom the uniform ground motion

analyses and implies that loads from the cablesethby the asynchronous ground motion

may have been applied ‘out of phase’ with the tmw®in of the mast i.e. in the same

direction as the mast oscillation thereby havirss lef an effect.

Case

EC8-3

EC8-Wv270
EC8-Wv580
EC8-Wv800

EL-C-3

EL-C-Wv270
EL-C-Wv580
EL-C-Wv800

Mast
Base
Shear

51.0
42.4
40.5
45.9

40.6
39.8
39.4
37.9

%
change

0.0
-16.9
-20.6

-9.9

0.0
-1.8
-2.9
-6.7

Total
Base
Shear

291.8
350.1
370.4
359.6

236.9
175.4
200.6
220.0

%
change

0.0
20.0
26.9
23.2

0.0
-25.9
-15.3

-7.1

Mast
Base
Axial

2840.7
2808.2
2808.2
2695.3

-2325.3
-2444.9
-2335.6
-2317.3

%
change

0.0
-1.1
-1.1
5.1

0.0
5.1
0.4
-0.3

Table 9-2 Mast B- stage 2 key response forces (kN)
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Figure 9-2 Mast B- stage 2 bending moment envelopes (about Y axis)

The response of mast B also shows considerablatiariin results, although some similar

observations can be made. Increases of up to 2G&tahbase shear are shown for the EC8

analyses, while reductions in mast base shear td @0% are shown in the same analyses.
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This apparent increase in excitation at higherltedaring the wave analyses is supported to
some degree by higher moments in the upper spanshéo580m/s and 800m/s wave
analyses.

As with mast A, the mast base shear response téltB8entro wave analyses is substantially
lower than that of the uniform base motion analysih total base shear reductions of up to

25% in the 270m/s analysis.

Mast Total

Base % Base % Base %
Case Shear change Shear change Axial change
EC8-3 68.8 0.0 392.0 0.0 2720.8 0.0
EC8-Wv270 44.2 -35.7 353.1 -9.9 2769.2 1.8
EC8-Wv580 56.4 -17.9 390.7 -0.3 2710.0 -0.4
EC8-Wv800 64.3 -6.6 383.0 -2.3 2581.7 -5.1
EL-C-3 66.5 0.0 277.2 0.0 2363.1 0.0
EL-C-Wv270 34.9 -47.5 187.2 -32.5 2480.6 5.0
EL-C-Wv580 48.9 -26.5 263.9 -4.8 2694.1 14.0
EL-C-Wv800 68.4 2.8 252.5 -8.9 2376.0 0.5

Table 9-3 Mast C- stage 2 key response forces (kN)
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Figure 9-3 Mast C- stage 2 bending moment envelopes (about Y axis)

The forces produced in mast C are again irreghlanever the majority of analyses showed
a reduction in both mast and total base shear whepared to the uniform ground motion
model. The reduction is greatest for the 270m/¢yara, where both the EC8 and El Centro

analyses show reductions of over 35% mast base,stee reductions of 10% and 32%
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respectively are shown for total base shear. Aggirtar redistribution of the synchronous

motion bending moment is shown across the EC8 aesly

Mast Total

Base % Base % Base %
Case Shear change Shear change Axial change
EC8-3 45.3 0.0 353.6 0.0 4014.2 0.0
EC8-Wv270 52.1 14.9 411.9 16.5 4106.0 2.3
EC8-Wv580 40.2 -11.3 476.8 34.8 4104.2 2.2
EC8-Wv800 43.5 -4.1 436.0 23.3 3980.4 -0.8
EL-C-3 42.7 0.0 290.5 0.0 3609.2 0.0
EL-C-Wv270 27.9 -34.5 173.3 -40.3 3631.2 0.6
EL-C-Wv580 35.1 -17.8 216.4 -25.5 3576.3 -0.9
EL-C-Wv800 39.3 -7.8 235.1 -19.1 3565.8 -1.2

Table 9-4 Mast D- stage 2 key response forces (kN)
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Figure 9-4 Mast D- stage 2 bending moment envelopes (about Y axis)

Mast D results show similarities to those of mas@nd B, with decreases in the mast base
shear and increases in total base shear for mosheofEC8 analyses indicating more

interaction of the upper mast with the vibratioredRctions in both these parameters are
evident from the El Centro analyses; in partictle 270m/s analysis where reductions of

34% and 40% are seen for mast base shear anthasekhear respectively.

9.2 Cable Tensions

During differential ground motion analyses, muchtloé loading on the masts is applied
through the cables. Investigation into the pealecédnsions during analysis is therefore a

key indicator in understanding the behaviour ofastwith this effect.
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The following tables show the peak cable tensioreyced during the travelling wave

analyses for the EC8 and El Centro accelerograms.

Cable % Cable % Cable %
Case Al change B1 change C1 change
EC8-3 139.6 N/A 190.5 N/A 234.1 N/A
EC8-Wv270 150.2 7.6 219.0 15.0 260.8 11.4
EC8-Wv580 136.3 2.4 202.2 6.1 215.5 -7.9
EC8-Wv800 136.1 -2.6 195.0 24 209.0 -10.7
EL-C-3 151.3 N/A 177.7 N/A 200.7 N/A
EL-C-Wv270 | 128.4 -15.1 162.7 -8.4 210.4 4.9
EL-C-Wv580 | 146.0 -3.5 180.6 1.7 209.3 4.3
EL-C-WvB800 | 150.5 -0.5 181.6 2.2 205.6 2.4
Table 9-5 Mast A- stage 2 peak cable tensions (kN)
Cable % Cable % Cable % Cable % Cable %
Case Al change B1 change C1 change D1 change El change
EC8-3 168.7 0.0 179.7 0.0 155.7 0.0 255.0 0.0 166.3 0.0
EC8-Wv270 147.2 -12.8 224.9 25.2 149.3 -4.1 286.3 12.3 160.7 -3.3
EC8-Wv580 139.5 -17.3 203.7 134 171.4 10.1 292.4 14.7 170.5 2.5
EC8-Wv800 149.5 -11.4 206.4 14.8 164.4 5.6 281.5 10.4 168.4 1.3
EL-C-3 113.1 0.0 148.7 0.0 136.1 0.0 233.7 0.0 148.0 0.0
EL-C-Wv270 | 124.6 10.2 138.3 -7.0 117.4 -13.7 242.6 3.8 132.9 -10.3
EL-C-Wv580 | 124.8 10.3 141.3 -5.0 143.5 5.5 229.6 -1.7 139.2 -6.0
EL-C-Wv800 | 113.9 -8.7 155.4 10.0 144.9 0.9 230.4 0.3 143.0 2.8
Table 9-6 Mast B— stage 2 peak cable tensions (kN)
Cable % Cable % Cable % Cable %
Case Al change B1 change C1 change D1 change
EC8-3 219.4 0.0 264.1 0.0 281.6 0.0 204.8 0.0
EC8-Wv270 273.0 24.4 251.9 -4.6 289.3 2.7 204.2 -0.3
EC8-Wv580 275.0 25.3 261.9 -0.8 313.5 11.3 250.0 221
EC8-Wv800 221.8 11 246.1 -6.8 317.3 12.7 240.6 175
EL-C-3 166.6 0.0 232.3 0.0 267.8 0.0 162.6 0.0
EL-C-Wv270 | 176.2 5.8 184.9 -20.4 228.4 -14.7 142.6 -12.3
EL-C-Wv580 | 192.5 15.6 262.6 131 275.3 2.8 171.2 5.3
EL-C-Wv800 | 191.4 14.9 224.1 -3.5 261.3 -2.4 155.3 -4.5

Table 9-7 Mast C- stage 2 peak cable tensions (kN)
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Cable % Cable % Cable % Cable % Cable %
Case Al change B1 change C1 change D1 change El change
EC8-3 182.8 0.0 266.7 0.0 288.4 0.0 355.9 0.0 228.9 0.0
EC8-Wv270 226.9 24.1 344.4 29.1 338.1 17.3 386.2 8.5 227.2 -0.8
EC8-Wv580 234.6 28.3 307.7 15.4 376.3 30.5 413.0 16.0 224.3 -2.0
EC8-Wv800 209.6 14.6 296.3 111 364.9 26.6 396.9 115 219.2 -4.2
EL-C-3 155.8 0.0 238.2 0.0 229.8 0.0 322.2 0.0 185.6 0.0
EL-C-Wv270 | 152.7 -2.0 206.9 -13.2 241.6 5.2 324.1 0.6 184.0 -0.9
EL-C-Wv580 | 153.6 -1.4 239.6 0.6 241.5 5.1 306.2 -5.0 161.2 -13.1
EL-C-Wv800 | 155.9 1.5 243.1 1.4 242.9 0.6 316.6 3.4 169.3 5.0

Table 9-8 Mast D- stage 2 peak cable tensions (kN)

The random nature of the masts’ response to allirayevave is again shown by the wide

spread of cable tension results. Table 9-9 showsatterage and maximum percentage

change in cable tension for the various masts stdgeto the different travelling wave

speeds.
Mast A Mast B Mast C Mast D
Average % Max % Average % Max % Average % Max % Average % Max %
change change change change change change change change
EC8 2.1 15.0 4.1 25.2 8.7 25.3 151 30.5
El Centro -1.3 4.9 -0.6 10.3 0.0 15.6 -0.8 5.2

Table 9-9 Breakdown of stage 2 cable tension ressilt

The effect of the travelling wave is clearly work® the EC8 analyses and, for these
analyses, tends to be worse for the taller masis.i$ expected as the effect is magnified for
larger cable support spacing. The change in casdponse for a particular analysis is not
always consistent across the cable levels. This beagxplained by different spans being
affected at different times due to the delay ofdiog, and the loads applied through the

cables may be either ‘in phase’ or ‘out of phasghuhe oscillation of the mast.
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10 Stage 3: Uniform Ground Motion without Vertical Motion -
Results and Discussion

In order to assess the significance of verticaliomobn guyed mast response, this chapter
presents the results of analyses conducted withmtinclusion of vertical motion, in

comparison to those conducted with vertical motion.
10.1 Mast Forces
The following tables and graphs show the variaiiopeak base forces and force distribution

across the four masts for the same EC8 and El €aotrelerograms (scaled at 3fsith

and without (as with prefix XY) the inclusion ofrtieal motion.

0, 0,
Mast Force EC8 EC8-(XY) cha/r:ge EL-C EL-C-(XY) cha/;ge

A

Mast Base Shear 22.3 235 5.3 22.2 22.2 0.1

Total Base Shear 182.5 186.9 2.4 189.3 189.4 0.1

Base Axial Force 1200.2 1153.0 -3.9 1109.2 1092.0 -1.5
B

Mast Base Shear 51.0 55.6 9.2 40.6 39.8 -1.9

Total Base Shear 291.8 317.4 8.8 236.9 261.3 10.3

Base Axial Force 2840.7 2328.3 -18.0 2325.3 2258.9 -2.9
C

Mast Base Shear 68.8 70.8 2.9 66.5 66.5 0.0

Total Base Shear 392.0 403.3 2.9 277.2 277.2 0.0

Base Axial Force 2720.8 2388.4 -12.2 2363.1 2317.3 -1.9
D

Mast Base Shear 45.3 42.1 -7.2 42.7 42.8 0.4

Total Base Shear 353.6 366.3 3.6 290.5 291.0 0.2

Base Axial Force 4014.2 3538.1 -11.9 3609.2 3495.1 -3.2

Table 10-1 Peak base force summary for stage 3 agpaés (KN)

% %
EC8 ECB8-(XY) change EL-C EL-C-(XY) change
A 178.8 131.6 -26.4 87.7 70.6 -19.6
B 728.5 216.2 -70.3 213.1 146.7 -31.2
C 563.4 230.9 -59.0 205.7 159.9 -22.3
D 677.6 201.5 -70.3 272.6 158.5 -41.8

Table 10-2 Dynamic base axial force variation fortage 3 analyses (kN)

Table 10-1 indicates a largely consistent resp@usess the four masts to the absence of
vertical motion. Reductions in base axial force avehown for all masts, with a maximum

reduction of 18% shown in mast B during the EC8lamm This is not particularly
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significant when initial axial forces are consid&rélowever, Table 10-2 shows reductions
in dynamic base axial force up to a maximum of 70%his reduction is far higher in the
EC8 analyses. The shear force response of the msastparticular interest. In most cases,
both the mast base shear and the total base dimaras increase when vertical motion is
omitted. Mast B shows increases in the region &b 1 both mast and total base shear.
Figures 10-1 to 10-6 show typical variations in lpeasponse for masts A and D that are

representative of the response of all of the masts.
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Figure 10-6 Mast D- stage 3 shear force distribution (X direction)

The variation in axial force distribution is cortsist with the base axial force response with
considerable reductions shown throughout mast DBowit vertical motion in response to the
EC8 motion. This reduction is evident to a lessdem in mast A. Minimal variations are

shown in response to the EI Centro motion.

The lateral response to the El Centro accelerogianagmost identical with and without
vertical motion, whilst slight variations in bothoment and shear distribution are shown in
response to the EC8 accelerograms. Variationgéndbresponse are caused by variations in
axial force in the mast that lead to changes inRieforce distribution when the mast is
deflected. This causes changes in local momentilison and thus variations in shear
distribution. Although these effects are diffictiit analyse by looking at force envelopes,
these slight variations show that SAP2000 is mouglihe PA forces in the mast and that

they are having a noticeable effect, although trexall effect may be insignificant.
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10.2 Cable Tensions

Mast Cable EC8 EC8-(XY) % change EL-C EL-C-(XY) % change
A
Al 139.7 144.4 3.3 149.5 150.8 0.9
B1 187.9 183.3 -2.4 178.4 177.5 -0.5
C1 232.5 238.6 2.6 200.7 201.8 0.6
B
Al 168.7 177.9 5.5 113.1 1171 35
B1 179.7 188.3 4.8 148.7 146.6 -1.4
C1 155.7 151.0 -3.0 136.1 135.2 -0.7
D1 255.0 249.1 -2.3 233.7 233.1 -0.2
El 166.3 165.3 -0.6 148.0 147.7 -0.2
C
Al 219.4 218.1 -0.6 166.6 167.9 0.8
B1 264.1 258.2 -2.2 232.3 233.2 0.4
C1 281.6 280.0 -0.6 267.8 268.1 0.1
D1 204.8 201.7 -1.5 162.6 163.1 0.3
D
Al 182.8 181.2 -0.9 155.8 156.4 0.4
B1 266.7 276.9 3.8 238.2 239.9 0.7
C1 288.4 286.6 -0.6 229.8 233.2 1.5
D1 355.9 357.1 0.3 322.2 325.0 0.9
El 228.9 215.8 -5.7 185.6 184.1 -0.8

Table 10-3 Maximum cable tensions for stage 3 analis (kN)

The peak cable tension response shown in Tablei4048y irregular when subject to time
history motion with and without the inclusion ofrtieal motion. Exactly 50% of cables
showed a slight increase in peak tension whenocartnotion was included, whilst the
remainder showed a slight decrease. The maximuratvar was shown by mast D with a

5.7% reduction of tension in cable E1 with the agtin of vertical motion.

Although irregular, the variation in peak cable &gbur with and without vertical motion is

less than 6% and therefore of little cause for eamcThe results show that the addition of
vertical motion does not generate sufficient agtehins in the masts, or generate sufficient
variations in lateral behaviour to generate sigaifit variations in cable tensions. The

possible excitation of vertical cable modes als®maimal effect.
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11 Response Spectrum Analysis

11.1 Introduction

A response spectrum analysis is suggested or ichjppyenumerous guidelines (including
Eurocode 8: part 6 although it is somewhat opeantarpretation) as a suitable option for the
seismic analysis of guyed masts. Its suitabilityjigstionable as it relies on the structure
exhibiting a linear response to seismic loads Vittle or no variation in natural frequencies
or mode shapes during loading. As the lateral resp@f guyed masts is very nonlinear and
the natural frequencies in the deformed positianlikely to be appreciably different from
those in the undeformed position, the accuracyhisf tnethod of analysis used with guyed

masts is likely to be far worse than when used \iiar structures.

This section assesses how suitable the use ofrthikod of analysis is, by comparing the
design forces produced in the four masts from paese spectrum analysis using SAP2000
with those already produced during a time histonalgsis using the corresponding

accelerograms.

11.2 Details of Analyses

11.2.1 Response Spectra

Response spectra were generated from the El Cemeeohistories at 3mIsPGA scaling in
the three directions using the Seismosignal soévpamrckage. Type 1 EC8 elastic response
spectra for soil type C with 3nf/slesign acceleration were also generated, witic@rfaf

5/6 and 3/4 applied to the Y and Z directions retipely. All response spectra were
generated for 2% damping, the same damping raéid irsthe time history analyses. The El

Centro and EC8 spectra are shown in Figures 11d1 afP.
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11.2.2 Directional and Modal Combination Rules

The square root sum of squares combination methasl wsed to compute the overall
response of the mast subject to response speotaoimty in all three directions. The SRSS
method and the CQC method (described in sectio22were both used to combine modal
responses and compute the overall response of dlseé s comparison of results using both

methods is presented.
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11.3 Results and Discussion
11.3.1 Mast Forces

The following tables and graphs show the magnitade distribution of forces in the four

masts during a response spectrum analysis usingltt@entro and EC8 elastic response
spectra. Forces produced during the equivalent tmstory analysis are included for

comparison and the percentage difference betweggonse spectrum, using CQC method
(as this was shown to be closer in all responsasarand the time history analyses is given
in the tables. The overall response from the resp@pectrum analyses is calculated using
the SRSS rule from the individual directional comeot response. Two representations of
the time history response are shown in the graphs.curve was calculated using the SRSS
rule to combine the peak directional componentarsp, the second is an indicative curve
generated using the peak vector sum of these caenp®im the time domain giving a more

accurate representation of maximum force.

% %
EC8-RS EC8-RS  change EL-C-RS EL-C-RS change
Mast Force EC8 (SRSS) (CQC) (CQC) EL-C (SRSS) (CQC) (CQC)
A
Mast Base Shear 22.3 16.1 19.8 -11.3 22.2 14.4 17.6 -20.8
Total Base Shear | 182.5 183.7 198.3 8.7 189.3 181.8 194.3 2.6
Base Axial Force | 1200.2 1093.3 1107.3 -7.7 1109.2 1087.9 1100.7 -0.8
B
Mast Base Shear 51.0 32.6 39.5 -22.4 40.6 25.9 31.1 -23.3
Total Base Shear | 291.8 339.7 359.6 23.2 236.9 297.6 315.0 33.0
Base Axial Force | 2840.7 2431.8 2590.3 -8.8 2325.3 2252.7 2321.9 -0.1
C
Mast Base Shear 68.8 65.4 68.7 -0.1 66.5 65.1 67.8 2.0
Total Base Shear | 392.0 328.7 345.4 -11.9 277.2 284.5 299.0 7.9
Base Axial Force | 2720.8 2487.7 2687.2 -1.2 2363.1 2274.9 2346.9 -0.7
D
Mast Base Shear 45.3 34.5 43.0 -5.1 42.7 28.3 35.8 -16.2
Total Base Shear | 353.6 301.9 358.5 14 290.5 249.2 293.5 1.0
Base Axial Force | 4014.2 3921.2 3986.6 -0.7 3609.2 3791.5 3845.9 6.6

Table 11-1 Key forces from response spectrum analkggkN)

The key force response shows considerable var@atopeak forces when compared to the

nonlinear time history response. Mast base shealmsst always lower, up to a maximum
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of 23% in mast B. Total base shear, although nmdrécularly useful indicator as the cable
behaviour is so different, generally shows a suthstiincrease in comparison with the time
history analyses. Base axial forces are almostyav@ver up to a maximum of 8.8% in

mast B.

The use of the CQC method is shown to be supedothé SRSS method for modal
combination as all the results (apart from totadebahear which is usually overestimated)

show forces closer to those from the nonlinear tiiséory analysis.

Figures 11-3 to 11-10 show a selection of forcestopes that represent the response across

the four masts.
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Figures 11-3 to 11-10 all show that the peak corepbresponse (combined using the SRSS
rule) of all four masts in a response spectrumyaigls always significantly lower than that
of the time history analyses. However, the distidou of bending and shear forces is
surprisingly similar to those from the nonlineandi history analyses. Unlike other simple
static analyses attempted by the author that leddrte envelopes with shapes similar to a
wind loading assessment, the method is able tardete whether significant hogging will
occur at stay connection points (as in mast A) betier this region of bending is of less

importance.

Although the individual components of peak forcepanse are significantly different in
magnitude, a more useful comparison for designgregp is the actual magnitude calculated
from combining the component response in the timmain. As the timing of component
input motion is not directly coupled, the componsrgponse is unlikely to be coupled and
combining the peak component response overestirtteges/erall response. The magnitudes
of response spectrum design forces, although ysskdihtly lower, are much closer to the
actual forces produced from the time history anglyand for most regions may be
considered adequate. Response areas where apf@editibrences in these magnitudes

appear more likely are bending in the first spaah laase shear.

Again the use of the CQC method is shown to be rsup® the SRSS method of modal
combination, as forces produced are always claséndse from the nonlinear time history

analyses.

11.3.2 Cable Tensions

The cable behaviour during a response spectrumysigais totally different to their
behaviour in a nonlinear time history analysis.haligh natural frequencies and mode
shapes are based on the stiffness from the pretersad case, the response spectrum
analysis allows for no cable pretension, no noalinehange in stiffness, and allows
equivalent linear behavior in tension and compogssThus each stay cluster behaves more

like a ‘tripod’ than a guyed cable cluster. In arde calculate cable tensions that can be
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compared to a time history analysis, or used feigitepurposes, the magnitude of the cable

forces produced have been added to the initiakpsde load and are shown in Table 11-2.

% %
EC8-RS EC8-RS change EL-C-RS EL-C-RS change
Mast Cable EC8 (SRSS) (CQC) (CQC) EL-C (SRSS) (CQC) (CQC)
A
Al 139.7 126.6 134.8 -3.6 149.5 128.3 140.7 -5.9
B1 187.9 178.8 187.5 -0.2 178.4 180.8 195.7 9.7
C1 2325 211.0 219.1 -5.7 200.7 200.5 203.9 1.6
B
Al 168.7 132.2 139.0 -17.6 1131 116.1 122.9 8.7
B1 179.7 141.4 152.0 -15.4 148.7 128.8 143.1 -3.7
C1 155.7 152.3 154.6 -0.7 136.1 136.0 136.8 0.6
D1 255.0 256.1 259.8 1.9 233.7 235.1 237.4 1.6
El 166.3 139.5 146.7 -11.7 148.0 133.2 135.8 -8.3
Cc
Al 219.4 173.6 183.1 -16.6 166.6 164.1 180.9 8.6
B1 264.1 215.3 225.2 -14.7 232.3 200.0 216.6 -6.7
C1 281.6 255.5 260.4 -7.5 267.8 235.4 239.6 -10.5
D1 204.8 189.9 193.0 -5.7 162.6 165.4 167.3 2.9
D
Al 182.8 157.4 171.3 -6.3 155.8 149.8 156.5 0.5
B1 266.7 217.9 235.4 -11.7 238.2 204.2 205.6 -13.7
C1 288.4 241.7 257.6 -10.7 229.8 221.0 228.4 -0.6
D1 355.9 325.9 335.9 -5.6 322.2 323.8 326.4 13
El 228.9 193.3 197.6 -13.7 185.6 186.1 185.3 -0.1

Table 11-2 Cable tensions from response spectrum agsis (kN)

Seventy percent of cables (95% in the EC8 analysksjved lower peak tensions in a
response spectrum analysis than in the equivaler history analysis. However, all
tensions were within 18% of the time history resulhe largest variation was cable Al in

mast B which showed a variation in tension of 17 (&ver).
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12 Summary and Conclusions

This research modelled the full nonlinear time drgtresponse of four existing UK guyed
masts to a range of seismic loadings as well asntandicative BS8100-4 wind loading
assessment, and a linear seismic response spemtialysis. The results were used to assess
similarities in behaviour between the masts, amohtifly any factors that could be used to
characterize their response. Comparisons have kea drawn between their nonlinear
seismic response and that from both a BS8100-4 ieiding analysis and a linear response
spectrum analysis. Although existing earthquakeondsc were used in this study, the
majority of trends were developed from the respdose synthesized accelerogram with a
response spectrum matching that of EC8 soil typelli2 response to motions in other

ground types is therefore beyond the scope ofrdfsisarch.

12.1 Response to Simultaneous Ground Motion

As one might expect from the frequency contenttiedvarious durations of high amplitude
ground motion of the three accelerograms, the nuesierally responded significantly more
to the synthesized EC8 input than to the recorde@dntro and Parkfield input. Mast A,
with a natural frequency range of 1.75 to 2.55 ¢g&merated considerable forces in response
to all three ground motions, whilst the remainingsts with significantly lower natural
frequency ranges responded more to the EC8 inpaitless to the Parkfield input. The
natural frequencies of masts B, C and D are tyfyidabs than 1 Hz, thus their response is
affected significantly more by the duration of higmplitude ground motion. The short
‘spike’ in the Parkfield accelerogram and the thi@dour second ‘bursts’ in the El Centro
accelerogram cannot compare to the 15 second comignhigh amplitude vibration of the
synthesized EC8 ground motion. For this reasomebponse to the EC8 ground motion may
overestimate the extreme mast response to actithbjgakes. Conversely the response may
be underestimated by the El Centro and Parkfietdirgd motion as their range of spectral
peaks may miss the natural frequency range of thset.nfFurther analyses using more

earthquake records are needed to substantiate this.
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As the response to the Parkfield accelerogram wsaally variable and significantly lower

than to the EI Centro and EC8 accelerograms, trandgliscussions are developed primarily
in response to the latter two, although the respdashe Parkfield ground motion is also
reported. For this reason analyses assessing dkelling wave effect and the effect of

vertical motion were only conducted using the Ehtt@ and EC8 motion.

12.1.1 Bending Moments

All the masts generated substantial bending momewmtsig analysis. The comparatively
high stiffness and stiffness utilization of the lemhbin mast A caused a different distribution
of moments for this mast with high moments produbeth at the stay connection points
(hogging) and at midspan. The remaining masts géeersignificant moments at midspan
only, with only isolated local peaks at some stayrection levels. The peak bending
response to increases in the peak ground accelerafi the earthquake is largely linear
across all of the masts (particularly in responsiiaé El Centro earthquake), with some areas

of nonlinearity shown at the higher scale factpesticularly in mast B.

A simple method for normalizing the peak bendingpas the four masts using equation 8.1
showed that, when plotting this ratio against agerspan a trend based on a power function
is observed. The Normalized Moment Ratio can benastd using equation 8.2, however

analysis over a wider range of earthquake recardswasts is needed to confirm this result.

12.1.2 Shear Forces

The shear force distribution largely resembles éiia continuous beam with regions of high

shear at stay connection points and regions ofsle@ar near midspan. As with the bending
response, the peak shear response throughout ttesh@vs a largely linear increase with

increases in peak ground acceleration, howeveifisignt nonlinear increases are shown by
mast B when PGA is increased from 3.5nis4m/$. The peak mast base shear and total
base shear also showed this largely linear increlaseever isolated analyses showed
irregular increases or even slight decreases. M#te nonlinear response was shown in

response to the EC8 accelerograms.



Bmary and Conclusions

Plotting the total base shear (normalized by th& tmast weight) versus mast height, shows
a trend (using a power function) similar to thabwh by Amiri 2001 [1]. The differences
between the trend shown by this research and thamiri’s, can be explained by the fact
that ancillary loading was not taken into accountAmiri’'s models. The peak total base

shear shown by this research can be estimated egirgion 8.5.

Using the simple normalization method for sheathia mast described by equation 8.3, a
strong trend based on a power function is obsewleeh this ratio is plotted against total
mast height. The Normalized Shear Ratio can benattd using equation 8.4, however its
use would need to be verified by a wider range afst: and earthquake records. This
suggests that shear forces in the mast (not ordg Bhear) are also dependent on the total

height of the mast in addition to span length, nzassPGA.

12.1.3 Axial Forces

All of the masts showed appreciable increases i@ &rce during analysis, with maximum
increases at the base in the order of 25% to 4Béteses in axial force between stay levels
appear more significant in the top sections of rtiaest, particularly for masts B, C and D.
Most of the increase in force shown in mast A wagliad at the stay levels. As with most of
the other forces, the peak axial response to clsaimgeGA was relatively linear with more
significant increases shown in response to the &f8lerograms. TheB/Piiial ratio at the
base of the masts for a particular PGA scale wiadively constant in response to the El
Centro ground motion with a maximum range of 3%dquarticular PGA across the masts
(average ratio 1.13 for PGA of 4rfysThis range was closer to 20% in response tEbe
ground motion (average ratio of 1.35 for PGA of €/

The distribution of dynamic axial forces in the isaas a function of the peak base dynamic
axial force can be conservatively described by #gna.6. This is a slight modification on
the curve fit shown by Amiri and again suggestd thigher regions of the masts interact

more in the vertical plane.
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12.1.4 Cable Tensions

The peak cable tension response of the mastsfisutlifto characterize. A largely linear
increase in peak cable tension with PGA (apart fisotated results) was shown by masts A,
C and D with irregular results shown for mast B.xMam percentage increases are shown
for mast B level A, with an increase of 343% oftiali tension in response to the EC8
accelerogram (PGA of 4nfjsThe range of extreme cable tensions shown in Agpe2
shows that the full range of cable behaviour (dbedrin section 2.2.1) is experienced
during analysis. This suggests that the use ofliaegrized model of cable behaviour based
on a) small deflections and b) flat parabolic gesfis likely to be inaccurate for this type of
analysis, although further research is needed bstantiate this. In many instances the
tension limit set by Eurocode 8: part 6 (twice thigal pretension) is close to, or exceeded
by, the peak cable tensions and as all of the peadions were less than 23% of breaking

tension, the validity of this limit is questionable

12.2 Comparison of Seismic Response to Design Wind Response

Forces generated during the seismic analyses vesrerally within the envelope produced
during an indicative BS8100-4 wind assessment (wattiual design wind speeds),
particularly in response to the El Centro and Rel#fground motion. However, bending
moments in some midspan regions of all four mastexceed the wind design envelope for
the EC8 analyses with the higher scale factorss Thinerability usually appears to be a
result of an imbalance of bending forces producethb design wind loading. Areas of low
midspan bending moments in the wind analysis aaek#d by areas with high hogging
moments at the stay supports. The patch load mether@dfore has less of an effect in
amplifying the design moment in these midspan megi@nd consequently the seismic forces
are higher. If little variation in bending capacityas designed for (as is likely to be the case)
between support and midspan and the peak hoggingems were used, then these apparent
areas of vulnerability would be taken care of, hesvef the design were highly efficient and

strictly followed the design moment, the area maybisceptible to seismic loading.
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Generally the shear force response was well withénwind design shear force for all of the
analyses, apart from a few insignificant midspagiaes. The base shear in mast C is the
only other region that produced similar shear feriwethe wind design shear during seismic
loading. Again this appears to be the result ofuabalanced design for wind, as the
arrangement of spans and loading produced a low blasar during the mean wind load

assessment and thus a relatively low design sbeeg.f

All of the axial forces generated in the masts mtyrihe El Centro and Parkfield analyses
were lower than the corresponding wind design fgrdeowever 80% of EC8 analyses
produced higher axial forces than the correspondimgl forces. It seems likely that the
vertical accelerogram used for this analysis ge¢adra response that overestimated an actual
seismic response, however this would need to bi@iectby further analyses using existing

earthquake data.

Peak seismic cable tensions were all substantiaer than those from the design wind
analysis. Mast A level C cable showed a peak tensfo32% of the wind design tension,
while the majority of peak tensions were of theesrdf 50% or less of the wind design

tension.

During a static wind analysis the entire load iplegal in one direction and consequently this
entire load needs to be resisted. During a dynamadysis it is unlikely that adjacent spans
will oscillate in the same direction simultaneoyghus part of the overall acceleration load
from each span will be applied in opposing direwiicausing a lower reaction force in the
cables. The opposing bending in adjacent spansesdhe hogging moment at the supports
and increases the sagging moment in each respeare The shear force response in the
mast is not affected to the same extent and coesdiguthe seismic bending response is

comparable to the design wind analyses, whereashiar and cable response is not.

This study has shown that the majority of forcesdpced during a seismic analysis with
peak design accelerations in the region of 3nwsim/$, are within the mast design forces
from a wind analysis using the Patch Load methoB3$8100-4 (mean hourly design wind

speeds ranging from 22.5m/s to 24m/s across thaésjndsa conservative approach was
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taken to the design of the masts to resist benfdirggs, a fair degree of confidence can be
had that the designs will resist seismic forcesegaed by earthquakes similar to those used

in this study.

Indicative wind analyses conducted with mean howilyds of 20m/s and 28m/s (10 minute
average of 21.4m/s and 30m/s respectively) showatimast forces can be doubled with
this increase in design wind speed of 8m/s. Thizesause both the mean and patch loading
are proportional t&/>. For areas with mean hourly wind loading clos@®m/s, it is likely
that the design wind bending response will be ededeby a seismic response caused by
seismic events similar to those used in this studgwever other response forces are
unlikely to be exceeded. Figure 12-1 shows a wirap raf Europe which shows that the
design wind speeds used for masts in this studyeda¢ively low in comparison to many
areas in Europe. This provides a relative degreeoafidence in the design of masts in a
number of European countries in seismic regionstiqudarly Italy, Greece and Turkey

where design wind speeds are relatively high.

10 minute Mean
average hourly
{m/s) (mis)
20 18.7

24 224

28 262

32 299

36 336
=36 >33.6

@ = special regulation for the Alps

TMOO® P

Figure 12-1 European wind map [35]
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12.3 Response to Travelling Wave Effect

Forces generated during analyses with asynchrosapgort motion that modelled the
travelling wave effect showed a large variatiormast response. Bending and shear force
variations of up to 45% of the equivalent force eated during synchronous motion
analyses were shown. Although these variations vedten reductions, particularly in
response to the El Centro motion, increases of au®25% were common and usually
produced at higher levels on the mast. Variationsaxial forces were shown up to a
maximum increase of 14%. Although this represensgyaificant increase in the effective

dynamic force, the overall effect is of less concer

Peak cable tension variation (summarized in Tabl®) Qives perhaps the most
comprehensive breakdown of mast behaviour in thédyais. A far more significant effect is
shown in response to the EC8 time histories. Mastations in response to El Centro
motion were within 10% of the synchronous motiosutts, with a maximum increase in
peak cable tension of 15%. Most of the EC8 analiiegever showed substantial increases
in cable tension across the set of analyses, opatomum increase of 31%. As expected the
increase shown in taller masts is more significdu to the larger variation in motion at

supports.

The irregular nature of mast response to the tiiagelvave effect may be a cause for
concern if masts are designed close to the foreelepe produced from a synchronous
motion analysis. This significance appears exadggdravhen using an EC8 synthesized
accelerogram as increases in response are far koatbe more realistic EI Centro ground
motion. However this would need to be substantibteturther analyses using a wider range

of masts and earthquake records.
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12.4 Effect of Vertical Motion

The variation in mast response caused by the absgneertical motion is primarily shown
by significant reductions in axial force. Maximumductions of 70% of the dynamic base
axial force were shown, however these reductiorg @presented between 10% and 18%
of the total axial force for the EC8 analyses ass$ lthan 4% for the El Centro analyses. It is
interesting to note that the lateral shear and ingnasponse were often increased with the
absence of vertical motion; however variations ghowere less than 10% and virtually non
existent for the El Centro analyses. These vanatio mast lateral forces show that vertical
ground motion can introduce variations id\Rerces in the mast that cause minor variations
in mast behavior. However these differences arikelglto affect mast design and in many
cases may aid the mast lateral design. The effegerical motion on axial mast design

should certainly be taken into account.

12.5 Response Spectrum Analysis

Despite the fundamental differences in analysishodt the response spectrum analysis
showed surprising consistencies in force distrdoutivhen compared to the nonlinear time
history analyses. The magnitude of the componespomse in each direction was
significantly lower than that of the time historgadyses, however when comparing design
forces for the response spectrum (SRSS rule farctional combination) and the peak
response force calculated from X and Y componen¢ thistories, the magnitudes were for
the most part within 10% of each other. Regions rerteppreciable differences in force
magnitude appear more likely are base shear andirigein the first span. A peak cable
tension comparison also showed that, although lpaléccable tensions from the response
spectrum analysis were within 18% of the time mstnalyses. Due to the close frequency
spacing of modes the use of the CQC method of madal shown to be superior to the

SRSS method producing force magnitudes much ctogéose from the time history values.

Although the use of this method in this study hlagws encouraging results, it should be

noted that it is by no means a simple analysisnigcie and cannot be attempted without
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advanced analysis software. It is feasible thatmallsnumber of elements with linear
stiffness could be used in such an analysis to Intue cables, thereby significantly
reducing the number of modes that need to be genkrndowever this would alter the cable

modes, the significance of which is beyond the saufithis research.

This research has shown that, although not con@usi accurately determining the seismic
response of guyed masts, the use of the modalmesmpectrum method is a useful starting

point and if used conservatively can be appropf@telesign.

12.6 Summary and Need for Further Research

This research has shown how complicated and urgieddie the response of guyed masts
can be to seismic loading and how even highly sijgaited software can have difficulties
with their analysis. Large numbers of elementsbibta problems and time consuming
analyses (as long as 18 hours) make this typealysis an unfavourable option in a design
office and emphasize the need for a simpler apprdatas also shown that although their
response and behaviour is largely nonlinear, mucther peak response exhibits linear
trends when compared to peak ground accelerafloasds relating the peak response of the
four masts in terms of height, mass and span lemgtlalso evident and could be developed

further.

Although the majority of seismic forces are likédybe within the force envelope produced
from a design wind assessment, certain parts oftitueture may be susceptible to seismic
loading, particularly where forces from a wind logglassessment are unevenly distributed
or when the mean hourly design wind speed is dioskee 20m/s to 22m/s range. In areas of

high seismic activity a seismic assessment is thergecommended.

The interpretation of Eurocode 8 with regard to #malysis of guyed masts leaves much
open to the designer. Whether a linear responsetrspe analysis is suitable as a design
option for nonlinear masts is not addressed and rf@deling guidelines are given for

nonlinear analysis. It is the opinion of the authmat enough common seismic behaviour

144



Bmary and Conclusions

exists between guyed masts to suggest that thdogenent of an equivalent static method
of seismic analysis is feasible. Future expansibthe current study using an increased
number of masts (with varying properties) subjecteda larger variety of existing and
synthesized earthquake data could build on thed$rédentified in this study. Earthquake
records should take into account all possible ghotypes stipulated by EC8. A static
method based on loadings derived from these treodlsl then be calibrated to yield similar
force envelopes to those of the dynamic analyseis. May result in a ‘patch loading’ type
method or a method utilizing a seismic excitatiactbr applied to the various response
forces of the masts following initial loading. Givéhe complexities of accurate nonlinear

dynamic analysis, this would be a very useful fooldesigners.

14¢



References

13 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Journal Articles and Papers

Amiri, G., Seismic Sensitivity Indicators forall Guyed Telecommunication Towers,
Computers and Structures, §0349-364, 2002

Davenport, A.G., Dynamic Behaviour of MassiveuyGCables,Journal of the
Structural Division ASCE, p.43-70, April 1965

Davenport, A.G., Sparling, B.F., Dynamic Gustdponse Factors for Guyed Towers,
Journal of Wind Engineering and Industrial Aerodymias 44, p.2237-2248, 1992
Dean, D.L., Static and Dynamic Analysis of G@ables, Transactions,ASCE,
Part 2 of Vol. 127, p.382-419, 1962

Gerstoft, P., Simplified Methods for Dynamic &lgsis of a Mast, MSc Thesis,
University of Western Ontario, 1984

Goldberg, J.E., Gaunt, J.T., Stability of Guy&dwers.Journal of the Structural
Division, ASCEp.741-756, April 1973

Harichandran, R.S., Spatial Variation of Eatthige Ground Motion, A report
produced for Dept of Civil Engineering, Michigatag& University, 1999

Hensely, G., Finite Element Analysis of the S$eic Behaviour of Guyed Masts,
MSc Thesis, Virginia Polytechnic Institute andt8taniversity, 2005

IASS. Recommendations for Guyed Masts, Inteamatl Association for Shell and
Spatial Structures, Madrid, Spain, 1981

Irvine, H.N., Caughey, T.K., The Linear Theay Free Vibration of a Suspended
Cable,Proceedings of the Royal Socidtyndon, Series A, 341 p 299-315, 1974
Irvine, H.M., Free Vibrations of Inclined Cas,Journal of the Structural Division,
ASCE, 104(ST2), p.343-347, 1978

Kahla, N. B., Equivalent Beam-Column Analysi¢ Guyed Towers,Computers
and Structuresyol. 55 (4), p.631-645, 1995

Mulherin, N.D., Atmospheric Icing and Tower &pse in the USProceedings of
the Seventh International Workshop on Atmoshgengy of Structuresyniversity

of Quebec, Canada, 1996

14¢



References

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Madugula, M.K.S., Wahba, Y.M.F., Monforton, K5, Dynamic Response of Guyed
Masts,Engineering Structure§/ol.20 No.12, p.1097-1101, 1998

Newmark, N.M., A Method of Computation for &ttural DynamicsJournal of the
Engineering Mechanics DivisioASCE, Vol. 85 No. EM3, 1959

Raoof, M., Davies, T. J., Determination of tBending Stiffness for Spiral Strand
CablesJournal of Strain Analysig/ol. 39(1), p.1-13, 2004

Schiff, A.J., Case Study of Earthquake Perfmnoce of Communication Towers,
Prepared for the Electric Power and Communicatioommittee, USA

Sparling, B.F., Smith, B.W., Davenport, A.GSimplified Dynamic Analysis
Methods for Guyed Masts in Turbulent Wind3ournal of the International
Association for Shell and Spatial Structur@®(2), p. 89-106, 1996

Sparling, B.F., Davenport, A.G., Nonliner Belaur of Guy Cables in Turbulent
Winds, Canadian Journal of Civil Engineeringg, p.98-110, 2001

Vellozzi, J.W., Tall Guyed Tower Response tinw/Loading,Proceedings of the™®
International Conference on Wind Effects on Buiggi and Structured.ondon, 1975
Wahba, J., Brinker, D., Malouf, P., Erichseh, New Standards for Broadcast
Structures ANSI/EIA/TIA-222-G,National Association of Broadcasters Paper
2003

Wahba, Y.M.F., Madugula, M.K.S., Monforton G,REvaluation of Nonlinear
Analysis of Guyed Antenna TowefSomputers and Structure®g, p.207-212, 1998
Wilson, E., Technical Paper, Dynamic Analysising the Response Spectrum

Method, www.csiberkeley.com

Wilson, E., Technical Paper, Dynamic Analysizy Numerical Integration,

www.csiberkeley.com

Wilson, E., Dynamic Response by Step-By-StegtriM Analysis,Proceedings of the
Symposium on the use of Computers in Civil EngingelLisbon, 1962

Books

Buchholdt, H.A, Introduction to Cable Roof Structure€ambridge University
Press, 1985



References

[27] CSI Analysis Reference Manual, For SAP2000ETABS’ and SAFE,
Computers and Structures, Inc. Berkeley, CalifprhlSA, September 2004

[28] Irvine, H.M., Cable Structures,The MIT Press, Cambridge, Massachusetts and
London, England, 1981

[29] Madugula, M. (Editor),Dynamic Response of Lattice Towers and Guyed Masts,
ASCE, Virginia, 2002
Codes

[30] British Standard, BS8100-4: 1995, Lattice Tosvand Masts

[31] European Standard, Eurocode 8: Design of &itras for Earthquake Resistance,
Part 1: General rules, Seismic Actions and Rige8uildings, BS EN 1998-1:2004

[32] European Standard, Eurocode 8: Design of 8&tras for Earthquake Resistance,
Part 6: Towers, Masts and Chimneys, BS EN 192845
Websites

[33] http://peer.berkeley.edu/smcat/

[34] http://nsmp.wr.usgs.gov/

[35] http://www.kuleuven.ac.be/bwk/materials/Teaimaster/wg01b/10300.htm

(Lecture 1B.3 Background to Loadings)

[36] http://www.seismosoft.com/

Software Used

SAP2000 Advanced 9.1.1, Structural Analysis Progi@omputers and Structures,
Berkeley

SEISMOSIGNAL, version 3.1.0, Seismosoft (www.seisaftcom)

SIMQKE-1 Developer: E.H. Vanmarcke, C.A. Corndél,A. Gasparini, and S.N. Hou,
Department of Civil Engineering, Massachusetssitate of Technology,
Cambridge, Massachusetts 1976, Modified: T.Fk&|&Newbury Park,
California [PC DOS version] 1990

Microsoft Excel 2002

Microsoft Word 2002

14¢



Appendices

14 Appendices

Appendix 1: Accelerograms used in Seismic Analyses
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Appendix 1 (cont.): Accelerograms used in Seismic Analyses
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Appendix 2: Extreme Cable Forces produced in Seismic Analyses

Cable Pretension ECB8-2.5 EC8-3 EC8-3.5 EC8-4
max min max min max min max min
Al 80.3 125.0 29.8 139.7 245 153.1 19.6 166.6 10.9
B1 104.9 168.3 375 187.9 36.6 219.5 32.1 252.7 21.5
C1 137.0 218.0 60.9 232.5 52.3 254.0 54.4 283.3 49.0
El Centro-2.5 El Centro-3 El Centro-3.5 El Centro-4
max min max min max min max min
Al 80.3 138.3 13.7 149.5 3.1 159.7 2.2 167.7 -2.8
B1 104.9 168.0 29.3 178.4 15.3 186.4 4.1 198.0 -1.3
C1 137.0 190.2 82.1 200.7 71.8 211.2 61.7 222.2 51.3
Parkfield-2.5 Parkfield-3 Parkfield-3.5 Parkfield-4
max min max min max min max min
Al 80.3 135.1 24.7 145.9 141 156.5 4.0 166.6 -5.3
B1 104.9 170.3 63.6 184.0 59.6 195.7 54.9 209.0 46.5
C1 137.0 176.3 100.6 184.2 93.4 192.0 86.3 199.7 79.2
Table 14-1 Mast A cable tensions (kN)
Cable Pretension ECB8-2.5 EC8-3 EC8-3.5 EC8-4
max min max min max min max min
Al 44.1 159.8 -14.1 168.7 -18.4 161.9 -19.7 195.8 -15.1
B1 73.8 160.9 -11.1 179.7 -2.3 204.3 -3.3 239.3 3.6
C1 83.4 137.8 24.7 155.7 20.6 164.5 15.3 180.5 -7.8
D1 164.7 235.8 103.0 255.0 96.6 261.2 88.8 282.3 74.9
El 95.7 147.9 47.6 166.3 32.2 167.9 32.6 182.2 30.1
El Centro-2.5 El Centro-3 El Centro-3.5 El Centro-4
max min max min max min max min
Al 44.1 99.1 -5.9 113.1 4.7 123.8 -1.2 153.2 -5.1
B1 73.8 129.0 23.1 148.7 9.5 149.4 104 162.4 7.4
C1 83.4 130.4 40.4 136.1 33.6 158.8 18.4 175.9 17.9
D1 164.7 231.9 102.7 233.7 93.7 256.1 83.6 259.9 67.1
El 95.7 137.1 58.0 148.0 49.5 157.2 41.7 164.7 33.3
Parkfield-2.5 Parkfield-3 Parkfield-3.5 Parkfield-4
max min max min max min max min
Al 44.1 66.1 18.4 70.2 13.8 74.0 9.3 79.9 4.8
B1 73.8 98.0 54.2 102.4 50.3 106.6 46.3 111.9 42.1
C1 83.4 105.4 61.8 109.7 57.8 114.0 54.0 121.7 45.9
D1 164.7 203.1 126.5 210.6 119.5 218.4 112.7 230.7 101.6
El 95.7 115.8 78.1 119.8 74.5 123.9 70.9 131.2 63.8

Table 14-2 Mast B cable tensions (kN)
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Appendix 2 (cont.): Extreme Cable Forces produced in Seismic Analyses

Cable Pretension EC8-2.5 EC8-3 EC8-3.5 EC8-4
max min max min max min max min
Al 92.0 187.3 -1.4 219.4 -4.4 258.8 5.4 298.8 -0.4
B1 116.7 252.3 25.1 264.1 21.6 304.2 26.1 344.4 125
C1 167.6 259.1 65.9 281.6 48.7 301.2 34.8 326.2 20.6
D1 116.3 191.5 52.9 204.8 40.8 223.1 375 240.1 35.5
El Centro-2.5 El Centro-3 El Centro-3.5 El Centro-4
max min max min max min max min
Al 92.0 154.3 36.0 166.6 25.6 178.6 15.8 194.8 6.5
B1 116.7 213.4 49.4 232.3 36.7 250.7 245 269.0 13.0
C1 167.6 251.9 101.9 267.8 90.9 282.4 81.4 296.0 70.9
D1 116.3 155.5 78.3 162.6 71.4 169.9 64.9 176.3 58.4
Parkfield-2.5 Parkfield-3 Parkfield-3.5 Parkfield-4
max min max min max min max min
Al 92.0 130.2 50.5 137.8 42.2 145.3 33.9 152.7 25.6
B1 116.7 174.6 57.2 186.6 46.4 198.5 36.3 210.2 27.0
C1 167.6 208.7 125.3 217.0 117.9 225.3 111.3 233.6 106.0
D1 116.3 133.6 94.5 136.9 90.1 140.2 85.7 143.4 81.3
Table 14-3 Mast C cable tensions (kN)
Cable Pretension EC8-2.5 EC8-3 EC8-3.5 EC8-4
max min max min max min max
Al 104.0 170.8 34.6 182.8 32.1 193.3 40.3 213.2 32.0
B1 126.1 255.3 16.2 266.7 17.1 295.7 13.7 356.7 6.5
C1 170.9 265.9 50.3 288.4 40.8 314.2 46.9 342.1 55.3
D1 267.6 343.9 186.4 355.9 173.0 365.5 161.2 372.7 151.5
El 136.2 216.8 72.2 228.9 65.8 238.7 62.4 247.0 63.4
El Centro-2.5 El Centro-3 El Centro-3.5 El Centro-4
max min max min max min max
Al 104.0 147.2 63.8 155.8 51.6 164.4 38.6 173.4 275
B1 126.1 220.1 42.0 238.2 31.4 255.7 25.0 273.6 23.4
C1 170.9 218.7 120.2 229.8 110.8 245.2 102.2 262.4 94.1
D1 267.6 314.8 214.7 322.2 206.1 328.6 198.5 334.1 1915
El 136.2 177.7 97.1 185.6 92.2 193.2 88.4 201.0 83.0
Parkfield-2.5 Parkfield-3 Parkfield-3.5 Parkfield-4
max min max min max min max
Al 104.0 121.7 85.4 125.3 81.8 128.9 78.2 132.5 74.6
B1 126.1 168.9 86.6 177.4 78.8 185.9 711 194.2 63.6
C1 170.9 200.0 146.1 205.8 141.2 211.6 136.4 217.4 131.6
D1 267.6 292.8 243.5 297.6 238.9 302.3 234.3 306.8 229.8
El 136.2 163.0 111.7 168.3 106.8 173.4 102.0 178.6 97.3

Table 14-4 Mast D cable tensions (kN)
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