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ABSTRACT 

Atmospheric icing is a large problem for many structures located in regions with cold climate. 

Structures as guyed masts and overhead transmission lines and towers are particularly ex

posed. 

A 323 meter high guyed T V and radio mast in Arvidsjaur in Northern Sweden was equipped 

wi th an extensive data collection system in the winter 1988-89. The winter before another 

mast, similar but weaker than the mast in Arvidsjaur, had collapsed due to an overload of 

heavy ice. The primary purpose of the measurements was to study the effects o f ice load and 

also the effects of combined ice and wind load. I t was of particular interest to find out how 

large ice loads that could be expected, since the ice loads used in the design of masts was sole

ly based on visual experiences of how much ice that could be observed in masts. The older 

masts, built during the fifties and sixties, were not designed for ice load at all since this type of 

load was deemed as negligible in comparison to wind. 

A detailed analysis o f the measured ice and wind loads is presented. Suitable distributions for 

the evaluated loads are proposed and design values, i.e. characteristic values, for the reference 

mast in Arvidsjaur are given. 

In addition to the characteristic loads, appropriate load reduction factors are determined for 

combined load cases. Those load reduction factors are obtained by a probabilistic analysis of 

the combined load effect of ice and wind load. The combined load effect is however a strongly 

nonlinear function and the analysis has therefore to be based on simplifications. 

I t is o f interest to f ind a method to estimate the reliability of guyed masts which are exposed to 

ice and wind load. The load effects in a mast can only be accurately calculated with computer 

programs. Hence, i t is not possible to define an explicit expression for a load effect on one 

component and a simplified model for describing the load effect must be established. The sim

plified reliability analysis must also include the uncertainties that arise f rom the simplification. 

A reliability analysis must also include statistical parameters and uncertainties connected with 

the resistance o f the components. Much o f this statistical information is found in the back

ground documents of the Eurocode 3, and i t w i l l be briefly presented herein. 

Today, the design o f guyed masts is based on the semi-probabilistic partial coefficient method. 

The partial coefficient used fo r the variable ice and wind load is very much influenced by the 

strongly nonlinear load effect function for the combined load. Appropriate partial coefficients 

for masts that experience the same environmental loads as the reference mast in Arvidsjaur are 

proposed herein. The usage o f these partial coefficients is intended to correspond to an annual 

target probability o f failure o f 1-10"4. 
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SAMMANFATTNING 

Atmosfär isk nedisning är ett stort problem för många typer av konstruktioner och anläggning

ar i regioner med kall klimat. Speciellt utsatta är konstruktioner som stagade master, kraftled

ningar och kraftledningsstolpar. 

I Arvidsjaur i Norrbotten, har en 323 meter hög TV- och radiomast utrustats med ett omfattan

de mätsystem. Från vintern 1988-89 t i l l och med vintern 1994-95 har mätningar av krafter och 

klimatiska data kontinuerligt skett varje vinter. Dessa mätningar initierades av ett masthaveri 

vintern 1987-88, då TERACOM's , f .d. Televerket Radio, drygt 300 meter höga mast i 

Sollefteå kollapsade efter en tids nedisning. Masten i Sollefteå var av en äldre typ och var 

dessutom dimensionerad endast för vindlast. Det ansågs nämligen då de förs ta masterna bygg

des i Sverige att islaster orsakade av a tmosfär isk nedisning var små och därför kunde försum

mas. Den mast som ligger t i l l grund för de resultat och analyser som presenteras i denna 

avhandling är däremot dimensionerad för en ansenlig mängd is. Dessa islaster hade uppskat

tats från visuella erfarenheter av nedisade master. 

Denna avhandling innehåller flera delområden som berör is på master. I en inledande del pre

senteras masten och det installerade mätsystemet utförligt. Däref ter beskrivs kortfattat feno

menet atmosfärisk nedisning och dessutom refereras modeller som används för att uppskatta 

islaster. Här presenteras också några erfarenheter av den nedisning som observerats på berget 

Akkanålke utanför Arvidsjaur där masten är placerad. 

Vidare presenteras en detaljerad statistisk analys av de laster som uppskattats f rån mätninga

rna, bl.a. har karakteristiska värden för islaster och för vindhastigheter uppskattats. Lastreduk

tionsfaktorer för kombinerad is- och vindlast har också beräknats. Eftersom lasteffekten av 

kombinerad is- och vindlast är en starkt icke-linjär funktion så har en förenklad funktion an

vänts för att uppskatta fördelnings- och frekvensfunktionen för den kombinerade lasteffekten. 

Det är även av intresse att finna en metod fö r att uppskatta brottrisken för en mast. De krafter 

som verkar på en komponent i masten kan dock inte uttryckas explicit utan den förenklade 

modellen för kombinerad lasteffekt måste användas . Denna förenkling m e d f ö r att en osäkerhet 

införs i den sannolikhetsteoretiska modellen och därför måste det införas en variabel som be

aktar denna osäkerhet. Andra osäkerheter mås te också uppskattas, t ex . osäkerheterna koppla

de t i l l de antagna formfaktorerna för masten. 

En sannolikhetsteoretisk analys måste även inkludera de statistiska parametrar och osäkerhe

ter som är relaterade t i l l bärförmågan. En hel del sådan information finns dokumenterad i det 

arbete som skett inför framtagandet av Eurocode 3. Den information som berör bärförmågan 

hos komponenterna i en mast är sammanstäl ld i denna avhandling. 
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Dimensionering av stagade master sker idag med partialkoefficientmetoden som är en s.k. 

semi-probabilistisk metod. De partialkoefficienter som används i denna metod påverkas starkt 

av den icke-linjära lasteffekt funktionen. Partialkoefficienter och lastfaktorer som antas pas

sande för master i likartad mil jö som Arvidsjaursmasten föreslås. Användandet av dessa deter

ministiska koefficienter avses motsvara en formell årlig brottrisk av 1 - l f / 4 . 



CONTENTS vii 

CONTENTS 

P R E F A C E i 

A B S T R A C T iii 

S A M M A N F A T T N I N G v 

C O N T E N T S vii 

N O T A T I O N S xi 

1. I N T R O D U C T I O N 15 

1.1 Background 15 

1.2 Scope and limitations 18 

1.3 Description of the mast and the data collection system 20 

1.3.1 The mast in Arvidsjaur 20 

1.3.2 Conditions used for design 24 

1.3.3 The data collection system 25 

2. A T M O S P H E R I C I C I N G 29 

2.1 Introduction 29 

2.2 Physics and theoretical modelling o f ice accretion 30 

2.3 Empirical models for estimation o f ice loads on structures 34 

2.4 Ice load experiences f rom Akkanålke, Arvidsjaur 37 

3. R E S P O N S E T O W I N D AND I C E L O A D S O F G U Y E D M A S T S 41 

3.1 Introduction 41 

3.2 Wind drag 42 

3.3 Response to combined ice and wind load 47 

3.4 Ice related dynamic loads 52 

4. P R O B A B I L I S T I C A N A L Y S I S O F L O A D S 57 

4.1 Introduction 57 

4.2 Stochastic load processes 59 

4.2.1 The Ferry-Borges and Castanheta load process 59 

4.2.2 The Poisson load process 61 

4.2.3 The filtered Poisson process 62 

4.2.4 Upcrossing statistics 63 



viii CONTENTS 

4.3 Statistics of wind speed 64 

4.3.1 Extreme wind speeds 74 

4.4 Statistics of icing data 79 

4.4.1 Extreme ice loads 90 

4.5 Combination o f loads 92 

4.5.1 Load combination format 92 

4.5.2 Combination o f loads, Monte Carlo simulation 94 

4.5.3 Combination o f loads, analytical model 103 

5. B A S I S O F R E L I A B I L I T Y T H E O R Y 109 

5.1 Introduction 109 

5.2 The basis o f probabilistic methods 111 

5.2.1 Reliability index 112 

5.2.2 Logaritlimic-normal distributed variables 115 

5.2.3 General method for a linear failure function 117 

5.2.4 Approximate method for non-linear failure functions 118 

5.2.5 Hasofer and L i n d reliability index 120 

5.2.6 Transformation o f non-normal basic variables 125 

5.2.7 Reliability o f structural systems 126 

5.3 Reliability methods for code format 129 

5.3.1 The level-2 method 129 

5.3.2 Partial factor design format 130 

5.3.3 Calibration o f partial coefficients 132 

5.4 Strength of structural components 134 

5.4.1 Uncertainty in the resistance model 135 

5.4.2 Strength of steel 139 

5.4.3 Compressed members 140 

5.4.4 Bolted connections 142 

5.4.5 Welds 144 

6. R E L I A B I L I T Y A N A L Y S I S O F T H E M A S T I N A R V I D S J A U R 145 

6.1 Probabüist ic model 145 

6.2 Simplified model for combined loads 148 

6.3 Uncertainties 151 

6.4 Reliability analysis o f a diagonal component 154 

6.4.1 Buckling 155 

6.4.2 Bolted connection 159 

6.4.3 Welds 162 

6.4.4 Influence o f variable pretension 163 



CONTENTS ix 

6.5 Reliability analysis o f a leg component 164 

6.5.1 Buckling 165 

6.5.2 Welds 167 

6.6 Total reliability fo r the mast 169 

6.7 Estimation of partial coefficients 170 

7. C O N C L U S I O N S A N D D I S C U S S I O N 179 

R E F E R E N C E S 183 

A P P E N D I X A M E A S U R E D D A T A F R O M 1988-1995 189 

Measured wind speed and ice load effects during the 

winter seasons from 1990-91 to 1994-95 194 

Detailed measured data f r o m all icing periods 199 

A P P E N D I X B Estimated ice loads on the guy cables and on the shaft 

f r om 1988 to 1995 213 

A P P E N D I X C Distributions 219 

Normal distribution 219 

logar i thmic normal distribution 220 

Weibull distribution 221 

Gamma distribution 222 

Fisher-Tippet type-I distribution 223 

Fisher-Tippet type-U distribution 224 



CONTENTS 



NOTATIONS 

NOTATIONS 

Notations and symbols are defined in the main text when they first occur. The list herein in

cludes the most frequently used notations. 

A area 

A transposed eigenvector matrix for 

B width o f iced shaft 

C load constant 

Cg load constant for permanent load 

C, load constant for variable load 

Cq load effect coefficient fo r permanent load 

Cj load effect coefficient for ice load 

C w load effect coefficient fo r wind load 

CyyQ load effect constant for the wind load when i t is no ice load acting 

C drag coefficient 

CD drag coefficient 

l i f t coefficient 

C x covariance matrix 

Cov(X,Y) covariance o f Z a n d Y, Cov(X, Y) = E ( X Y ) -E(X)E{Y) 

D(X) standard deviation of X, D(X) = o x 

E collision efficiency 

E(X) expected value o f X, E(X) = mx 

Fx(x) probability distribution function for the variable X 

F ^ 1 (JC) inverse probability distribution function for the variable X 

Fmax(x) probability distribution function for the maximum variable X 

G permanent load 

H(s) the Heaviside step function 

Iv turbulence o f intensity 

Kj importance coefficient for the ice load 

K w importance coefficient for the wind load 



NOTATIONS 

M safety margin 

Pj probability o f failure 

Pf* target probability o f failure 

P(X) probability of the event X 

Q load 

Ql variable load 

Qik characteristic variable load 

Qj ice load 

Qjk characteristic ice load 

Qw wind load 

Qwk characteristic wind load 

R resistance, variable 

Re Reynold's number 

Rw wind drag, Rw = £ A-t • Ct 

S load effect, variable 

S c combined load effect 

Sq combined load effect o f permanent load and ice load 

Sd design load effect 

Sdv design load effect for variable loads 

Sf failure load level 

T total length of a time period 

U mode 

VartX) variance of X, VaiiX) = [D(X)]2 

V(X) coefficient of variation o f X, V(X) - D ^ 
E(X) 

X; random variable 

X vector containing random variables 

Z(- normalized and uncorrelated random variable 

a dispersion 

a; constant for random variable 
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correction factor 

cross sectional width 

probability density function for the variable X 

fy nominal yield strength 

fu nominal ultimate strength 

g(X) failure function 

8foW linearized failure function 

h height above the ground level 

m mean value 

n freezing fraction 

P probability for a non-zero load 

q uniformly distributed load 

s safety factor 

s sample standard deviation 

v wind speed 

v mean wind speed 

v* 
y max 

estimated gust wind speed 

v10 wind speed at the reference height 10 meters 

w l iquid water content, LWC 

Xi* calculated design value 

y reduced variate 

r o the gamma function 

«&(•) the standard normal distribution function 

4>_1(-) the inverse standard normal distribution function 

>P load reduction factor 

a, sensitivity factor 

ß rehabihty index 

Y partial coefficient 

ln partial coefficient for safety class 
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partial coefficient for permanent loads 

ii partial coefficient for variable loads 

8(s) the Dirac delta function 

8 error term, variable 

v intensity o f the process, mean occurrence rate 

+ 
mean upcrossing rate at the level cj 

PX,Y correlation coefficient, Px y ~ ^ o v ^ ^ 

O standard deviation 

X length o f one time interval 

cp(-) the standard normal density function 
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1. INTRODUCTION 

1.1 Background 

The first high T V and radio masts in Sweden were buil t in the late fifties. Loads of snow and 

ice were at this time assumed to be small in comparison to wind and were therefore neglected 

in design. Af te r some years, however, i t appeared that some masts, especially those located on 

high mountains in the northern part o f the country, always become more or less iced during the 

winter season. 

One problem connected wi th icing is deterioration in the T V and radio transmissions. Another, 

more serious, problem is that the loads of icing, especially on the oldest masts which are de

signed for wind load only, can become so high that there is a considerable risk o f collapse. 

This also became a fact during the winter 1987-88 when one 330 meter high mast in Sollefteå 

collapsed under a combination o f wind and heavy icing, Figure 1.1, Televerket Radio (1989). 

This collapse was not the first i n Sweden. In 1979 another mast in Sunne, similar to the mast in 

Sollefteå, collapsed. This collapse, however, was not caused by heavy ice. In the failure report, 

Televerket Radio (1980), is i t concluded that one guy anchor bolt failed due to fatigue cracks. 

However, i t was a remark in the failure report that the weather conditions were such that it was 

very likely that the mast was iced at the time of collapse. Thus is i t possible that atmospheric 

icing was an indirect cause to the collapse since the wind drag increases on an iced mast. It is 

also possible that the ice has shortened the time unti l the collapse as i t is wel l known that iced 

guy cables often oscillate strongly i f the wind speed is in the right range. 

Figure 1.1 The collapsed mast in Sollefteå. February 7, 1988. 
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In Sweden there are 54 masts with approximately the same height as these two collapsed 

masts. A majority of these 54 masts have a design similar to the design of the collapsed masts. 

I f i t is considered that, out o f a population of f i f t y masts, there have been two collapses under 

approximately thirty years, the fol lowing question arises: Is the reliability o f guyed masts high 

enough? This question is especially important for these older masts which are not designed for 

ice loads. 

In an international perspective the same question could be asked. In Table 1.1 an unpretentious 

collection of ice related failures on high guyed masts f rom 1967 until now is presented. The 

collection is based on second hand information f r o m Magued et. al. (1989), Laiho (1993) and 

Sundin and Mulherin (1993). The most comprehensive work, containing sixteen failures in 

which the background to each failure is analysed, is presented by Sundin and Mulherin (1993). 

Table 1.1 contains totally 22 failures that are deemed as ice related, 19 f rom North America, 

two f rom Sweden and one f rom Finland. I t is probably so that failures of high masts are re

ported as these failures have more attention than collapses of short masts. Therefore, only f a i l 

ures of masts higher than 200 meter are included in the table. The height o f the masts and their 

altitude above sea level is also shown in the table. In some early models presented for ice load 

estimation, the altitude above given sea level is used as an important parameter. In later mod

els, however, it is concluded that this parameter is o f less importance, Makkonen and A h t i 

(1993). 

Table 1.1 Some reported ice related failures on high guyed masts, height over 200 meter. 

Magued et. al. (1989), Laiho (1993) and Sundin and Mulherin (1993). 

Year and date 
for failure. 

(Age of mast) 
Mast. 

Height of 
mast 
[m] 

Altitude 
above sea 
level [m] 

Probable load situation causing 
the failure. 

1967 Dec. 12 
(-) 

Canada, Quebec, Trois 
Rivieres 

330 - Overload of ice and wind during 
an icing storm. 

1969 Nov. 23 
(1) 

Finland, Ylläs 212 697 Overload of heavy ice acting 
together with light wind. 

1973 Dec. 4 
(0) 

USA, Iowa, Alleman 610 296 Ice and wind. Top of the mast 
broken during construction. 

1975 Jan. 11 
(6) 

USA, S. Dakota, Rowena 605 445 Overload of ice and strong wind 
during an icing storm. 

1975 Mar. 27 
(6) 

USA, S. Dakota, Salem 477 469 Overload (galloping?) of ice and 
wind during an icing storm. 

1978 Feb. 6 
(12) 

USA, Nebraska, Angora 457 1295 Fatigue due to wind induced 
vibrations on iced guys. 

1978 Max. 25 
(18) 

USA, Illinois, Argenta 401 209 Overload of heavy ice. 
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Year and date 
for failure. 

(Age of mast) 
Mast. 

Height of 
mast 
[m] 

Altitude 
above sea 
level [m] 

Probable load situation causing 
the failure. 

1978 Mar. 26 
(9) 

USA, Illinois, Bluffs 484 183 Overload of heavy ice. 

1979 Dec. 27 
(19) 

Sweden, Sunne 324 425 Fatigue failure. Wind on lightly 
iced mast? 

1983 (-) Canada, Manitoba, Brandon 411 - Overload of heavy ice? 

1983 Mar. 
(-) 

Canada, Saskatchewan, Car-
lyle 

207 - Overload of heavy ice? 

1983 Mar. 11 
(-) 

USA, Maine, Winn Mount 395 - Ice and wind? 

1983 Nov. 28 
(15) 

USA, Iowa, Rowley 610 298 Overload of ice and wind. 

1984 Mar. 18 
(2) 

USA, Kansas, Colwich 354 425 Heavy ice load or ice shedding? 

1984 Mar. 19 
(-) 

USA, Kansas, Topeka 438 -- Heavy ice load? 

1986 Dec. 2 
(19) 

USA, Nebraska, Bassett 465 770 Overload of heavy ice. 

1987 Dec. 26 
(24) 

USA, Oklahoma, Coweta 582 195 Overload of heavy ice. 

1987 Dec. 28 
(-) 

USA, Oklahoma, Tulsa 579 - Overload of heavy ice. 

1988 Feb. 7 
(23) 

Sweden, Sollefteå 324 390 Overload of heavy ice and wind. 

1989 Dec. 10 
(2) 

USA, N. Carolina, Auburn 588 120 Dynamic overload due to ice 
shedding? 

1989 Dec. 10 
(10) 

USA, N. Carolina, Auburn 610 97 Dynamic overload due to ice 
shedding? 

1991 Nov. 1 
(5) 

USA, Iowa, Woodward 313 305 Overload of ice and wind 

I t is very di f f icul t afterwards to establish the exact cause to a failure o f a mast, which is also 

pointed out by Sundin and Mulherin. In most collapses the wind has been directly or indirectly 

involved, i.e. either as a load or as the mechanism causing guy cable oscillation or dangerous 

ice shedding. The most common cause, however, seems simply to be an overload o f heavy ice 

load alone or in combination with wind load. 

The number o f ice related failures is significant, but in order to draw any conclusions about the 

reliability, the reported failures must be compared with the mast population in general. This is 

not possible as most masts are individually designed. The masts are also of different age and 
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designed according to different codes. 

A study of failures of masts in Canada is, however, presented by Magued et. al. (1989). A l l 

failures, caused by an overload o f wind and/or ice, of masts wi th a height over 75 meters were 

collected and compared with the total number of masts. The annual failure rate, regardless of 

which standard the masts were designed according to, was for the Canadian masts estimated to 

5,5-KT 4, i.e. in mean one out o f approximately 2000 masts collapse every year. Whether this 

observed failure rate is consistent wi th the aimed reliability is not clear. 

As a comparison, buildings are designed for a target (theoretical) probability o f failure o f ap

proximately M O " 6 . The observed number of building failures is, however, indicating that the 

real failure probability is 10 to 100 times lower than the target value, Johansson (1989). 

Finally, the failure probability o f guyed masts seems to be high. I t is, however, diff icult to esti

mate whether this failure probability is i n accordance with the optimal reliability. I t must be 

realized that the target reliability o f a guyed mast, in contradiction to other structures, is main

ly an economical optimization problem. 

1.2 Scope and limitations 

This thesis intends to give the reader information in several fields that concern design of guyed 

masts exposed to ice and wind loads, however, with an emphasize on ice loads. 

I t is, of course, not possible to cover all areas and present detailed comprehensive analysis in 

all fields o f interest. Some parts herein w i l l therefore be more o f a brief state of the art charac

ter while other fields o f interest are studied and discussed more thoroughly. 

Furthermore, much of the analysis and discussions are based on conditions that are valid, or at 

least believed to be valid, as the statistical information is l imited, for the high T V and radio 

mast in Arvidsjaur in northern Sweden. Under seven winter seasons a comprehensive data col

lection system has been in operation on this mast and a lot o f data has been collected. The 

mast in Arvidsjaur is representative for many masts in Sweden, and also in Finland as many of 

the finnish masts have a design similar to the Swedish guyed masts. However, as the mast in 

Arvidsjaur was built quite recently, i t is stronger than the older Swedish masts budt under the 

fifties and sixties. The reason for choosing the mast in Arvidsjaur as a reference object for this 

research was that this mast becomes heavily iced every winter and, as mentioned, the main 

concern within this thesis is ice loads. The mast in Arvidsjaur and the data collection system is 

described in Section 1.3. 
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The phenomena atmospheric icing has been known since long, and it is today well known that 

loads caused by atmospheric icing can become considerable. In the forties an accurate theoret

ical model for describing dry ice growth was presented, Langmuir and Blodgett (1946). How

ever, this model or other models based on physical parameters are diff icult to use for 

estimation of ice loads on structures in general. Resent research in the field o f atmospheric ic

ing has, therefore, been concentrated on finding empirical models based on available meteoro

logical information. These models need, however, to be calibrated against real ice load data. 

In Chapter 2 the basis o f the phenomena atmospheric icing and the physics of icing is briefly 

presented. Furthermore, some existing empirical models which are used for estimation o f ice 

loads are briefly reviewed. A first information o f the ice loads experienced in Arvidsjaur is 

also presented. 

Each guyed mast is in itself a unique structure wi th its own characteristics. There are, howev

er, properties of guyed masts that are common for most masts, e.g. their nonlinear behaviour 

and their sensitivity for dynamic loads. The nonlinearity can be separated into structural non-

linearity and the nonlinear combination of wind and ice load. In Chapter 3 these difficulties 

are discussed and the nonlinear behaviour o f the mast in Arvidsjaur is investigated. As the 

wind load gives a major contribution to the total load effect on most components in a mast, a 

proper transformation of wind speed into wind load is necessary. This transformation is espe

cially important for combined ice and wind load as ice on the mast increases the wind area sig

nificantly. In Chapter 3 the problems connected wi th this transformation are discussed. 

Further, wind produces dynamic effects which can become considerable on slender structures 

as masts. Studies o f wind induced dynamic effects on guyed masts have been presented by 

many authors. Such dynamic wind effects is beyond the scope of this thesis and w i l l not be 

discussed. However, in Chapter 3 some examples are given of ice related dynamic load ef

fects, as, load effects caused by rapid ice shedding and effects of guy cable galloping. These 

ice related dynamic phenomena are briefly discussed. 

A large part o f the work presented in this thesis is about statistical analysis of wind and ice 

loads. Based on results o f measurement and different statistical analyse methods load charac

teristics specific for the mast in Arvidsjaur are presented in Chapter 4. However, since the sta

tistical information o f ice and wind loads is l imited to only seven and five seasons 

respectively, the results must be considered somewhat uncertain. 

Further, in design o f masts i t is important to find appropriate deterministic models to deter

mine combined load effects. One model, generally adopted, is Turkstra's rule for load combi

nation. Due to the strongly nonlinear behaviour o f masts the question whether this method is 
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applicable or not arises. This question w i l l be considered in Chapter 4. 

Today, a generally adopted method for design is the semi probabilistic reliabUity method. This 

method is a rough simplified method that intends to give a structure a predetermined reliability 

against failure. The complementary to the reliability is the probability for failure, denoted Pß 

and i t is usually used as a measure of the reliability. In Chapter 5 the basis of reliability meth

ods is presented. Statistical data for components that are used in guyed masts is presented, e.g. 

the uncertainties connected to the resistance function for buckling o f round tubes. 

As the failure rate o f guyed masts seem to be higher than intended a question arises, whether 

the partial coefficient method, used for structures in general, is direcdy applicable for guyed 

masts. Or briefly, both the load effect function and resistance function in the partial coefficient 

method are based on deterministic partial coefficients. These coefficients are obtained by cali

bration analyses o f structures with properties that are different f r o m those of a guyed mast. I n 

order to be able to discuss the question a reliability analysis o f the mast in Arvidsjaur w i l l be 

carried out in Chapter 6. I n the analysis, however, only some of the most important compo

nents are studied. 

Finally, i t is again worth mentioning that the results obtained in this thesis are specific for the 

reference mast in Arvidsjaur. There are, however, results that are assumed to be applicable in a 

more general context which w i l l be discussed in Chapter 7. There are also questions that are 

not answered and therefore remains. Those w i l l be further discussed in Chapter 7. 

1.3 Description of the mast and the data collection system 

13.1 The mast in Arvidsjaur 

Today the distribution o f national radio and T V in Sweden is handed by the company TERA

C O M , former Swedish Telecom Radio. The programs are transmitted f rom 54 large stations 

connected by a microwave radio network. A majority o f these stations have an approximately 

300 meter high guyed mast, equipped wi th antennas for UHF-, V H F - and F M - transmitters. 

The stations also supply other companies wi th different kinds o f service. 

In addition to these larger stations T E R A C O M has approximately 600 smaller stations for T V 

and radio distribution. These are equipped wi th a slave transmitter relaying the transmissions 

into areas not covered by the larger stations. Most of the smaller stations have a 50 to 100 me-



INTRODUCTION 21 

ter high guyed mast. 

Approximately half of all the larger stations are located in northern Sweden, see Figure 1.2. 

The station in Arvidsjaur is not the northernmost but, anyway, one of the stations where much 

ice accumulation is observed every winter. 

Figure 1.2 Stations for T V and radio transmissions in northern Sweden. 

The mast that is the object for this research is located at the summit o f the mountain Akkanål-

ke, 753 meter above the sea level, 10 k m southwest o f the centre o f Arvidsjaur and 110 km 

south of the arctic circle. The mountain Akkanålke is relatively small, and is approximately 

300 meter higher than the surrounding terrain which in general consist o f forest and some 

smaller lakes. Approximately 20 k m west of the mast the lake Storavan connected to Horna-

van, one o f the largest lakes in Sweden, is located. There are also some other small mountains 

in the landscape around Akkanålke . A t approximately 650 meter altitude above see level the 

forested landscape passes into a barren landscape without any trees. 

The annual mean temperature for Arvidsjaur is 0,5 C° and six months have a mean tempera

ture below 0 C \ Taesler (1972). The chilliest month is January wi th a mean temperature of-12 

C°. Statistical data for Stensele, located approximately 100 k m southwest o f Arvidsjaur, show 

that westerly and easterly winds dominate during the winter season. The precipitation is in 

mean 500 mm per year. For the winter seasons the precipitation is in mean 40 m m per month. 

The relative air humidity in the winter months is in mean between 85 and 90%. 

In the middle o f sixties a first high radio and T V mast was built at Akkanålke . This mast was 

designed for wind load only. I t was later observed that the mast tended to become heavily iced 

during the winter seasons, and i t was therefore decided to replace the mast wi th a new, strong-
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er, mast. In the middle of the eighties the new mast was erected close to the old one. The old 

mast was later dismounted leaving only 110 meters. 

In Figure 1.3 both the old and new masts are shown. The new mast has a total height o f 323,42 

meter. The uncovered steel structure is 300 meter high and at the top a 23 meter high covered 

U H F antenna is mounted. The cover is a 1,8 meter wide glass fibre cylinder. In the level be

tween 281 and 293 meter a V H F antenna is mounted. The mast is, moreover, equipped wi th a 

F M antenna, some ten parabolas and a number of other equipments. In order to protect the 

mounted equipment f rom fal l ing ice, several ice protection roofs have been mounted. A t the 

level 265 meter the mast is carrying a 2,9 meter high equipment cabin. The equipment cabin is 

shaped as a hexagon with the side length 2,85 meter. 

Figure 13 The old and the new mast. Installed measurement device. 

The mast has a triangular cross section and is a truss structure built up of round tubes wi th var

ying dimensions, see Table 1.2. The centre distance between the chords (legs) is 2,4 meter up 
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to the height 276 meter. From 280 meter the centre distance is 1,35 meter as this distance is 

needed for the function o f the V H F antenna. The diagonals have the configuration shown in 

Figure 1.4. Horizontal bracings are mounted A t the points where the guy cables are attached. 

Figure 1.4 View and cross section o f the shaft. 

Table 1.2 Material properties and dimensions for guy cables, legs and diagonals. 

Guy cables 
E-mod =160 GPa (In Figure 1.4 direction 
f u k = 1324 MPa A, B and C are defined.)) 

Level above ground [m] 
Mast: Guy anchor A, B, C 

Horizontal length to guy 
anchor A / B / C [m] 

Pretension force, 
(from design) [kN] 

Cross section area / 
Diameter, [mm2] / [mm] 

+50: -17/-10/-27 147 / 138 / 152 388 1841/56 

+105 : -17/-10/-27 150/141/156 233 1841 / 56 

+165:-17/-10/-27 152 / 143 / 158 233 1841/56 

+220: -23 /-23 /-40 191 / 192 / 203 233 1841/56 

+275 : -23 /-23 /-40 193/194 / 205 218 1611/52 

+300: -23 /-23 /-40 195/196 / 207 218 1611/52 

Chords (Legs) 
f y k = 400MPa 

Diagonals 
f y k = 310MPa 

Between level [m] Diameter-Thickness [mm] Between level [m] Diameter-Thickness [mm] 

0-107 252 - 40 0-95 101,6 • 12,5 

107 - 168 252 - 32 95- 115/155-175 

215-230/269-276 

101,6-5,0 

168 - 263 252 • 22 

95- 115/155-175 

215-230/269-276 

101,6-5,0 

263 - 276 216 • 27 115- 155/175 - 215 

230 - 263 

101,6 • 3,6 

276 - 300 191 - 17 

115- 155/175 - 215 

230 - 263 

101,6 • 3,6 

263-269/276-300 76,1 • 6,3 



24 INTRODUCTION 

There are three guy cables (guys) at each guy level directed as shown in Figure 1.4. The dis

tance between the guy levels varies between 25 and 60 meters. In Table 1.2 all relevant param

eters for all guy cables are given. 

13.2 Conditions used for design 

The new mast in Arvidsjaur was designed according the Swedish code for Steel Structures, 

S t B K - N l (1970), and wi th loads specified by the owner. 

S t B K - N l was a code based on the safety factor format (allowable stress format). In the design 

the safety factor 1,5 was used for allowable stresses for ordinary loads while the safety factor 

1,3 was used for exceptional loads. For the guy cables the safety factor 2,5 was used on its u l 

timate strength. The same safety factor was used on the guy connections. 

The fol lowing two load combinations were specified: 

1) Dead load + Wind load 

2) Dead load + 0,6- Wind load + Ice load 

Both load cases where assumed to be exceptional. 

In the load specification an ice density of 500 k g / m 3 was given. Further, the total weight o f ice 

on the shaft was specified to 300 000 kg. As i t was not specified how the ice on the shaft is dis

tributed it may be presumed that the ice is acting symmetrical and uniformly distributed along 

the hole shaft. The covered top antenna was given the ice thickness 100 m m and, the iced guy 

cables a diameter of 400 mm. The diameter of the iced guy cables corresponds to the load 0,61 

The mast was designed for static wind load only. The wind speed specified in design was giv

en by 

where h is the height above ground. 

Drag coefficients for the components were specified in the design specifications, and also how 

the wind drag (representing the product of drag coefficient and area) for the shaft should be 

calculated. In Figure 1.5 the wind drag for the non-iced and iced shaft determined according to 

these specifications is shown. 

kN/m. 

(1.1) 
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a) Non-iced b) Iced 

0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0 m / m 

Figure 1.5 Wind drag for non-iced and iced shaft used in design. 

Note, that the mast has undergone checks against dynamic wind effects even though i t was not 

specified in the design specification. 

1.3.3 The data collection system 

The first part o f the data collection system was installed in the autumn of 1988. Forces in legs 

and guy anchors for guy level 6 were measured. Furthermore, wind speed and direction at the 

level 5 meters and, temperature and relative air humidity at 2 meters were measured. The data 

collection system has been enlarged and in Figure 1.3 the complete system that has been in op

eration later is shown. 

I t is wel l known that field measurements o f this extent are diff icul t to execute. In this case 

there have been several difficulties that had to be overcame. First, the weather situation is nor

mally exceptional wi th strong wind or/and snow which has made the installation of several 

sensitive gauges difficult , and second, there are high effect antennas mounted in the mast and 

they have a tendency to disturb the measurements. The first two seasons are due to these d i f f i 

culties limited to seven and three weeks, respectively. 

However, as the experiences increased the measurements became more reliable and the sea

sons f rom 1990-91 to 1994-95 are deemed as complete. There have been some shorter inter

rupts within these seasons, but these interrupts are o f such character that they do not effect the 

results. 
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As most 20 different gauges have been installed. In Table 1.3 all gauges are specified. The 

year o f installation is also shown. 

Table 1 3 Installed gauges. 

Function Type Installed Other information 

Force in leg Strain gauge, glued. 
Micro Measurements (USA) 

CEA-06-W250C-350 

1988 - Four gauges connected 
in full Wheatstone bridge 

Force in guy anchor: 
Guy level 6 

Strain gauge, glued. 
Micro Measurements 
CEA-06-W250C-35 

1988- Four gauges connected 
in full Wheatstone bridge 

Guy level 4 Strain gauge, welded. 
Micro Measurements 
CEA-06-125UT-350 

1989 - 94 Four gauges connected 
in full Wheatstone bridge 

Angle of inclination at 
+266 m 

Schaevitz. AccuStar (USA) 1990-94 Uncertain information 

Reference measurement 
of ice loads 

Bofors load cell KSG-5 
(0-20 kN) 

1990- Data from the season 
1990-91 is missing 

Wind speed at +10 meters 
Wind direction at +10 meters 

HydroTech WS-3 (USA) 
HydroTech WD-3 (USA) 

1990-
1990-

Vaisala (Finland) during 
the seasons 1988-90 

Wind speed at +110 meters 
Wind direction at +110 meters 

HydroTech WS-3 
HydroTech WD-3 

1991-
1991 -

Temperature and 
air humidity at +2 meters 

Rotronic 1-200 (Switzerland) 1988-
1988 - 94 

Temperature and 
air humidity at +260 meters 

Rotronic 1-200 1988-
1988 - 94 

Sensitive for electrical 
disturbances 

In Fahleson (1993) a f u l l description o f the complete data collection system is presented. 

Herein only informations o f the most important matters w i l l be presented. Furthermore, the 

data f r o m measured angle o f inclination and air humidity are regarded as uncertain and, the re

sults f r o m these measurements are therefore not included in this thesis. In appendix A meas

urement results from all other gauges in all icing periods are presented. 

The first wind speed anemometer mounted failed already the first season. The anemometer 

was a cup anemometer o f standard type. During icing storms, i.e. the period for ice accumula

tion, the anemometer became completely iced very fast and stopped working. After two sea

sons wi th very uncertain information of wind speed the anemometer had been totally 

destroyed by vibrations due to unbalanced ice loads on the cups. The new anemometers that 

were mounted are electrically heated and designed to resist both icing and strong winds. A dis

advantage wi th the new wind speed anemometer is, however, that it is heavy and therefore has 
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a long response time. The wind speed in gusts wi th a short duration is therefore underestimat

ed. Furthermore, the response time for decreasing wind is higher than for increasing wind. A 

consequence o f this is a small overestimation o f mean wind speed in very turbulent wind. As 

this anemometer is used widely, studies o f its performance have been done, Lockhart (1987) 

and Makkonen and Lehtonen (1994). 

Close to the mast, on the suirrmit o f the mountain, a device for direct measuring o f ice loads is 

mounted, Figure 1.6. This device is of a type that has been used in Norway for several years, 

Fikke and Evensen (1986). The device is buil t up by two shorter mast sections, one with the 

height of 5 meters and the other wi th a height o f 10 meters. The end of a 10,5 meter long steel 

rod is supported by a hinge at the taller mast section, and 3,4 meter f rom the other end is the 

steel rod hanged in a load cell which is mounted on the shorter mast section. The steel rod has 

the diameter 50 m m and is mounted horizontally approximately 5 meters above ground level. 

The supports were designed with the intention for the steel rod to be able to rotate i f the steel 

rod became eccentrically loaded by ice. However, experience has show that the steel rod has 

no tendency to rotate when i t becomes iced. The supports freeze and do not work as intended. 

Figure 1.6 Device for reference measurements o f ice loads. The wind speed anemometer and 

the wind direction gauge are mounted at the top o f the 10 meter high mast. 

From the measured force in the load cell an equivalent uniformly distributed ice load can be 

estimated. The purpose is to evaluate the correlation between estimated ice loads on the guy 

cables, and also on the shaft, against the measured ice loads on the steel rod. I n Section 2.4 re-
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sults f rom the ice load measurement device are presented and compared wi th the estimated ice 

loads on the guy cables. Note, that information o f ice loads on the steel rod is limited to four 

winters only. The results o f ice load measurements in Section 2.4 is therefore only briefly dis

cussed. 

A l l measurement of forces and meteorological parameters are handed by two PC's placed in

side the station building. 

One PC is used for continuous measurements f r o m October to March, each season. In the be

ginning of every new hour this PC starts and measures on all incoming channels during 10 

seconds with a sampling frequency of 10 Hz on each channel. A mean value o f all 100 sam

ples on each channel is later calculated and presented. Effects of vibrations are thus reduced 

and a "static" value is obtained. Moreover, there are often high frequent electrical disturbances 

on the signals, the averaging minimizes the effects o f these disturbances. 

The second PC is used to measure continuously fo r a period during interesting events. This PC 

has, most seasons, been programmed to start automatically when wind speeds higher than 25 

(30) m/s is measured or when heavy guy cable oscillation is observed. A l l relevant signals are 

then measured during one hour with a frequency o f 10 Hz. 

The threshold level 25 m/s was used during the first seasons. Later this threshold level was in 

creased to 30 m/s as the number o f measured events wi th the lower threshold level become 

large and very fast occupied all memory in the PC. The criteria for guy cable oscillation has 

been defined as a change in guy anchor force larger than 30 k N under a period o f 2 seconds. In 

the first season, however, the criteria was given as a change in guy anchor force larger than 

30 k N over a period of one minute. 
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2. ATMOSPHERIC ICING 

2.1 Introduction 

Atmospheric icing is a big problem for many types o f structures located in regions w i th cold 

climate. Specially exposed, besides guyed masts, is overhead power transmission lines and 

towers, and aerial telephone lines. Every winter damages or collapses caused by atmospheric 

icing are reported. Atmospheric icing is also a serious problem for aircraft wi th icing on the 

wings, or for the forest industry where an intensive icing period can result in severe damage 

on the forest. 

Wet snow, freezing rain, or ice formed by supercooled droplets in clouds are different types of 

atmospheric icing. Another type o f atmospheric icing is hoarfrost, which is formed of conden-

sating vapour. However, hoarfrost cause very thin and porous layers of ice and is therefore not 

interesting when the ice is regarded as a load. 

Atmospheric icing does take place at temperatures between -10 and 0 C or, sometimes at low

er temperatures. The type of ice that is formed and the intensity in the ice accretion depends on 

several parameters. Some of them may be obtained f r o m standard meteorological measure

ments while others are more di f f icul t to determine. The physics of atmospheric icing is briefly 

described in Section 2.2. The applicability o f models based on physical parameters is limited 

since the models need more information than is available f rom routine meteorological meas

urements. 

The most severe ice loads in Sweden is formed by supercooled droplets in clouds. This type of 

icing is known as in-cloud icing. Under certain weather conditions, i.e when i t is cloudy with 

temperatures below zero and usually also windy, thick layers o f ice can build up in a very 

short time. Experiences f rom the mast in Arvidsjaur has shown that up to f i f t y thousand kilo

grams of ice can accumulate on the mast shaft in one day. The risk for having this type of ic

ing, and also the amount of ice that accumulates, is strongly dependent on the location o f the 

structure. The largest loads and the most rapid ice growth is found on structures located on the 

summit of high and steep mountains in regions with cold climate. Guyed masts are, i n order to 

cover large areas wi th the transmissions, often located to such places, and they are thus ex

posed to this type o f icing. Further, the risk fo r in-cloud icing, and the size o f the ice load that 

is accumulated, depends strongly on the topography in the surroundings of the mountain, 

while the altitude above sea level and the geographical location are o f less importance, Mak-

konen and Aht i (1993). However, the topography differs quite a lot between different places in 

Sweden and this type o f icing is therefore most common in the inland of northern Sweden 
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where the country is mountainous. 

The ice that is formed by wet snow or freezing rain is known as precipitation icing. This type 

of icing can, in contrast to in-cloud icing, be observed in the entire country. Further, the geo

graphical location and the topography, i.e. the terrain and the altitude, is probably of less im

portance for the risk o f having precipitation icing, Makkonen and A M (1993). The direct 

effects, in term of ice loads, f r o m this type of icing are small in comparison with loads that can 

be expected f rom in-cloud icing, at least for locations similar to the location of the mast in 

Arvidsjaur. However, precipitation icing in combination wi th wind can sometimes, even 

though the ice load is small, cause problems. For example, a thin ice layer can make an over

head transmission line aerodynamically unstable in winds causing galloping. 

Estimation o f ice loads on a structure by use o f a model based on physical parameters is, as 

previously mentioned, not possible in most cases, since some of the parameters that govern the 

intensity o f icing are usually unknown. However, there are a few empirical models, which use 

standard meteorological data for estimation o f ice loads. In Section 2.3 some of these models 

w i l l be referred and briefly discussed. In order to f ind appropriate coefficients for these empir

ical models they must be calibrated against real ice load data. There are, however, very little 

real ice load data available today, especially ice load data for guyed masts. 

In Section 1.3.3 an ice load measurement device, which is mounted close to the mast in Arv id 

sjaur, was described. This type o f measuring device has been used for several years and at sev

eral locations in Norway, Fikke and Evensen (1986). The measured ice loads are used in order 

to estimate ice loads on already existing, or planned, overhead transmission lines. However, 

ice loads measured on the device are not directly applicable for lines and, therefore, the rela

tion between ice loads on the steel rod o f the measuring device and ice loads on overhead 

transmission lines has to be established. 

Herein, the measured ice loads on the device in Arvidsjaur are analysed and compared with 

the ice loads that are estimated on the guy cables. 

2.2 Physics and theoretical modelling of ice accretion 

The ice that is formed by atmospheric icing is either rime ice or glaze ice, or a mixture o f the 

two. The forming o f rime ice, which is soft or hard, takes place under dry ice growth, while the 

forming o f glaze ice take s place under wet ice growth, see Figure 2.1. There are several pa

rameters that govern the type o f ice formed. In-cloud ice does usually f o r m rime ice while 

freezing rain forms glaze ice. 
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ICE WATER COLD AIR 
RIME COLD AIR F ' L M 

Figure 2.1 Growth of rime ice respective glaze ice, from Makkonen and Autti (1991). 

Ice types are classified basically by their density. In Table 2.1 the characteristics and the densi

ties for glaze ice, hard rime ice and soft rime ice are presented. 

Table 2.1 Characteristics of different types o f ice caused by atmospheric ice accretion. 

Makkonen (1984b). 

Type. Characterization. Density. [kg/m3] 

Glaze A hard, almost bubble-free, clear homogeneous 

ice with a density close to that of pure ice. 

> 9 0 0 

Hard rime A rather hard, granular, white or translucent ice. 600 - 900 

Soft rime A white or opaque ice with a loosely bonded struc

ture. 

< 6 0 0 

The rate of icing per unit length o f an object may be described by the formula 

^ = End wv [mass / (time • length)] (2.1) 
dt c 

where dc is defined as the cross-sectional width o f the object perpendicular to the wind direc

tion, see Figure 2.2, w is the mass o f the l iquid water content per volume air and v is the undis

turbed droplet velocity i.e the wind speed. The product wv in eq. (2.1) is called the flux 

density, F, and describes the flux of water in the air. The coefficient E, overall collision e f f i 

ciency, and n, freezing fraction, are correction factors that w i l l be explained below. 

A correct physical model for determining the collision efficiency, E, was first presented by 

Langmuir and Blodgett (1946). Consider a water droplet moving within an air stream towards 

an object, Figure 2.2. Its trajectory is determined by the equilibrium of the inertia force of the 
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droplet and the aerodynamic drag force acting on the droplet. I f the droplet is large the inertia 

force dominates and the droplet w i l l thus hit the surface. Small droplets, on the other hand, 

w i l l be more influenced by the aerodynamic drag force and, therefore, pass the object wi th the 

air stream. The ratio between the total mass o f all droplets in the flow and the mass o f the 

droplets that hit the object determines the collision efficiency, E. 

Figure 2.2 A i r stream and droplet trajectories around a cylindrical object. 

The calculation o f the droplet trajectories is very complicated. However, approximate formu

las for the collision efficiency for cylindrical objects can be found in the literature, Langmuir 

and Blodgett (1946), Makkonen (1984a) and Finstad et. al. (1988) for example. 

The freezing fraction, n, in eq. (2.1) corresponds to the ratio between the water droplets that 

remains on the object and the total amount o f droplets that hit the object. This reduction coef

ficient was introduced by Makkonen (1981). A n improved model for determining the freezing 

fraction has later been proposed, Makkonen (1984a). In dry ice growth i t is assumed that all 

water droplets that hit the surface contribute to the ice growth, and the freezing fraction is 

thus, n- 1. In wet growth, on the other hand, some of the water on the ice surface w i l l be re

turned to the air flow, i.e. n < 1. The freezing fraction is determined by the heat balance of the 

water film on the ice surface, see Makkonen (1984a). 

As earlier mentioned, the most severe ice loads on masts in Sweden arise f r o m in-cloud icing 

which forms rime ice, i.e dry growth wi th n = I . The icing rate is thus directly proportional to 

the collision efficiency E. In order to illustrate the importance of the collision efficiency an ex

ample is given. 

The fo l lowing parameter values are assumed in order to determine E: 

droplet diameter, 13 l i m 

water density, 1000 k g / m 3 

Ice layer 

droplet 

Small 
droplet * 
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air density, 1,2 kg/m 

absolute viscosity o f air, 1,7-lCT5 N s / m 2 

The droplet diameter is assumed to be representative for dry ice growth in in-cloud icing. 

Measurements on a mountain in northern Finland in the winter 1987-88 showed that the medi

um volume droplet diameter ( M D V ) varied between 10 u,m and 13 f t m , Lehtonen e t al. 

(1988). (During real icing conditions the droplet diameters vary. Analysis based on the M D V 

has shown to give more accurate results then i f the mean diameter o f the droplets is used.) 

The collision efficiency is determined according to an approximate formula for cylindrical ob

jects given in Finstad et. al. (1988). In Figure 2.3 the collision efficiency, E, is presented as a 

function o f the diameter o f the cylindrical object for different wind speeds. 
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Figure 2.3 The collision efficiency, E, as a function o f diameter at different wind speeds. 

M V D is 13 pm. 

From Figure 2.3 is i t clear that the collision efficiency, and thus also the icing rate, depends 

strongly on the diameter o f the object and to a smaller extent on the wind speed. Note, howev

er, that when the icing starts the object is circular. Af ter some time a layer of ice has been built 

up and the object has changed shape, and this new shape has another collision efficiency. 

The ice growth on lines which are able to rotate, and for winds perpendicular to the line, is 

sometimes approximated as circular during the ice growth, i.e. when ice starts to growth on 

the windward side o f the line the eccentric gravity force makes the line rotate. This rotation 

continues as long as the ice accretion continues, and i t forms theoretically a circular and sym

metrical ice layer. 

Experience f rom ice loads on the guy cables on the mast in Arvidsjaur show, however, that the 

ice layer rarely is circular or symmetrical. A typical ice layer of an iced guy cable is shown in 

Figure 3.4. Further, a mast shaft is a complex truss structure with a lot of components and an-

cillaries. The air stream through the shaft is therefore not possible, or at least very difficult , to 

model. 
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Hence, the conclusion is that a calculation o f the ice load on a mast, using the theoretical mod

el based on physical parameters, is not possible even i f the droplet size and l iquid water con

tent were known. 

2.3 Empirical models for estimation of ice loads on structures 

As previously concluded i t is in most cases not possible to use the theoretical ice accretion 

model based on physical parameters for estimation o f ice loads on structures. First, the distri

bution and frequency of important parameters as droplet size and Uquid water content are usu

ally not known. Second, even i f those parameters were known, it is very diff icul t to estimate 

the ice accretion on structures that have a non-cylindrical shape. A model for determining ice 

loads on a general structure must be fair ly simple and based on available information, e.g. in

formation of the topography and data from standard metrological measurements. 

Another, more reliable, method for estimation of the design ice load on a structure, is to meas

ure loads of ice on the site o f interest during several years. The information that is obtained 

can be used to estimate the design ice load. Since the ice load is strongly dependent on the lo

cation and on the type o f structure, the result is strictly valid only for that particular site and 

the particular type o f structure that is used for the measurements. However, i f the prevailing 

conditions for that site could be classified in parameters which are known to have a large in f lu 

ence on icing, then the experience could be generalized to another site wi th similar classifica

tion. Furthermore, i f the correlation of ice loads on different types o f structures can be 

unravelled and defined, then the ice load measured on one type of structure or object can be 

used to estimate the ice load on another type o f structure. In Section 4.4 it w i l l be shown that 

the correlation between the maximum ice load on the guy cables and the maximum ice load on 

the shaft in each icing event is strong. 

There is today some work done in this direction. In ISO, International Standardization Organ

ization, a working group (ISO-TC98-WG6) has presented a draft for "Standard for atmos

pheric Icing on Structures", Støttrup-Andersen (1990). The location o f a structure is classified 

to belong to a certain icing risk zone. Icing risk zone 1 corresponds to costal lowlands while 

zone 10 represents inland mountains exposed to icing. The definition of the icing risk zones 

are mainly based on the elevation above sea level. Further, each icing zone is proposed to be 

given an icing risk level. This icing risk level is to be based on data from ice loads measured 

with a standardized device for ice load measurements. For each ice risk level, design values 

for ice load and ice thickness for different types of objects are presented. 

More recently a method for construction o f icing-risk maps for rime ice, ice due to freezing 

precipitation, and wet snow has been presented by Makkonen and A h t i (1993). Makkonen and 

Aht i have, moreover, analysed the icing risks in Finland. The analysis is based on 23 years o f 
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weather data f rom several airports. The result show that the elevation in relation to the sur

rounding topography and terrain is more important for in-cloud icing in Finland than the abso

lute elevation above sea level. Makkonen and Ahti 's explanation to this is as follows. 

When the terrain is smooth the atmospheric boundary layer has enough time to adjust to 

the terrain, so that wind profiles and cloud base in relation to the mean terrain level do not 

change in direction of the airflow. The clouds "follow" the relief. When, on the other hand, 

the terrain is rugged the boundary-layer again adjusts to the mean level, but not to the indi

vidual hills. The clouds will "hit" the high points of relief. 

Makkonen and A h t i have also concluded that in Finland precipitation icing has a rather small 

or no correlation wi th location and topography. A n event with significant freezing rain or driz

zle, i.e an event with a duration longer than 30 respectively 60 minutes, is estimated to have a 

frequency o f roughly 0,65 events per year fo r any location in Finland. This implies that the ice 

load caused by freezing rain or drizzle is quite small. A t a fictitious elevation o f 100 meters the 

ice load from these icing types is estimated to roughly one tenth of the ice load that is expected 

for in-cloud icing. The analysis of wet snow accumulation showed also small estimated loads 

as compared to in-cloud icing. 

Considering the geographical similarities between Sweden and Finland comparable conditions 

for Sweden could be expected, at least in the northern part o f the country. 

Sundin and Makkonen (1995) has used Makkonen and Ahti 's model in order to estimate the 

ice loads on the mast in Arvidsjaur. The meteorological data were obtained from a weather 

station located 3 k m SW of the mast. The result from 6 winter seasons showed that in-cloud 

icing is the completely dominating type o f icing. Further, the start and the duration o f each ic

ing period could also be accurately estimated while the intensity o f the predicted loads dif

fered from the measured loads. The main difference is due to unexpected ice shedding on the 

measured loads. However, the model is promising and, i f improved, i t w i l l probably be useful 

for estimating ice loads on structures in general, provided that the outcome f rom the model, 

i.e. the ice load, is calibrated to ice loads on different types o f structures. 

Another important parameter in the estimation o f icing risk is the location of the site o f interest 

on the mountain. Measurements from Govoni (1990) indicate, i f the dependence of wind 

speed and mountain height is eliminated, that higher ice loads are obtained on the top of a 

mountain as compared to a place on a slope o f the mountain. 

The wind direction, i.e. the angle of attack on the structure, is i n some cases also of importance 

for ice accretion. Measurements of ice loads on overhead transmission lines in Iceland have 

shown that the measured ice load on several test lines is strongly dependent on the direction of 
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the lines, Eliasson and Thorsteins (1993). This result is contradictory to the experiences that 

are obtained f r o m the measuring of ice loads on the guy cables on the mast in Arvidsjaur. The 

estimated ice loads on the guy cables in different directions, during the time that the project 

has been running, have been approximately o f the same size. Probably the inclination of the 

guy cables is affecting the ice accretion as there is always a wind component acting perpendic

ular to the guy cables. The inclination o f the guy cables is varying from 45 to 60°. The meas

urements from Iceland also showed that the elevation o f the site does not have any influence 

on the ice loads. This result coincide wi th the assumption that i t is the topography and sur

rounding terrain that are most important. 

A method for estimation o f ice loads on transmission lines has also been presented by Ervik 

and Fikke (1984). Observations of cloud amount, cloud height, precipitation, air humidity, 

wind speed and direction, air temperature and the elevation o f the actual site are used as input 

in the model. The output from the model is the expected type o f icing, i.e. glaze, rime, mixture 

or wet snow, and also the icing intensity in terms o f light, moderate or heavy. Ervik and Fikke 

emphasize that the model has to be calibrated against field measurements. 

Empirical models for estimation of ice loads have also been presented by others. For example, 

Yip (1993) has presented a model for estimation o f glaze ice, and Sakamoto and Miura (1993) 

have presented a model for wet snow. 

Several empirical models for estimation of ice loads from different icing types are obviously 

available. However, the models are in general only poorly calibrated and therefore, in order to 

be useful, these models must be calibrated against real ice load data on different types of struc

tures. 

Little data o f measured ice loads is available, especially data o f ice loads on guyed masts. The 

only known real information of ice loads on guyed mast, except the loads presented in this the

sis, is from Finland. On a high mountain in Ylläs in northern Finland a 127 meter high guyed 

mast has been instrumented wi th a data collection system similar to the data collection system 

on the mast in Arvidsjaur, Lehtonen et.al.(1986) and Lehtonen eta l . (1988). The climate is 

similar to that i n Arvidsjaur wi th strong winds and heavy icing each winter and similar experi

ences could therefore be expected. However, statistical data of the ice loads on the Finnish 

mast has not yet been published. 

To sum up, more data of icing on structures is needed in order to calibrate empirical ice load 

models to measured ice loads. Such an empirical model can fo r example be the improved 
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model that is presented by Makkonen and Aht i (1993). Sundin and Makkonen (1995) have 

showed that this model predicts the start and the duration o f the ice load events with an accu

racy that is high enough. This empirical model must however, i f i t is used to estimate ice loads 

on guy cables and on overhead transmission lines, be modified to include ice shedding in a re

alistic way, not only when the temperature is above the freezing point. Ice shedding events are 

however probably diff icul t to include in a model since ice shedding sometimes may occur 

when i t is not expected, i.e in calm winds and in temperatures below zero. The measuring on 

the mast in Arvidsjaur has shown significant shedding at several occasions when the tempera

ture has been below 0 °C and the wind speed has been low. Those shedding events are proba

bly an effect o f vibrations in the mast. 

There are also a need to find a way to describe the correlation between ice loads on different 

types o f objects and structures. For example, the correlation between ice loads measured on 

some standardized ice load measurement device and ice loads on a mast shaft In the next sec

tion herein the correlation between the ice load measured on the guy cables and on the in

stalled ice load measurement device w i l l be investigated. 

2.4 Ice load experiences from Akkanålke, Arvidsjaur 

The measurements and earlier observations on the mast in Arvidsjaur have shown that the 

most common type of ice is soft rime. These observations coincide wi th the result f r om Sund

in and Makkonen's analysis. Sometimes, in early autumn, glaze ice has been observed. The 

thickness o f the glaze ice has at those events been moderate and i t has not caused any extreme 

load situations. 

In order to estimate the effects of wind on the iced structure i t is necessary to know the ice 

thicknesses or, i f the loads are known, the density o f the ice. There are only a limited number 

o f ice density samples taken f rom the mast in Arvidsjaur. The ice on the mast is usually soft 

rime ice, which is very porous, and therefore brakes when ice samples are taken. In Table 2.2 

the measured ice density f rom six samples is presented. A l l ice samples are soft rime ice with 

densities varying between 240 and 470 kg /m 3 . I t has to be pointed out that the ice often is built 

up f r o m several different layers of ice wi th varying densities. A rough mean of the measured 

ice densities is 400 kg /m 3 . This figure w i l l be used in the analyses presented later in this thesis. 
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Table 2.2 Samples o f measured ice densities f rom the mast in Arvidsjaur. 

Date. Sample taken from. Measured 
density, [kg/m3] 

Note. 

November 19, 1991 Ice shedded from shaft 440 Soft rime ice. 

November 19, 1991 Elevator. 470 Soft rime ice. 

November 19, 1991 Leg close to ground. 240 Soft rime ice. 

November 18,1992 Guy A6. 360 Very soft rime on surface. 

November 18,1992 Guy A4. 300 Very soft rime on surface. 

February 23, 1995 Diagonal on face A-B. 380 Soft rime ice. 

A device for direct measurements o f ice load is placed close to the mast in Aurvidsjaur. This de

vice is described in Section 1.3.3. The diameter o f the steel rod on which the ice load is meas

ured is 50 mm, which is approximately the same diameter as for the guy cables. In Figure 2.4 

the measured ice load on the device is shown for the winter seasons f rom 1991-92 to 1994-95. 

In the same figure the estimated mean ice load on the guy cables is also shown. 

A strong correlation of ice loads is seen for the 1991-92 and 1992-93 winter seasons. The two 

other seasons do not show the same correlation. There are several probable causes to the dif

ferences. First, the steel rod is horizontal and mounted in a north-south direction. I f the winds 

during the icing events come from a direction that is parallel to the direction of the steel rod a 

smaller ice accretion is expected. This may also explain the difference o f ice loads in week 45 

in 1993. I t is shown in Appendix A that the dominant wind direction during this event was 

southerly, i.e parallel to the steel rod. Second, the governing icing type is in-cloud icing and i t 

is thus possible that the base of the cloud is shghtly above the ice load measurement device. 

The upper part of the mast becomes iced while the lower part of the mast and also the ice load 

measurement device is not iced at all, or only lightly iced. A third, and also important, cause to 

the differences is ice shedding. The ice load measurement device consists o f a s t i ff steel rod 

that does not vibrate under wind (A damper is horizontally mounted on the steel rod to prevent 

vibrations) while experience has shown that the guy cables often vibrate strongly under com

bined ice and wind load. 

I f more data from both the ice load measurement device and the ice load on the guy cables was 

available, i t would probably be possible to f ind a correlation factor between the two loads, at 

least the extreme values of the loads. A n even better information would be obtained i f this 

type o f device was mounted on different heights and at each height had two steel rods mount

ed i n perpendicular directions. Thus data f rom such a standardized measurement device could 

be used in order to estimate extreme ice loads on guy cables. 
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Figure 2.4 Measured ice loads on the ice load measurement device, and the estimated mean 

ice load on the guy cables. From the winters 1991-92 to 1994-95. 
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3. RESPONSE TO WIND AND I C E LOADS OF GUYED MASTS 

3.1 Introduction 

A guyed mast is a complex structure built up of a large number of different components. Each 

component is designed to resist a theoretically calculated load effect. Many components are 

optimally used, i.e. used to a theoretical level close to their capacity, while others have a load 

bearing capacity above the theoretical load effect level. This overcapacity is due to the limited 

number of different standard types o f components that are used to build the mast. 

Guyed masts are light and slender structures in comparison to their size. A consequence of this 

is a nonlinear deflection (analogous load effect) o f the shaft under load. This structural nonlin

earity is caused by second order effects like bending moments in the shaft due to axial force 

times deflection, and the dependence of the response f rom the guy cables on the amount of 

sag. Furthermore, the load effects are to some extent affected by shear stiffness of the shaft, 

even though the influence o f the shear stiffness is not a second order affect. 

In addition to the structural nonlinearity another nonlinearity arises for masts under combined 

wind and ice load. Wind load is a function o f wind speed and wind drag which, in i t self, is 

very much dependent on the amount of ice in the mast. The notation wind drag used herein is 

representing the product of drag coefficient and area. The wind drag is sometimes denoted as 

the wind resistance. 

This nonlinear interaction between wind and ice load complicates the design of masts.Further-

more, it is i n general very diff icult to estimate the wind drag o f an iced mast. This w i l l be dis

cussed in Section 3.2. 

In design of guyed masts the most important is, however, that the loads are accurately defined. 

This is specially true i f the mast is located in an area where icing is frequent as the combined 

wind and ice load w i l l govern the design. In Chapter 4 a probabilistic analysis of the combined 

load effects based on the measured loads on the mast in Arvidsjaur is presented. 

For the combined load effect analysis i t is o f importance that the influence of the structural 

nonlinearity and the nonlinearity due to the interaction between ice and wind load is investi

gated before further analysis. This is done in Section 3.3. 

In addition to these difficulties, i t must be mentioned that the dynamic effects on a guyed mast 

can be of importance as a mast is a structure wi th low damping and a large number of low nat

ural frequencies. The wind induced dynamic effects on guyed mast is beyond the scope of this 

thesis and wül not be discussed herein. There are however dynamic effects that are related to 
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ice on the mast. In Section 3.4 examples o f such effects are presented and briefly discussed. 

3.2 Wind drag 

The static wind load on a component in a structure is determined from 

Ö w ( v ) = ß -v2-Rw (3.1) 

where p is the density o f the air and v is the wind speed. The wind drag, is determined as 

the product o f an area constant, A w and a drag coefficient, C. Note that the drag coefficient is, 

in itself, variable and depends on the shape o f the object, the roughness o f the surface and 

whether the air stream around the object is laminar or turbulent. 

For a non-iced mast the estimation o f wind load can be complicated since the shaft consist of 

several different components which are closely spaced. Moreover, the effects o f the compo

nents in leeward of other components have to be considered. However, there are many wind 

tunnel tests made, both of different components and o f different mast sections, f rom which 

methods to determine the wind drag on individual components and on complete mast shaft 

sections are established. 

The methods to determine the wind drag given in BS 8100: Part 1 (1986), for example, is very 

detailed and show good agreement with test results, BS 8100: Part2 (1986). In IASS "Recom

mendations for Guyed masts" (1981) and in the draft for Eurocode 3 part 3.1 "Towers and 

Masts" (1995) in principle the same methods as in BS 8100 are given. 

The mast in Arvidsjaur is designed for a large amount o f equipment mounted in the mast. A l l 

cables and feeders are concentrated on face A - C and B-C as outlined in Figure 3.1. For the 

non-iced cross section the wind drag can be determined according to the method given in BSI 

8100 (1986). The wind drag for winds towards face B-C is calculated to 2.1 [m 2 /m] for strong 

winds, i.e. when the air stream is assumed to be in the supercritical regime. Without ancillaries 

the wind drag becomes 0,9. A l l the ancillaries, feeders, cables, racks and ladders have appar

ently a large influence on the wind drag. 

For an iced mast section i t is far more di f f icul t to estimate the wind drag. First, the cross sec

tion of the mast becomes completely changed, even when the icing is light, and second, there 

is today very litde experience and data o f drag coefficients o f iced sections. In BS 8100 the in 

formation on drag coefficients of iced mast sections is l imited. I t is prescribed that i f the gap 

between two components is less then 75 m m it is to be considered as fu l ly iced. Further, are 
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drag coefficients given for iced components, varying f rom C = 2,0 for a flat sided member to 

C = 1,0 for a circular section in the supercritical regime, i.e. for Reynolds number, Re, larger 

than M O 6 . For iced circular sections in the sub critical regime the drag coefficient is assumed 

to be C = 1,2. 

A A 

a) Non-iced mast. b) Light iced (dashed line) and 
fu l ly iced mast (sohd line). 

Figure 3.1 Cross section o f non-iced and iced mast. The contours o f the ice in Figure b) is 

based on, and sketched f rom, visual experiences o f the iced mast. 

No attempts has been done to measure or estimate the wind drag for the mast in Arvidsjaur. 

However, during icing events when the wind is directed towards faces A - C or B-C, experience 

has shown, that these sides become completely iced already under very light icing. In Figure 

3.2 photos o f the mast shaft on February 23, 1995 are shown. The weight of ice was roughly 

approximated to 100 kg/m and the total measured increase in force in the shaft at the ground 

was 800 k N . In Chapter 4 i t w i l l be shown that ice loads o f this size is o f no importance in 

comparison with expected extreme ice loads. 

Lehtonen and Andersson (1989) have measured the shear force parallel to the wind direction 

on a 7,5 meter high mast section under real icing conditions on a mountain in Finland. The 

drag coefficient has afterwards been estimated. The preliminary analyse showed that the drag 

coefficient on the iced section varied much depending on wind speed and wind direction. Dur

ing a icing period of 11 weeks, wi th wind speeds varying between 15 and 27 m/s, the estimat

ed drag coefficient varied between C - 0,4 and 1,0. The faces o f the shaft section were, except 

for a short time in the beginning o f the icing period, fu l ly iced all the time. There were also a 

tendency o f a lower drag coefficient when the ice load increased in the end o f the icing period. 

As the height o f the section was limited to approximately 3 times its width the drag coefficient 

for a continuous shaft section is expected to be higher. 
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a) Face A - B b) Face A-C 

Figure 3.2 Ice on the mast on February 23, 1995. The ice weight on the shaft is roughly esti

mated to 100 kg/m. 

The difficulties in establishing methods to determine wind drag of fu l l y or partly iced mast 

sections remains. I t is o f course possible to use a conservative value in design, but as the wind 

load is directly proportional to the wind drag the consequence w i l l be a conservative estima

tion o f wind loads. 

The wind drag on the iced shaft needs to be determined as it is needed for the further analysis. 

The wind drag which was used in the design o f the mast, Figure 1.5, is deemed to be too con

servative. I t is therefore better to estimate a wind drag which is more realistic and in later anal

ysis include the uncertainties of the poorly known wind drag as an uncertainty parameter. 

First i t can be concluded that f r om a non-iced shaft to a lightly iced shaft there is a considera

ble increase in wind drag. I t is not known at which ice load the shaft becomes completely iced, 

but experience f rom the mast in Arvidsjaur has shown that two faces of the shaft become com

pletely filled aheady under moderate icing. I n order to be able to establish wind drag on the 

shaft as a function of the ice load, is it roughly assumed that all faces of the shaft become com

pletely filled when the weight of ice on the shaft is 2 k N . Furthermore, a model for the deter

mination of wind drag on the iced mast shaft must be established. I n Cook (1990) results o f 

measured drag coefficients f r om tests of different types o f sections is presented. Unfortunately, 

there are no tests presented for sections which could be expected to have a shape similar to an 

iced mast shaft, i.e. a triangular section wi th curved corners. However, there are test results 

f r o m square sections wi th curved comers presented for two wind directions. These tests are 

from Delany and Sorenson (1953). In Figure 3.3 the configuration of the tests is shown and the 
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drag coefficients in the subcritical regime are estimated f rom the curves presented in Cook. 

45° 

r f — i 

V ) 

Drag coefficient, C. (Subcritical) 

r/B 0° 45° 

0,021 1,9 1,7 

0,167 1,2 1,5 

0,333 1,0 1,3 

Figure 3 3 Drag coefficients in the subcritical regime for squares with rounded corners. 

A t a corner radius o f one-tiiird o f the width, r/B = 0,333, or larger, the test gave results that are 

very similar to a circular cylinder, i.e. similar drag coefficients in the subcritical and supercrit

ical flow, and similar transition f r o m subcritical to supercritical flow as a circular cylinder. 

Note that the coefficient for the 45° wind direction is calculated on the width B and not on the 

projected area. I f the section has sharp corners the drag coefficient, independently o f Re, is, C 

= 2,0. 

Only results f r om the subcritical regime is presented herein since the results are obtained f rom 

tests on sections wi th smooth surfaces. A n iced section has a very rough surface that, i f i t was 

tested and compared wi th the smooth surface, would give a different drag coefficient in the su

percritical regime. 

Further, we do not know the curvature o f the corner o f the mast shaft when the mast is iced. A 

rough estimation can however be made. Assume that the ice thickness on the legs is approxi

mately the same as the ice thickness on the guy cables. In Section 4.4 it w i l l be shown that the 

correlation between the ice load on the guy cables and on the shaft is strong. The radius, i.e. 

the ice thickness plus the radius o f the leg, for an ice load with the density o f 

400 k g / m 3 can thus be determined as r = JO, 0159 + 0 , 0 8 1 2 / . The width B is given by 

B = 2,4 + 2r. I f the ice load on the guy cables is assumed to vary between 0,1 and 0,4 kN/m, 

which corresponds to a variation in ice load on the shaft of 2 to 9 kN/m, we obtain a variation 

for the quotient r/B between 0,06 and 0,08. The variation is small, and the drag coefficient for 

the iced shaft can therefore be assumed to be constant. From Figure 3.3 i t can be seen that the 

drag coefficient in the subcritical range for this r/B relation is roughly 1,6 independent o f wind 

direction. However, Reynolds number, Re, is large for the iced mast section and the wind drag 

w i l l be in the supercritical regime for all winds of interest. The drag coefficient for the iced 

mast shaft is thus lower. Assume C =1,4 for al l wind speeds and all wind directions. 

Note however that this estimation o f the drag coefficient for the iced shaft is based on several 
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assumptions and has large uncertainties. In a later analysis, in Chapter 6, the uncertainty o f the 

drag coefficient w i l l be included as an statistical parameter. 

The wind drag o f a single element as an iced guy cable is as diff icul t to determine as that o f the 

shaft. First, the cross section shape of an iced guy cable can be very irregular and second, very 

little information of measured drag coefficients for iced sections are available. 

When ice is built up on a cylindrical body as a guy cable the ice accretion is on the windward 

side of the guy cable. The centre o f gravity o f the ice is thus not located in the centre o f the 

guy cable, which forces the guy cable to rotate. Theoretically, for a tensioned line or cable 

with constant rotational stiffness and under a longer period o f ice accretion, i t can be shown 

that the shape o f the line remains almost circular as the line rotates continuously during the ic

ing period. In reality however, the ice is usually not built up symmetrically or circularity 

around a guy cable. A much more typical shape of an iced guy cable is shown in Figure 3.4. 

Figure 3.4 Rime ice on guy cable A 4 on November 18,1992. The equivalent circular mean 

ice thickness on this guy cable has been estimated to 110 mm. 

It can be seen f rom the photo and the sketched cross section o f the iced guy cable that the ice 

has a rough surface and that i t is unsymmetrically built up around the guy cable. 

The irregular shape and rough surface of iced guy cables make the determination of drag and 

l i f t coefficients very diff icul t . Jones and Govoni (1990) have investigated the aerodynamic 

properties o f three natural rime ice samples f rom a steel rod in wind speeds between 5 and 39 

m/s (Corresponding to a Re between 5-10 4 and 4-10 5). The rods were mounted at the midsec

tion on a tensioned cable during the time the ice was built up. The drag coefficient for the iced 

sections, later analysed in a wind tunnel, were estimated to between 15 and 65% higher in the 

transcritical region (the region between laminar and turbulent flow.) than the drag coefficient 

obtained from a smooth circular test sample wi th the same equivalent mean diameter. Further, 

all tests, except one in five m/s wind speed, appeared to be in the transcritical region. The sam

ples had an equivalent mean diameter between 102 and 130 m m and a length/diameter ratio of 
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approximately five. In BS 8100 the given drag coefficient for an iced guy cable in supercritical 

region is C = 1,0, i.e. 43% larger then for a smooth circular section with C = 0,7. 

In addition to the difficulties in determining drag coefficients o f iced guy cables it must be em

phasized that the wind drag also is a function o f the wind area. I f an ice load is given for a guy 

cable the wind area is determined by an ice density and by assuming that the ice is circular. It 

is however known that the ice density can vary. Measurements of the ice density on the mast 

in Arvidsjaur have shown variations between 240 k g / m 3 to 470 kg /m 3 . 

3.3 Response to combined ice and wind load 

Combined ice and wind load is the load case that for most masts govern the design. The inter

action between ice and wind load on masts is strong and the load effect function is strongly 

nonlinear. In order to evaluate and discuss the importance o f these effects examples o f calcu

lated effects o f ice and wind load on the mast in Arvidsjaur w i l l be presented. Note however 

that only static load effects w i l l be handled here. 

First, consider a guy cable with properties similar to those o f the mast in Arvidsjaur. I n Figure 

3.5 the quotient of wind load for the iced guy cable and a non-iced guy cable is given as a 

function of ice load at different wind speeds. The curves are determined from the drag coeffi

cients for iced guy cables given by BS 8100 (1986) and for an assumed ice density of 

400 kg/m 3 , i.e. 

4 
for a non-iced guy cable: Re < 6x10 : C = 1 , 2 

Re> l x l O 5 : C = 0 ,9 

and for an iced guy cable: Re<lxl05 : C= 1,25 

Re>2xl05: C = 1,0 

For intermediate values o f Re, C is obtained by linear interpolation. 

For the ice load 0,42 kN/m, corresponding to the 98% fractile of annual maxima from the ex

treme value analyse presented in Section 4.3, the wind load is between 6,2 and 8,4 times high

er than that o f a non-iced guy cable. 
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Figure 3.5 Wind load dependence on ice load on guy cables. The curves are determined from 

drag coefficients given in BS 8100 (1986) and wi th an assumed ice density o f 400 

kg /m 3 . 

A similar study for the load effects on components in the mast shows, fortunately, a much less 

nonlinear behaviour. In the next section results f r o m calculation of load effects o f ice and wind 

for three different components of the mast in Arvidsjaur w i l l be presented. First, however, the 

conditions and assumptions made for the calculations w i l l be specified. 

The wind drag for the iced shaft is calculated wi th the drag coefficient 1,4, which was estimat

ed in Section 3.2. The width of the iced face is determined as a function o f the ice load on the 

shaft. In Figure 3.6 the wind drag for both the non-iced shaft and the heavy iced shaft is 

shown. I t is assumed that the wind drag is equal in all wind directions. This assumption is 

slightly conservative for some wind directions for the non-iced shaft. I t w i l l , however, in the 

analysis, i n Chapter 5, be shown that the most important load situation is when ice and wind 

loads are combined. Further, the wind drag on the guy cables has been calculated according to 

the drag coefficients given in BS 8100 and wi th an assumed ice density o f 400 kg /m 3 . 

In Section 4.2, an extreme value analysis o f wind speeds measured at both 10 meters and 110 

meters above the ground is presented. The extreme value analysis shows that the variation in 

wind speed is small between these two heights. The fo l lowing wind speed profile is therefore 

assumed 

( h\0,05 
vh = vio{iö) <3-2> 

where v 1 0 is the wind speed at the reference height 10 meter and h is the height above ground. 

This wind profile is more steeper than that recommended of IASS, Recommendations for 

Guyed Masts (1981), for exposed sites. However, the mast in Arvidsjaur is located at the sum-
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mit of a high mountain. There is no forest in the surroundings and the boundary layer effect 

f rom the ground is therefore expected to be small, especially i f the mountain is covered by 

snow. 

a) Non-iced b) Iced 

Figure 3.6 Assumed wind drag for the non-iced and the iced shaft. Drag coefficients for the 

iced shaft is determined for an ice load o f 9,7 kN/m. 

Further, the ice load on the shaft and on the guy cables have been assumed to be fu l l y correlat

ed. The ice loads used in the analysis is defined by the ice load on the guy cables. This means 

that the ice load on the shaft is included as the load that has the same probability as the ice load 

specified for the guy cables. The probability distribution functions for the ice load on the guy 

cables and the shaft are given in Section 4.4. 

Three representative components can be identified in the mast. One leg, one guy anchor and 

one diagonal. Results f r om the calculation o f load effects fo r these three components are pre

sented in Figure 3.7. Calculations are made for several different combinations of wind and ice 

load with the computer program MASTAP (1994). 
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Figure 3.7 Calculated load effects on three components as a function of wind speed and dif

ferent ice loads. 

The curves, representing the load effect as a function o f wind speed at different ice loads, are 

strongly nonlinear. Note however, that the wind load is a function of the wind speed in square. 

I f these, in Figure 3.7 presented load effects, are shown as a function o f wind speed2 instead, 

the curves have an much more hnear appearance, Figure 3.8. 

I f the mast had a linear behaviour the curves in Figure 3.8 should have been straight and paral

lel . The nonlinear second order effects and the effects of the guy cables functioning as nonlin

ear springs appear in the figures as curvature o f the lines. I t is for the three components seen 

that the second order effect is most significant for the diagonal as the curvature increases 

strongly with increasing wind load. The "nonlinear spring" effect is, as expected, most clear 

for the guy anchor component. The nonlinearity of this effect decreases wi th stronger winds 

since the sag of the guy cable decreases and the guy cable becomes more tightened. 

The nonlinearity due to the coupling between ice and wind load is in Figure 3.8 seen from the 

fact that the curves for different ice loads are not parallel. Obviously, this nonlinearity is 

strong for all components. 
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Figure 3.8 Calculated load effects on three components as a function of wind speed squared 

(equivalent wi th wind load) for different ice loads. 
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Figure 3.9 Load effect when shear deformation is included shown together wi th the case 

when shear deformation is neglected (s t i f f ) . 
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It could also be of interest to investigate how the load effects are influenced by the shear defor

mation of the shaft. In Figure 3.9 the force in the diagonal for three of the ice loads in Figure 

3.8 are compared for the same cases wi th shear deformations neglected. I t can be seen that the 

force in the diagonal is reduced with approximately 10% when shear deformations are ne

glected. 

3.4 Ice related dynamic loads 

A guyed mast is, as mentioned, a light and slender structure and has dynamic characteristics 

that make it sensitive for fluctuating load as wind. I t is therefore necessary to consider the dy

namic influence o f wind in design. A f u l l dynamic spectral analyse is however rather compli

cated to perform as a mast is a complex structure with a large number of separate guy cable 

vibration modes and interacting guy cable and shaft vibration modes. Furthermore, the size of 

a mast is large and the turbulent wind is, even though i t may be well specified fo r one location, 

difficult to correlate for different locations in space. 

I t is, however, available simplified quasi-static methods for calculating the dynamic response 

of guyed masts. Sparling et.al. (1993) have compared results f r om two quasi-static methods, 

the gust response factor method applicable for masts shorter than 150 meter and the patch load 

method which is usable for most types of masts, with results f r om f u l l dynamic spectral analy

sis. The analyse show that the result f r o m these simplified methods in general is close to the 

dynamic response obtained from f u l l dynamic spectral analysis. These two methods are also 

proposed for the new BS 8100, draft for BS 8100 "Lattice Towers and Masts. Part4" (1992). 

Dynamic effects of wind is normally referred to as the direct resonance effects that arise from 

the wind on the mast that have natural frequencies fal l ing inside the wind turbulence spec

trum. There is however other, indirect, significant dynamic effects caused by wind. These ef

fects are, for example, vibrations caused by vortex shedding and guy cable galloping, which 

often is ice related. Normally the effects in terms of force f r o m these phenomena are hmited 

and do not cause any direct problem. They may however, i f the galloping or vibrations contin

ues over long periods, cause fatigue failure. 

I t is known that masts fu l l y or partly covered by large cylinders can be very sensitive for vor

tex shedding. The top antenna on the mast in Arvidsjaur is covered by a cylindrical shell. 

However, the antenna is equipped with a tuned mass damper and, the vibrations o f vortex 

shedding does therefore not cause any problem. 

Guy cable galloping, on the other hand, is frequently observed. This phenomena arises when 

the guy cables are iced and usually in steady and rather low wind speeds. 
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A comprehensive study of wind induced motions of guy cables has been presented by Kärnä 

(1984). There are several different causes that can explain guy cable galloping. One phenome

na, described by den Hartog (1954), is explained by aerodynamic l i f t instability. The condition 

for having instability is given by 

dCj 
r < t 

da 
(3.3) 

where CD and CL represents drag respectively l i f t coefficient, a is the angle o f attack. 

A n iced guy cable has in general a very irregular cross section wi th a drag and l i f t coefficient 

varying much depending on the angle of attack. Jones and Govoni (1990) have measured the 

drag and l i f t force on natural ice samples in wind tunnel tests. 

Angle 

1 1 1 1 

vl 
1 

1 cm 180. 
fingle 

Figure 3.10Rime ice sample with a mean diameter o f 102 mm and corresponding measured 

l i f t force for the wind speed 13, 24 and 39 m/s, Jones and Govoni (1990). 

In Figure 3.10 the measured l i f t force for three wind speeds between 13 and 39 m/s for one 

typical sample o f rime ice with a mean diameter o f 102 m m is presented. I t is f r o m this exam

ple clear that the l i f t coefficient, CL, is very variable as the l i f t force is direct proportional to 

the product of the l i f t coefficient and the wind area, i.e CL- A. 

There are also other phenomenon that can cause guy cable vibrations, for example, galloping 

due to drag instability, similar to l i f t instability, and torsional galloping, see for example Kämä 

(1984). 

In Figure 3.11 two examples of observed guy cable oscillations on the mast in Arvidsjaur are 

presented. 
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Figure 3.11Wind induced vibrations on iced guy cables shown together with corresponding 

power spectral density functions. 

On November 15, 1993 strong oscillations on guy cable B4 where observed, Figure a). A t this 

occasion the mast was heavy iced, the ice load on the guy cables and on the shaft are estimated 

to approximately 0,3 and 3 kN/m, respectively. The mean diameter o f the iced guy cable is 

roughly 300 mm. I t is further believed that the faces o f the shaft were completely iced. The 

wind speed during this event was 12 m/s at the 10 meter level and 20 m/s at 110 meters wi th 

the wind direction as indicated in the figure. The other presented event o f guy cable oscillation 

is f r om January 23,1995, Figure 3.11c). A t this event the ice load was lower, approximately 

0,14 k N / m (220 m m mean diameter) on the guy cables and 3 k N on the shaft. The wind speed 

was about 20 m/s at both 10 and 110 meters. 

A t both events strong dynamic effects were observed on the guy cables. The other guy cables, 

on which measurements were done, did not show as high dynamic effects as on the presented 

guy cables. 

I t is very clear in Figure a) and c) that the oscillation o f the guy cables were o f different nature. 
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The power spectrum density functions presented in Figure b) and d) show that the force meas

ured in guy cable B 4 consists of a wide band o f different frequencies while the other measured 

event show one dominant frequency at 0,49 Hz. 

I t is difficult to define the direct cause o f the vibrations. In the first case however, i t is likely 

that the vibrations consisted of several causes: dynamic effects o f turbulent wind and one type 

of aerodynamic instability galloping. The other event shows, as mentioned, a very clear reso

nance frequency at 0,49 Hz and indicates some smaller resonance frequencies. I t is f r om dy

namic measurements on the mast, when i t is non-iced, known that the fundamental natural 

frequency is 0,59 Hz, Pietrzyk and Pietrzyk (1991). Further i t is known that most guy cables, 

when they are non-iced, have a fundamental natural frequency o f approximately 0,2 to 0,3 Hz. 

The vibration at 0.49 Hz for the second case is therefore believed to be a vibration mode 

where the second natural vibration mode o f the guy cable interact wi th the fundamental vibra

tion mode of the iced shaft. The excitation is probably due to l i f t instability or torsional gallop

ing of the guy cable. 

Another, not previously mentioned, dynamic phenomena that can be dangerous for iced masts 

is rapid, or instant, ice shedding. When a mast is heavily iced wi th several thousand kilograms 

of ice it may happen that large burdens o f ice suddenly brake f rom the mast and fa l l down. The 

released energy stored as deformations in the structure can be considerable and give impulse 

loads that cause strong vibrations in the mast. The experiences o f such de-icing events is how

ever limited, and i t is therefore not possible to specify what general influence such effects can 

have. In the winter 1992-93 such an event was registered on the mast in Arvidsjaur. In Figure 

3.12 the measured force in guy anchor 6A and the force in leg A f rom this event is presented. 

Unfortunately, the first stage of this event is missing as the computer did not start measuring 

directly. Anyway, i t is clear that the load effects on the leg and on the guy anchor were consid

erable. The force amplitude in the leg and in the guy anchor was in the beginning o f the event 

about 1000 and 200 k N respectively. I t is possible that other components where more influ

enced than these which are presented. However, i t is not possible to define or estimate other 

load effects than those that were measured. 

Two days before this shedding event the ice had grown quite rapidly. During these days the 

temperature was dropping f rom -2 C° to -8 C \ The wind speed was first about 20 m/s but at 

the time of the shedding event not higher than 10 m/s both at 10 and 110 meter. The mast was 

concealed in clouds a period before the shedding and it was therefore not visible. The photo 

shown in Figure 3.4 show the ice load on guy cable A 4 nine days before the shedding event. It 

is clear from this photo and the sketch that the ice on the guy cable was acting rather unsym-

metrically. As the first stage of this event was not measured it is diff icul t to examine the exact 

reason of the shedding event, but one explanation may be the fol lowing. 
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Figure 3.12De-icing event registered on November 27, 1992. 

First, the ice starts to increase two days before the shedding and at the time for the shedding 

event i t had reached a considerable weight. The weight o f the ice itself, and probably also iner

tia forces caused by wind induced vibrations, had on one guy cable become large enough to 

make the ice brake and fa l l . Then the guy cable began to oscillate heavily and since the first 

natural frequency for all guy cables is in the same range the oscillations from the first guy ca

ble was transmitted to the other guy cables, who also started to oscillate and thus become de-

iced. 

In Appendix B the estimated ice loads on the guy cables and the shaft during this icing period 

are presented. From those figures it can be seen that the guy cables became almost completely 

de-iced while the ice load on the shaft remained unchanged. Obviously the vibrations in the 

shaft were not large enough to make the ice f a l l of. The ice is probably attached harder on the 

shaft, due to its geometry, than on the guy cables. 

I t must also be pointed out that fal l ing ice can be extremely dangerous for persons staying on 

the ground close to the mast. Therefore, in Arvidsjaur special restrictions for staying outside is 

taken when the mast is iced. 
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4. PROBABILISTIC ANALYSIS O F LOADS 

4.1 Introduction 

In general the largest load effect on a component in a mast can be expected for the load case of 

combined ice and wind load. Further, a guyed mast is, as is clarified in Chapter 3, a structure 

where the load to load effect relation is strongly nonlinear. The second order effects on a heav

ily loaded mast may be considerable. Moreover, the wind drag is strongly dependent on 

whether the mast is iced or not. These realities make the design of guyed masts complicated. 

Overestimation of the loads w i l l give a "stronger" and hence a more expensive mast than de

sired. Conversely, underestimation of the loads w i l l result in a mast with a low rehabihty 

against failure or even failure. I t is, therefore, o f importance that loads are accurately defined 

and that the effects o f the loads are carefully analysed. 

The loads or actions on guyed masts can be separated into different types. In addition to wind 

and ice loads there are loads due to self weight, actions or effects caused by temperature 

change, and preloading o f the guy cables. The last is i n a strict meaning not a load, but may be 

treated as a load since the effects o f preloading causes tension forces in the guy cables and 

compression forces on the shaft comparable wi th loads from the self weight. In the design 

stage, the effects o f preloading should be considered as a variable load. The actual amount of 

preloading may differ from the amount prescribed i n the design of a mast due to errors in the 

measurement o f the preload force and due to relaxation o f the guy cables. 

Another type of load, which is not mentioned above, is earthquake load. This load is however 

deemed as extremely rare in Sweden and is therefore not considered. 

Effects of temperature changes arise f rom restrained displacements for the guy cable founda

tions in relation to the mast shaft and is usually very small. These effects are considered in the 

analysis o f the measurement data but w i l l not be discussed herein. 

The self weight o f a guyed mast can be assumed to be close to the calculated weight. A l l com

ponents o f and equipment in a mast are usually wel l defined and the theoretical weight of each 

component known. I f the components have a variable weight the sum of the large number of 

components w i l l be close to the sum of the mean value o f the weight of all components. The 

influence of the variation in self weight is therefore assumed negligible and the self weight is 

considered as a f u l l y deterministic load. (This is further discussed in Chapter 6.) 

Wind load is the dominating load on guyed masts. Today there is a considerable amount of 

knowledge and a long tradition in the field of statistical interpretation of wind speeds. Several 

methods for statistical analysis o f wind speed data and assessment of wind loads can be found 

in the literature. The most comprehensive and up-to-date work about wind characteristics and 

methods for estimation o f wind loads is found in Cook (1985 and 1990). 
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The analysis o f measured extreme wind load, or strictly speaking wind speed, is limited herein 

to only four winter seasons lasting from the beginning of October to the end of March each 

year. Due to the lack o f information about the wind for the other half o f the year, the results are 

presented as winter seasonal distributions. Detennination o f the seasonal parent distribution of 

winds in the analysis w i l l show that satisfactory agreement with a Weibull distribution is ob

tained after only a few seasons of measuring. In order to f ind the distribution of the annual 

maxima of the wind speed, a method which uses more information than only the annual maxi

ma is apphed. 

Today it is known that loads formed by atmospheric icing can become considerable. Stil l , rel

atively little statistical information about ice loads is available, especially on structures as 

guyed masts. The statistical analysis o f the ice loads herein is probably the only analysis o f 

real measured ice loads on guyed masts that has been presented. 

Measured load effects on the shaft caused by icing and estimated ice loads on the guy cables 

and shaft f r om seven years are presented. Each significant icing period has been numbered. 

There are a total of 16 periods from February 1989 to March 1995. These icing periods are 

also presented in detail in Appendix A . Events which have contributed to a total increase in 

the shaft force o f 1000 k N or more have herein been deemed as significant icing events. This 

trigger level for the ice load may seem high, but during the years the measurements have been 

conducted the annual maxima have been at least twice as high as the trigger level. The highest 

measured increase in axial force in the shaft due to icing is 5050 k N . Icing events which cause 

smaller load effects than 1000 k N have therefore been assumed to be negligible from the per

spective of the reliability o f the mast. 

Due to the limited number o f icing events and to the unknown inherent characteristics o f ice 

loads, different types o f distributions are evaluated and compared. 

Finally, the combination o f wind and ice loads is studied. How these two loads are combined 

is o f great importance in the design o f guyed masts. Wind loads on masts are determined as a 

product of the wind speed and the wind drag. The wind drag is a function o f the ice load; 

hence the wind load is a function o f the ice load. Analytical solutions of the distribution for 

nonlinear load combination are difficult to find. Another method for finding the distribution 

for combined wind and ice loads is the Monte Carlo method. Both the MonteCario method 

and an analytical method w i l l be used and compared herein. 
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4.2 Stochastic load processes 

In order to design a mast to resist variable loads such as wind load and atmospheric ice load 

statistical information about the loads is needed. I f there is only one load acting on the mast, 

the necessary information is given by the distribution of the maximum loads for a given peri

od, e.g. the distribution of annual maxima. The loads specified in the design are usually given 

as the estimated 98% fractile o f the annual maxima, denoted as the 50 year return loads. 

When there are two or more variable loads i t is very unlikely that these w i l l reach their l i fe

time maxima simultaneously, especially i f the 50 year return values are used. Therefore, more 

statistical information than only the maximum values is needed. 

I t is, in general, diff icul t to f ind an exact statistical model in which the time variation o f a load 

is considered. Since variable loads are usually comphcated continuous stochastic processes in 

time space, the true nature o f the load must be idealized. One idealization is to approximate 

the changes o f the process into discrete points in time and describe the load by three main pa

rameters such as intensity, occurrence rate, and duration. 

A brief summary o f different types of load processes and a method for determining extreme 

values for combined loads is presented herein. I n order to provide a comprehensive back

ground to the load process, authors such as Sentier (1978), Madsen, Krenk and Lind (1986) 

and Wen (1990) for example are referred to. 

4.2.1 The Ferry-Borges and Castanheta load process 

One model that is often used for variable loads is the FBC-process, Ferry-Borges and Castan

heta (1971). Consider a random load, X, given by the probability density f u n c t i o n / ^ x ) and the 

distribution function F^x). Further, assume that this load can be described in time as rectan

gular pulses wi th equal duration, X, as shown in Figure 4.1a, i.e. at every point in time when 

t=i-x the load takes on a new value, ( i is an integer). I t can thus be shown that the maximum 

load value during a period Tis given by 

where n is the number o f pulses during the period T, n = T / x . 

Sometimes i t is more appropriate to use a model in which the pulses in the process can take on 

a value of zero, Figure 4.1b. The model is then recognized as mixed process. I f i t is assumed 

that the probability fo r a non-zero load is p and the probability for a zero load is \-p, the point 

in time probability density and distribution function for a zero or non-zero load, S, are then de

scribed by 
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/ . ( * ) = ( 1 - P ) 5 ( J ) + p f x ( s ) (4.2) 

and 

Fs{s) = ( l - p ) H ( s ) +pFx(s) (4-3) 

respectively, where 5(s) is the Dirac delta function defined as 

8 ( s ) = l i m — — e (4.4) 

i.e. for s = 0, 8 —»°° and for s * 0 , 8 = 0. 

H (s) is the Heaviside step function and is obtained by integration o f the Delta Dirac function 

which yields H(s<0) =0,H(s = 0) = 1/2 and H(s>0) = 1 . 

x 

a) Basic model. 

b) Mixed model. 
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Figure 4.1 The Ferry-Borges and Castanheta load process. 

The maximum load under a period T wi th n pulses for a mixed FBC-process is simply given 

by eq. (4.1) and eq. (4.3) (s > 0). 

(4.5) 

I f s is high, i.e.the probability for exceeding 5 is low, eq. (4.5) can be approximated as 

F m a x ( s ) ~ l - n p { l - F x { s ) ) (4.6) 
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4.2.2 The Poisson load process 

Another often-used type o f process is the Poisson load process. In this process the point in 

time of the process change is given by a stochastic process as opposed to the FBC process 

where the point in time is deterministic. A mixed type o f rectangular pulse process can then be 

described as in Figure 4.2. Let the point in time that describes the end o f the preceding pulse 

and arrival of the new pulse be described by a Poisson process. The distribution function of 

the time, t, between two consecutive events in time can then be described by 

F t ( f ) = \ -e (4.7) 

where v is the intensity of the process, i.e. the mean occurrence o f pulse changes. 

The maximum value for a mixed Poisson process during a period T is given by 

F „ W =Fs(s)e 
-vT'l-FAs)) 

(4.8) 

where Fs (s) is given by eq. (4.3). 

X(t) 

>- time, t 

Figure 4.2 Mixed Poisson load process. 

When s is large, i.e. when the probability for exceeding s is low, eq. (4.8) can be approximated 

by 

F (s)=e 
max K ' 

-vT'l-Fs(s)) 
(4.9) 

I f eq. (4.9) is expanded into a series where the higher order terms are neglected, the same ex

pression as in eq. (4.6) is obtained. 

Both the FBC process and the Poisson process belong to a group of processes called Renewal 

processes. A more detailed description of Renewal processes can be found in Sentier (1978) 

for example. 
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4.23 The filtered Poisson process 

A third important type o f process is the filtered Poisson process. The duration o f the pulse in 

this process is assumed to be deterministic and does not therefore need to be equal to the dis

tance between two consecutive pulse arrivals given by the Poisson process. Consequently, 

there is a chance that two pulses w i l l overlap each other which complicates the model. How

ever, i f i t is assumed that the process is sparse, i.e. the duration of the pulse is very short com

pared with the mean arrival o f the pulses, then the probability that two pulses overlap each 

other can be neglected. 

The maximum load during a period Tis then equal to the approximation made for the Poisson 

process with p=l, i.e. 

- v r n - F . M ) 
Fmax(s)=e (4.10) 

Due to its simplicity the filtered Poisson process can be used in combination analysis, see for 

example Wen (1977) and Åker lund and Östlund (1985). 

Consider two sparse processes wi th the restrictions mentioned above fu l f i l led . The combined 

maximum load can be approximated as, Wen (1977) 

(4-11) 

The last term in the exponent is a second order term which considers the simultaneously oc

currence o f the two loads. Vj_ and v 2 are the mean occurrence rates fo r loads 1 and 2, respec

tively. The mean occurrence o f the combined load, v 1 2 , is given by 

\ l 2 = \ l \ 2 ( d 1 + d 2 ) (4.12) 

where dy and d 2 are the durations of loads 1 and 2, respectively. 

FXi2(.-) is described by the variable X 1 2 which is defined as 

X l 2 = C,Xl + C2X2 (4.13) 

where Ci and C 2 are constants for loads 1 and 2, respectively. 

Note that the combined load is a linear function of loads 1 and 2. For nonlinear load combina

tion is eq. (4.11) not applicable. 
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4.2.4 Upcrossing statistics 

Another important statistical property in load process modelling closely related to the maxi

mum load F m a x (s) that can be derived f r o m a load process is the mean upcrossing rate, de

noted . 

I f a predetermined threshold load level, cj, is given, (see Figure 4.1), then the mean upcrossing 

rate can be defined as the expected mean number of events where the load exceed \ . For a 

mixed process o f Renewal type the mean upcrossing rate is given by 

v\ = V [ ( l - p ) +pFx(cl)]pGx(cl) (4.14) 

where v is the mean occurrence rate o f the process defined as the mean number of events 

(changes) that occur per unit time. G (cj) represents the complementary probability distribu

tion function, G (cj) = 1 - F ( c j ) . 

The expected fraction of time that a square wave pulse process spends above a level t, is given 

by 

Ti=pGx(>\) (4.15) 

The mean expected dwell time above the threshold level t, is given by 

d * = v - 5 = v [ ( i - p ) ! p f x ( s j ( 4 - 1 6 ) 

I t can be shown that the upcrossings o f high threshold levels asymptotically fol low a Poisson 

process. The distributions o f the first upcrossing is thus given by 

Prf max X(t) S c j ] = Pr (no upcrossings in [Q,T]) = e x p f - v t r ) (4.17) 
^ 0<r<T J V W 

F n a x & = e x P [ - v ^ r J (4.18) 

The upcrossing rate for linear load combination has been treated by several authors, see for 

example Larrabee and Cornell (1979) and (1981) and Turkstra and Madsen (1980). 
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4.3 Statistics of wind speed 

As described in Section 1.3, the wind speeds have been measured continuously during either 

four or five winters, f r om October 1 to o f March 31 , at 10 and 110 meters above ground level. 

In Appendix A, Figures A l - A 5 , the wind speed at the 10 meter level for the 1991-92 to 1994-

95 winter season is presented. 

Due to limited storage capacity in the measurement computers, the wind speed information 

f rom the continuous measurements is limited to a mean value of the first ten seconds o f every 

hour. Each observation may therefore be interpreted as a random draw of a population consist

ing of the 360 ten-second intervals that are in an hour. I n order to estimate the parent distribu

tion of the wind this "incomplete" information is however enough since the total number of 

ten-second measurements becomes very large. 

In order to obtain information about the maximum ten-second mean wind speed, data f r o m the 

second data collection system have to be analysed. This system is connected parallel to the 

first data collection system and i t starts and measures continuously for one hour (half an hour 

has been used for some storms) i f the wind speed passes a given threshold. Wi th information 

f r o m these measurements a statistical analysis of the ten-second mean wind speed during each 

storm event can be established. 

However, the environment for the measurements is severe due to extreme whether situations 

and to strong electrical disturbances f rom the radio and T V transmitters mounted in the mast. 

Although these difficulties have caused some interruptions, in the data acquisition, i t is be

lieved that the data f r o m the four last seasons are complete. Since the second data collection 

system was started in 1991, data f rom only four winter seasons are available. 

As an illustration o f the characteristics o f the wind speed, some of the measured wind speeds 

are presented in different time scales in Figure 4.3. The ten-second mean wind speed meas

ured in the beginning o f every hour at the 10 meter level for the whole 1992-93 winter season 

is shown in Figure 4.3a). Wi th this time scale the variation in wind speed is very large and the 

storms look like impulse loads. Note that this season was extreme wi th several observed 

storms having wind speeds above 30 m/s. These storms w i l l be analysed later here in . 

From the nine days in the end o f December which are shown in another scale, in Figure b), i t 

can be seen that the wind speed is not as random as could be expected f rom looking at 

figure a). The correlation between adjacent measured ten-second wind speeds, i.e. those values 

measured once every hour, is strong and can not be assumed to be independent. I t is therefore 

not possible to use information o f the parent wind speed for extreme value analysis. 
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W i n d speed at the 10 meter level, [m/s] 
10-second mean wind speed. 

-•Figure b) 

41 43 45 47 49 51 53 2 4 6 8 10 12 

a) October 1,1992-March31,1993. [Week] 

Wind speed at the 10 meter level, [m/s] 
10-second mean wind speed. 

Figure c) 

25 27 29 

b) December 23-31, 1992. [day] 

Wind speed at the 10 meter level, [m/s] 
10-second mean wind speed. 

C) 
0 10 20 30 40 50 60 

December 26, 1992,12:54 am - 01:54 am. [min] 

Figure 4.3 Measured ten-seconds mean wind speed at the 10 meter level during the 

1992-93 winter season presented in different time scales. 

The two storm events in the shown period, which occur on December 26 and December 29, 

are separated by three days of calm winds. I f these two storm events are believed to belong to 
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different weather systems, the two observed storms can be assumed statistically independent. 

This assumption w i l l be fundamental when the extreme values o f the wind speed are estimated 

herein. I t is also clear f r om Figure b) that the extreme storm events have a relatively short du

ration. For example, wind speeds higher than 30 m/s in Figure b) have a duration of only a few 

hours. 

Both storms in Figure b) were registered by the second computer. In Figure 4.3c) the ten-sec

ond mean wind speed during one hour on December 26 is shown. The ten-second mean wind 

speed can be represented by a very low frequency, "static", wind speed and an added high fre

quency, turbulent wind speed. The first low frequency variation arises f rom weather changes 

while the high frequency variation is denoted as the boundary layer variation which is affected 

by shear stresses f rom the ground, see for example Cook (1985). 

The low and high frequency components o f the wind speed in Figure 4.3c) are distinctly sepa

rated. In Figure 4.4 a representative frequency spectrum of horizontal wind speed is presented, 

by van der Hoven (1967), herein copied f r o m Cook (1985). From the spectrum i t is clear that 

the amplitude of wind frequencies with one cycle per hour to one cycle per ten minutes is very 

small. The macrometeorological and micrometeorological peaks in the figure represent the c l i 

matic and boundary layer variations in wind speed, respectively. 

6 

Frequency, n (cycles/hour) 

Figure 4.4 Spectrum of horizontal wind speed after van der Hoven (1967) for Brookhaven, 

from Cook (1985). 

The amount o f data f rom the measured ten-second mean wind speed is quite large. There are a 

total of 17600 observations f rom the 10 meter level and 14100 observations from the 110 me

ter level. Since every observation is made independently once every hour, the data can be used 

to fo rm a parent distribution function of the wind speed. I n Figure 4.5 data f r o m all the meas

ured ten-second mean wind speeds at 10 and 110 meter levels have been ordered and are 
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shown as cumulative distributions, (dashed line wi th circles in the figure). 

The parent distribution of wind speed does normally show a good fit to a Weibull distribution, 

Cook (1985), which is given by 

(4.19) 

where a is a spread parameter and k is a shape parameter, normally having a value close to 2 

for wind speeds. 

Cumulative distribution. W i n d speed 10 meter. 
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o Measured 
Weibull. k = 2,1 / 
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Cumulative distribution. W i n d speed 110 meter. 
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Figure 4.5 Parent distribution of the ten-second mean wind speed at the 10 and 110 meter 

levels for the winter season. 

The data f r o m Arvidsjaur is best fitted to a Weibull distribution wi th k = 2,1 and a = 10,5 for 
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the wind speeds measured at the 10 meter level and a = 14.5 for the speeds at the 110 meter 

level, (solid lines in Figure 4.5). The mean and standard deviation o f the ten-second mean 

wind speed are related to the spread and shape parameters as, (Appendix C) 

The Weibull distribution shows for wind speeds higher than 5 and 10 m/s, for the both levels 

respectively, an excellent agreement while the probability of lower wind speeds is slightly un

derestimated. 

The information obtained f r o m the parent wind distribution is, however, less applicable since 

the most valuable information is found in the very high tail o f the distribution. As mentioned 

above, the correlation between two adjacent measured wind speeds is strong and i t is therefore 

not possible to use the parent distribution in any direct method to f o r m the distribution o f the 

extremes. 

Again, the needed information is found in the tail of the parent distribution, i.e. strong winds 

or storms, that only arrive a limited number of times each year which, when they appear, have 

a very short duration. 

I f i t is assumed that every storm is a "maximum value" of the wind speed in a weather system 

passing the mast and that all weather systems are independent of each other, i.e the maximum 

in each storm is independent o f the maximum of the previous or fo l lowing storm, a statistical 

evaluation of the maximum storms is possible. First, however, a relation between the low fre

quency, "static", and high frequency variations of the wind is established. 

In Figure 4.4 an important property o f wind speed variations is evident. I t is very clear f r o m 

the representative spectrum that wind is a function of both very low frequency and high fre

quency wind speeds. The contribution o f wind speeds between the low and high frequencies is 

very small. This fact implies that the wind speed v(t) at a time t can conveniently be described 

as the sum of a mean "time independent" component v and a superimposed fluctuating time 

dependent component vn(r), i.e. 

(4.20) 

(4.21) 

v ( 0 = v + v 0 ( f ) (4.22) 
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In Figure 4.1c) the mean one-hour wind speed, which is assumed to represent the climate de

pendent wind speed, is presented as a solid line. Obviously, the mean one-hour wind speed has 

for this hour a period which is too long to be able to determine the "static" component of the 

wind speed. The dashed line is a better description but then the separation according to eq. 

(4.22) is not possible. However, the wind presented in Figure 4.3c) is the most extreme wind 

that has been measured during all the seasons the measurements have been taken. For other 

extreme storms the mean value f rom one hour is a good measure o f the static wind speed, see 

for example Figure 4.6 in which an extreme storm at the 110 meter level on December 2,1992 

is presented. During this storm an hourly mean wind speed o f 46,3 m/s was registered. 

The highest ten-second mean wind speed shown in Figure 4.3c) is 57,4 m/s and is the highest 

ten-second mean wind speed that has been measured at the 10 meter level during the time the 

measurements have been taken. The hourly mean wind speed on this occasion was 38,9 m/s 

which is the second highest registered one-hour mean wind speed at the 10 meter level. 

W i n d speed at the 110 meter level, [m/s] 
TOO R 10-second mean wind speed. 

60.0 -

5 0 0 ^ W 3 L ^ ^ v = 46, 3 [m/s] 

30.0 -

20.0 -

10.0 -

0O [ I I I I I 
0 10 20 30 40 50 60 

December 2,1992,1:04 am - 2:04 am. [min] 

Figure 4.6 Measured ten-second wind speed at 110 meters. From December 2, 1992. 

As mentioned, several extreme storms and wind speed maxima were registered during the 

1992-93 season. A t the end of January this winter S M H I , the Swedish Meteorological and Hy-

drological Institute, measured the gust wind speed o f 76 m/s at a weather station in Tarfala, 

Kebnekajse, located in the mountains some 250 k m north of Arvidsjaur. This wind speed is the 

highest wind speed that has been measured in Sweden. 

In Figure 4.7 all ten-second per hour periods for another storm on December 6,1993 are or

dered and plotted on normal plot paper. 

The plot forms a straight line which implies that the ten-second wind speed during one hour is 

a normally distributed continuous process. I f a similar plot is done for the wind speed present

ed in Figure 4.1c) i t can be seen that the lower observations f o r m a slightly curved line, Figure 
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4.8. This could be interpreted as the distribution being skew for higher values. I t is however 

more probable that this effect is due to limitations in the anemometers. As mentioned in Sec

tion 1.3 the anemometers used have a response time for decreasing wind speed that is propor

tionately long. The lower values o f the wind speed in Figure 4.8 are probably shghtly 

overestimated. 

0.9999 

10-second mean wind speed [m/s] 
10 meter level. 

25.00 30.00 35.00 40.00 

December 6, 1993, 2:42 am - 3:42 am. 
45.00 

Figure 4.7 Ten-second mean wind speed plotted on normal plot paper. The storm of De

cember 6,1993. 
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Figure 4.8 Ten-second mean wind speed plotted on normal plot paper. The storm of De

cember 26, 1992. 

In Table 4.1 the statistics for the ten-second mean wind speed are presented f rom several of the 
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highest measured one hour and half-hour periods during the winters f r o m 1991-1995. Only 

those storms assumed to be statistically independent are presented. Davenport (1964) has for 

the U K estimated the maximum number of independent one hour mean wind speeds to be 160 

per year wi th an average o f 2,3 days inbetween. Since the storms presented in Table 4.1 are 

separated by at least 2 days and the winds registered between the storm maxima are of rela

tively low intensity the assumption o f statistical independence is assumed to be ful f i l led . 

v is the mean value of all ten-second wind speeds in the measured period, i.e. the one hour 

mean wind speed. For periods no. 13-17, v is the half-hour mean wind speed, is the high

est measured ten-second mean wind speed in the present interval. For each event the coeffi

cient of variation, in wind engineering known as the turbulence intensity l v o f all the ten-

second mean wind speeds has been calculated. No significant correlation between the turbu

lence intensity and mean wind speed can be observed in the table. 

The mean turbulence intensity from the storm events presented in Table 4.1 are. 

Iv = 0,119 for the wind speed at the 10 meter level and 

7V = 0,101 for the wind speed at the 110 meter level. 

I f i t is assumed that the gust winds can be described by a continuous process that is normally 

distributed, a simple relation between the basic, i.e. hourly mean, wind speed, and the maxi

mum ten-second wind speed can be established. The highest ten-second mean wind speed in 

an hour is the highest fa l l out o f 360 random draws. Once the turbulence intensity and hourly 

mean value are given, the highest gust wind speed in that hour can be estimated by 

where u = -<5 I — - j = 2, 77 for a one hour long interval and u = 2,54 for a half an hour 

long interval. (<& (•) denotes the inverse standard normal distribution function.) 

A simplified relation between the hourly mean wind speed and the maximum ten-second mean 

wind speed is given by 

v .* = v ( l + y » (4.23) max 

max = 1, 33 • vio for the wind speed at 10 meter and 

max = 1 ,28-v no for the wind speed at 110 meter and 
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Table 4.1 Statistical data of the ten-second mean wind speed for 29 measured independent 

storm events between 1991-1995. 

Wind speed at 10 meter Wind speed at 110 meter 

Date (Measured time) 
V 

v max 
* 

y max V 
vmax 

* 
v 
v max 

1: December 23, 1991 (1 hour) 20,5 0,17 30,6 27,3 30,9 0,06 35,8 39,6 

2: December 29, 1991 (1 hour) 23,8 0,08 30,9 31,7 30,8 0,06 35,4 39,4 

3: January 14,1992 (1 hour) 20,1 0,16 29,3 26,7 23,3 0,12 30,8 29,8 

4: February 7,1992 (55 min.) 25,0 0,14 35,5 33,2 30,2 0,12 40,5 38,7 

5: November 19, 1992 (1 hour) 23,7 0,10 30,6 31,5 24,7 0,05 28,5 31,6 

6: November 24, 1992 (lhour) 23,6 0,08 30,3 31,4 25,8 0,11 33,7 33,0 

7: December 2,1992 (1 hour) 29,4 0,09 35,8 39,1 46,3 0,04 50,3 59,3 

8: December 11, 1992 (1 hour) 27,4 0,10 36,5 36,4 29,2 0,08 37,9 37,4 

9: December 14, 1992 (1 hour) 22,2 0,09 27,9 29,5 34,4 0,06 40,7 44,0 

10: December 18, 1992 (1 hour) 24,2 0,08 30,1 32,2 37,2 0,06 43,3 47,6 

11: December 26, 1992 (1 hour) 38,9 0,14 57,4 51,7 39,0 0,12 50,9 49,9 

12: December 29, 1992 (1 hour) 24,3 0,13 33,3 32,3 27,0 0,10 34,9 34,6 

13: February 1,1993 (30 min.) 38,0 0,10 48,2 49,4 33,6 0,09 42,6 42,3 

14: February 3, 1993 (30 min.) 34,0 0,15 45,6 44,2 30,9 0,17 41,9 38,9 

15: February 8,1993 (30 min.) 39,7 0,10 49,7 51,6 36,8 0,07 44,8 46,4 

16: March 9,1993 (30 min.) 32,6 0,12 45,7 42,4 28,6 0,12 37,1 36,0 

17: March 13,1993 (30 min.) 29,2 0,09 36,0 38,0 25,2 0,08 30,1 31,8 

18: October 28, 1993 (1 hour) 27,0 0,11 36,4 35,9 26,9 0,12 36,1 34,4 

19: December 6,1993 (1 hour) 31,6 0,10 40,8 42,0 26,8 0,11 35,3 34,3 

20: December 20, 1993 (1 hour) 22,4 0,13 31,7 29,8 25,5 0,09 33.6 32,6 

21: January 21,1994(1 hour) 24,5 0,17 41,9 32,6 23,4 0,18 42,6 30,0 

22: January 28,1994 (1 hour) 21,2 0,12 29,8 28,2 23,4 0,08 28,5 30,0 

23: October 7, 1994 (1 hour) 24,2 0,11 31,2 32,2 23,3 0,12 30,1 29,8 

24: October 14,1994 (1 hour) 22,5 0,14 32,7 29,9 21,5 0,18 31,5 27,5 

25: December 23,1994 (1 hour) 30,0 0,13 41,1 39,9 34,1 0,10 43,2 43,6 

26: January 1,1995 (1 hour) 23,0 0,17 35,1 30,5 28,2 0,10 35,9 36,1 

27: February 1, 1995 (1 hour) 24,0 0,12 34,5 31,9 40,0 0,08 49,8 51,2 

28: February 6, 1995 (1 hour) 37,0 0,10 48,6 49,2 38,6 0,12 54,5 49,4 

29: March 23,1995 (1 hour) 26,4 0,12 38,1 35,1 25,6 0,13 35,5 32,8 
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For comparison, an estimate of the ten-second wind speed for each storm is calculated with 

the simplified expression and presented in Table 4.1 . This simplified relation gives in most 

cases an estimated maximum ten-second mean value that is close to the measured ten-second 

mean value. For the turbulent storms, i.e w i th Iv > 0,15, the underestimation is considerable. 

This underestimation is however balanced out by the storms having a low turbulence intensity. 

I f all ten-second mean wind speeds, both the estimated and measured, are ordered and plotted 

in a Gumbel (FT type 1 distribution) plot, Figure 4.9, it can be seen that they are in good 

agreement. Consequently, i t is possible, provided that the mean turbulence intensity is known, 

to use data f rom one-hour mean wind speeds in order to assess the maximum gust wind speed 

with good precision. 
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Figure 4.9 Comparison between measured and estimated maximum ten-second mean wind 

speed. 

There are a total o f 29 independent storms measured during the 1991-92 to 1994-95 winters. 

In Appendix A , Figure A2-A5, these storms are marked. As mentioned, there have been some 

interruptions in the data acquisition. Two longer periods are missing. The first period is the 

first 2 months o f the 1991-92 season and the second period is the month of November, 1994. 



74 PROBABILISTIC ANALYSIS OF LOADS 

Therefore, we can expect that some storms have been missed. I f i t is assumed that there are 

three storms missing then the total number o f storms is 32, or on average, 8 storms per winter 

season. 

4.3.1 Extreme wind speeds 

The extremes o f the wind speed are found in the tail in the parent distribution. Traditionally, 

the extreme value distribution, i.e the distribution of annual wind speed maximum, is found by 

collecting the annual maxima over a long period, at least 20 years, and fit t ing them to an ap

propriate extreme value distribution, usually a Fisher-Tippet type 1 distribution, also known as 

a Gumbel distribution. 

Unfortunately, the wind speed data for 10 and 110 meters are in this case limited to a few win

ter seasons. Therefore, in order to obtain an approximation of the extreme value distribution of 

winds, another method must be used. Cook (1985) has presented a method, the modified 

Jensen and Franck (1970) method, in which the maximum wind speed f rom each independent 

storm period wi th a given threshold level can be used. There are however some requirements 

wi th this method that can not be fu l f i l led herein. First, Cook (1985) recommends the study to 

be at least 7 years long. Second, each period should be complete in order to encompass sea

sonal trends. The first requirement can only be fu l f i l led by collecting more data. Since at this 

stage this is not possible we may interpret the results of the extreme value analysis as more un

certain. The second requirement is possible to f u l f i l i f the results are interpreted as extreme 

winds for the winter season. Note, that in the design of guyed masts i t is the combination o f ice 

and wind load that is the critical load situation. This load situation is extremely rare during the 

summer season. Thus, all information f r o m the storms presented in Table 4.1 is available for 

the estimation o f the extreme value distribution. The threshold for the winds presented in Ta

ble 4.1 is for the ten-second mean wind speed about 30 m/s. 

Further, Cook has also shown that a better estimation, or strictly speaking a faster convergence 

to the assumed extreme value distribution, is obtained i f the wind speed is transformed into 

wind pressure, i.e. (wind speed)2, before the wind data are fitted to the extreme value distribu

tion. 

Let us assume that the extremes o f the winds converge to a Fisher-Tippet type 1 distribution, 

Appendix C, wi th the cumulative distribution function described by 

= exp [-exp [ - y ] ] (4.24) 

where y is the reduced variate given by 
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V = a [ v 2 - u ) (4.25) 

where a is a scale factor describing the dispersion and U is the mode, a parameter describing 

the mean of the function. Note, that the distribution is given in the fo rm of wind pressure. 

I f we know that there are N independent storms per season the distribution of the seasonal 

maxima can be estimated by 

= F (4.26) 

Now, the measured maximum "wind pressure" f r o m each independent storm can be ordered 

and its probability determined according to eq. (4.26). In Figure 4.10 a total o f 29 storm wind 

observations wi th an assumed occurrence rate o f 8 times per season for the 10 and 110 meter 

levels is plotted in a Gumbel plot. Since no measurements have been made during the summer 

season we denote the distribution as the distribution o f winter seasonal maxima. 

Gumbel plot, Wind at the 10 meter level. 
1 Q-second mean wind speed. 

PDF of seasonal wind speed maximum at 10 meters. 
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Reduced variate, y = - ln (- In P) 10 second mean wind speed [m/s] 

Gumbel plot, Wind at the 110 meter level. PDF of seasonal wind speed maximum at 110 meters. 
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Figure 4.10 Gumbel plot o f winter seasonal maximum ten-second mean wind speed squared 

for 10 and 110 meters above ground level and the estimated seasonal wind 

speed maximum distribution. 
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The gumbel plots in Figure 4.10 have a tendency to be curved upwards for the lowest values 

which is an effect caused by the truncation o f storms wi th a lower maximum than the thresh

old value. 

The Gumbel plots also show the best fitted lines which give the fol lowing parameters for the 

FT type 1 distributions: 

Wind at 10 meters l / a = 476 and 1 7 = 2 1 4 8 

Wind at 110 meters l / a = 448 and U = 2206 

The mean, or mode, for the 10 meter level is as expected lower than that for the 110 meter lev

el. The variation, on the other hand, is larger for the 10 meter level. I f the very extreme winds 

are studied in the PDF plot in Figure 4.10 i t can be seen that they are approximately the same 

for both levels. In general the wind speed increases w i th increasing height above the ground. 

One explanation of the high extreme winds at the 10 meter level is the location of the ane

mometer. The mast is placed on the summit of the 753 meter high mountain Akkanålke. The 

anemometer at the 10 meter level is placed approximately 100 meters f r o m the mast on the 

end of the ridge that makes up the mountain peak. Due to this placement the anemometer is 

very exposed for winds f rom the west, north, and east. When the winds coming f rom these d i 

rections pass the anemometer they are probably compressed and accelerated by the mountain 

slope. The influence of this speed-up effect i n terms o f how many meters per second is d i f f i 

cult to estimate. I f the wind direction for the storms is analysed, however, i t is clear that the 

wind coming f rom west is accelerated. In Figure 4.11 the distribution of the parent wind is 

presented in a histogram. The distribution o f winds wi th a ten-second mean wind speed above 

20 m/s for both heights is also shown. I t is evident west is the dominating wind direction. 

Strong winds, i.e. when v > 20 m/s, fol low the distribution for the parent wind well at the 110 

meter level, while the strong winds at the 10 meter level seem to almost always occur as west

erly winds. The acceleration effect discussed above fo r winds at the 10 meter level is clearly 

shown in the figure since the distribution o f strong wind events without the effect mentioned 

should have similar distributions, independent o f the height at which the measurements are 

taken. 

Unfortunately, we do not know anything about the wind between the 10 and 110 meters levels 

or to which height the wind acceleration effect is significant. In order on transform the wind 

speed into load on the mast i t is be desirable to have information about winds reaching f rom 

the ground to the top of the 323 meter high mast. There are several models for wind speed pro

files presented in the literature. I t is, however, by the analyses o f wind speed presented here, 

clear that this profile is probably very "steep", i.e. the wind speed does not increase too rapidly 

with increasing height. 
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Distribution of wind direction, 1990-95. 
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Figure 4.11 Distribution of wind direction for parent wind and for winds > 20 m/s. Parent 

distribution is given by the histogram. 

For discussion of combined wind and ice loads later on in this chapter, more information about 

the wind speed than just the distribution of its annual maxima is needed. I f i t is assumed that 

only storms wi th wind speeds of about 30 m/s or higher, i.e as those presented in Table 4.1, are 

of interest and that the distribution o f these storms is o f the same type as for the annual maxi

ma, i.e. FT type 1 distribution, then the distribution o f the storms can be determined. The re

duced variate for the seasonal distribution and the storm wind distribution are denoted ys and 

y,-, respectively. Eq. (4.24)) and eq. (4.26) then yield 

yt = ys + i n (A 7) (4.27) 

Consequently, the dispersion, av and mode, £/,-, for the distribution o f the storms can be identi

fied as 

I n (TV) 

(4.28) 

(4.29) 

where the index s stands for seasonal. In this case we obtain 

£/. = 1158 for storms at 10 meters and 

U. = 1274 for storms at 110 meters. 
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In the design o f structures the characteristic loads are given as the 98% fractile o f the annual 

maximum, often denoted as the 50 year return value. We do not know the annual wind speed 

distribution, but the seasonal 98% fractile can, by using eq.(4.24) and eq. (4.25), be deter

mined to be 63 m/s for both 10 and 110 meters. 

In Kvick et. al. (1983) a comprehensive analysis of the one hour mean wind speed measured at 

14 locations in Sweden is presented. A t most places the wind speed is measured at a level o f 

about 100 meters above the ground. For al l stations the highest mean of the parent wind speed 

distribution is observed during the months o f November to January. I t is therefore most proba

ble that the highest extremes also most often appear during these months. 

As a conservative estimation of the extremes in our analysis, let us assume that the wind speed 

during the summer season, for which we do not have any wind speed data, is identical to the 

measured wind speed f r o m the winter season. The 98% fractile of the annual maxima would 

thus correspond to approximately the 99% fractile o f the seasonal maxima, i.e 66 m/s which is 

3 m/s more than the 98% fractile of seasonal maxima. These two wind speeds, i.e. 63 m/s and 

66 m/s, can thus be interpreted as the lower and the upper bound, respectively, of the 98% 

fractile o f annual ten-second mean wind speed maxima. 

A n analysis similar to that which was made for the ten-second mean wind speed is also made 

for the one-hour mean wind speed presented in Table 4 .1 . The analysis results in the fo l lowing 

values for the distribution o f the seasonal maxima: 

One hour mean wind speed at 10 meters 1 /a = 264 and U = 1174 

One hour mean wind speed at 110 meters l / a = 316 and U = 1418 

Note that no correction has been made for the events where the measurement period had a 

length of 30 minutes. The effect of this error is a small because the variation o f winds wi th a 

frequency of about 30 minutes is small. 
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4.4 Statistics of icing data 

Ice loads on masts are formed under special winter weather conditions. In Chapter 2 the phys

ics, i.e. the characteristics o f atmospheric ice and how i t is formed, is presented. The condi

tions necessary for having ice accretion, i.e. temperature below zero and existence o f 

supercooled water droplets in the air (In-cloud icing), are only fu l f i l l ed during shorter periods 

each year. Consequently, periods o f ice accumulation are relatively short and take place only a 

few times each winter. 

The amount of ice that is built up is, of course, governed by the duration of the icing "storm". 

Another, perhaps more important, parameter for how large the ice load becomes is the intensi

ty o f the icing storm. The measurement on the mast in Arvidsjaur has shown that the accumu

lation can be very fast. In only a few days the mast can go f r o m being totally free of ice (non-

iced) to having a load o f thousands of kilonewtons o f ice. 

In Figure 4.12 the total measured load effect in the legs of the mast for the 1989 to 1995 winter 

seasons is shown. The data f r o m the two first winter seasons are l imited to only eight and three 

weeks, respectively, while the other winters are on the whole complete. From the curves in the 

figure it is very clear when the mast has been iced. The influence o f wind on the measured 

force in the shaft is relatively small. For moderate wind speeds i t can be shown that the effect 

o f the wind on the axial force at ground level is very small and negligible compared wi th ice, 

Fahleson (1993). Temperature effects are also relatively small, a ten degree decrease in tem

perature only increases the force in the shaft about 100 k N , Fahleson (1993). 

Two or more periods wi th ice loads have been observed for each winter during the study. Four 

periods were observed the first two winters, but as mentioned, there are only l imited data 

available f rom these two first winters. More ice load periods than were recorded may therefore 

have occurred. 

The measured force o f an ice load is, as seen in Figure 4.12, a complicated process in both 

time and magnitude. In order to statistically analyse ice loads, several simplifications and ide

alizations of the true nature of the ice loading events are needed. 

The first difficulty is to define an ice loading event (icing event). I t is no problem to detect the 

starting time of such an event as it is evident f rom the measured force. When the mast is non-

iced, which happens several times every winter when the temperature is above zero, the meas

ured force is a sum o f the effects o f wind load and temperature changes. I f i t is assumed that 

the effects of temperature and wind never, or at least very seldom, exceed a load effect o f 500 

k N on the measured force in the shaft, a trigger level for the starting time of an ice loading 

event can be defined. This level is thus defined as the boundary separating the mast into iced 
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and non-iced. 

The end of an ice loading event is more diff icul t to define. For example, the icing period herein 

denoted as no. 11 consists o f several overlapping periods. A t the end o f week no. 48 a peak 

value of the load effect was registered. Af ter this, the ice slowly disappeared f r o m the mast, 

but before the mast was completely de-iced a new ice accumulation phase began. Three weeks 

after the first peak value occurred a new, higher peak value was registered. I f these two events 

are considered as individual events the dependence between them must also be considered 

which complicates the statistical analysis. Therefore, as a simplification of the ice load process 

in the fol lowing analysis, i t is assumed that ice loading events containing overlapping periods 

are equivalent to only one period in which only the maximum peak value is considered. The 

consequence o f this simplification is fewer observed icing periods, but wi th longer mean dura

tion. 

In the combination analysis in Section 4.5 i t w i l l be shown that the most important load situa

tion is when ice and wind act simultaneously. I t w i l l furthermore be shown that only signifi

cant ice loading events w i l l contribute to design load situations. Ice loading events that result 

in a smaller load effect than approximately 1000 k N are therefore neglected. 

The ice loading events presented in Figure 4.12 have a pulse shape that in the presented time 

scale appear to be close to triangular. These measured load effects and the load effects meas

ured at the guy anchors have been used to calculate equivalent loads o f ice on the shaft and the 

guy cables for each icing period, Appendix B . (This analysis is shown later in this section.) I f 

the curves for the estimated ice loads are studied in detail one w i l l notice that the pulse shape 

of the ice loading events is not as triangular as expected. A more appropriate and also simpler 

description of the pulse shape is rectangular. This assumption leads to slightly conservative re

sults in the combination analysis o f wind and ice. The duration of the ice loading event is 

defined as the time in which the ice load effect measured on the shaft is above 1000 k N . For 

those events when one ice loading event is a sum of two or more overlapping periods, the du

ration is simplified as the sum of the time when the force is above 1000 k N . 

Wi th these definitions o f an ice loading event, a total of 16 independent ice loading events can 

be identified in Figure 4.12. The highest measured increase in shaft force is 5050 k N from No

vember 27,1992. Information about the measured load effects and climatic conditions, such as 

temperature and winds, are for each icing period presented in detail in Appendix A . 
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Figure 4.12 Measured change in axial force in the shaft. February 1989 to March 1995. 
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A considerable part of the measured force in the legs arises f r o m the ice load on the guy ca

bles, and in order to determine the ice load on only the shaft, the ice load on the guy cables 

must first be estimated. Figure 4.13 shows an example of the measured force in one guy an

chor. The curve shows the force in guy anchor 6A f rom the 1992-93 winter. The pretension in 

the guy cable is about 200 k N . I t is clear that the effects o f wind are more significant on the 

force measured on the guy anchor, but icing period 9 is nevertheless very clear. For the guy 

anchor shown, a ten degree decrease in temperature increases the force in the guy cable about 

3 k N . 

Force in guy anchor 6A [kN] 
1 October 1992 - 31 March 1993 

i4 
1 Ah b-J k J 

^ r " 

41 43 45 47 49 51 53 2 

Week 

Figure 4.13 Measured force in guy anchor 6A during the 1991-92 winter. 

I f the effects of wind are assumed to be negligible when the wind speed is low, than an equiv

alent uniform distributed ice load can be estimated on each guy cable in which the force is 

measured. In Figure 4.14 the estimated ice load for guy cable 6A and for the average o f al l guy 

cables are shown during icing period 9, f r o m November 10 to December 12, 1992. The black 

dots show when the wind speed at 110 meters has been below 15 m/s. The effect of tempera

ture is considered in the estimation. The ice load is estimated from the fol lowing approximate 

expression describing the force in guy anchor, SA& versus an uniformly distributed ice load on 

the guy cable 

SA6 = 6 4 9 9 / - 3 3 1 ^ 2 (4.30) 

Eq. (4.30) is approximated from results obtained by FEM-calculations, MASTAP (1994), and 

give for the interval qt = 0 to 0,4 kN/m a maximum error of 0,003 kN/m.The FEM-calcula-

tion included the effects o f ice on the shaft, i.e. ice load the on shaft causes a small amount of 

compression of the shaft which slightly decrease the force in the guy cables. Similar estima

tions have been made for all o f the guy cables at levels 4 and 6. 
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Figure 4.14 Estimated ice load on guy cable 6A and estimated average ice load on guy ca

bles 6A, 6B, 6C, 4A, 4B and 4C during icing period 9. The black dots in the 

curves show when the wind speed at 110 meters has been lower then 15 m/s. 

Figure 4.14 clearly shows that the load estimated for only one guy cable is not as smooth as 

the average for all guy cables. One cause is that the ice accretion, and thus the loads, may dif

fer on guy cables directed in different directions. Another, more significant, cause is the influ

ence o f wind. When the wind blows in one direction, the guy cable, or guy cables directed 

toward the wind become taut while the guy cables on the leeward side become slack. This 

wind influence is easily seen in the curve representing the estimated load for guy cable 6A i f 

the curve is compared wi th the wind speed and direction curves presented in Figure A . 12 in 

Appendix A . Consequently, the ice load estimated for only one guy cable varies depending on 

the wind speed and direction. The estimated average ice load for all the guy cables, on the oth

er hand, is less influenced by the wind, and is, therefore, assumed to be a good description of 

the ice load on al l guy cables. 

Now, i f i t is assumed that all guy cables on the mast have an ice load similar to the estimated 

average ice load, then the ice load on the shaft can be estimated. In Figure 4.15 the solid line 

shows the total measured load effect in the shaft, wlüle the dashed curve shows the estimated 

ice load on the shaft after the effects of temperature and ice on the guy cables are deducted. 

During this icing period, roughly approximated, half of the measured load effect i n the shaft 

arises f rom the ice load on the guy cables while the other half is a direct load f rom the ice on 

the shaft. The maximum ice load on shaft on December 5 was about 2100 k N . Note, that the 

maximum load effect was measured on November 27, 8 days before the maximum estimated 

ice load on the shaft occurred. Further, it is seen that the guy cables became almost totally de-
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iced on November 27 while the ice on the shaft remained. This de-icing event was registered 

by the second computer and is discussed further in Section 3.4. 

Change in axial force at ground level [kN] 

W\ N 
Measured load effect 

Estimated ice load on shaft 

10 15 20 25 30 1 5 10 12 

Period 9 (10 November - 12 December 1992) [day] 

Figure 4.15 Measured load effect and estimated ice load on the shaft during icing period 9. 

The mast is 300 meter high not including the covered 23 meter high UUF-antenna on the top. 

Thus, i f i t is assumed that the ice load is uniformly distributed along the entire shaft and that 

the ice load on the cylindrical cover around the antenna on top is negligible, the maximum 

uniformly distributed ice load on the shaft during period 9 is 7,0 kN/m. The cylinder around 

the antenna does o f course become iced during icing events. The observed layer of ice on the 

cyhnder during icing events is however usually relatively thin. This observation is also veri

fied by the theoretical models based on physical parameters presented in Section 2.2. The ic

ing intensity is strongly governed by the collision efficiency, E, which usually is small for 

large cylindrical objects. 

Similar analysis have been done for al l icing periods, see Appendix B . In Table 4.2 the maxi

mum estimated ice loads on the shaft and the guy cables f rom all icing periods, except period 

5, are shown. In icing period 5 no guy cable forces were measured and i t is therefore not pos

sible to estimate how the ice was distributed between the guy cables and the shaft. I n the table 

is also the duration and estimated ice thicknesses for each period presented. Note that the 

thickness estimated for the shaft is only a rough fictitious measurement. As discussed in Sec

tion 3.2 two faces of the shaft becomes completely iced even during light icing storms and i t is 

impossible or, at least very difficult , to define the configuration of the ice on the components of 

the shaft for different ice loads. 

The duration is defined as the time when the measured load effect in the legs is above 1000 

k N . 



PROBABILISTIC ANALYSIS OF LOADS 85 

Table 4.2 Measured icing periods between February 1989 and March 1994. 

Icing period 
No: (month-year) 

Duration 

[days] 

Max. Ice load. Max. estimated ice 

thickness.3^ 

Icing period 
No: (month-year) 

Duration 

[days] 
Guy [kN/m] Shaft [kN/m] Guy [mm] Shaft4)[mm] 

1: (2-89) 4 0,13 2,7 80 80 

2: (3-89) 2 0,13 2,0 80 70 

3: (1-90) >3» 0,19 3,0 100 90 

4: (2-90) 6 0,12 2,3 80 80 

5: (10-90) 9 . 2 ) . 2 ) . 2 ) . 2 ) 

6: (12-90) 22 0,25 6,0 120 160 

7: (10-91) 22 0,16 5,0 90 140 

8: (12-91) 6 0,10 1,5 70 50 

9: (11-92) 32 0,28 7,0 130 180 

10:(11-93) 8 0,30 4,2 130 120 

11: (12-93) 295» 0,20 3,3 100 100 

12: (10-94) 7 0,16 2,3 90 80 

13: (12-94) 185» 0,20/0,19 2,3/3,0 100/100 80/90 

14:(1-95) 20 0,18 4,2 100 120 

15:(2-95) 6 0,12 2,3 80 80 

16:(3-95) 6 0,13 3,7 80 110 

mean, m 
stand.dev., S 

13,1 
9,7 

0,176 
0,061 

3,50 
1,55 

95 
19 

103 
35 

1) More than 3 days. The beginning of the period is missing. 
2) The forces in the guy cables were not measured. 
3) The ice density is assumed to be 400 kg/m3. 
4) The shaft is assumed to have an total area of 2000 m2, of which half is assumed to be flat surfaces and 

the other half circular with a mean radius of curvature of 100 mm. 
5) The duration of icing periods 11 and 13 are difficult to define since these periods consist of several 

overlapping icing events. 

Table 4.2 shows that the variation o f the maximum estimated loads in each period is large. The 

coefficient o f variation is 0,35 for the guy cables and 0,44 for the shaft. The variation of the 

duration is even greater, varying f r o m 2 to 32 days. There seems to be a correlation between 

the maximum estimated ice load and the duration. In Figure 4.16 the estimated maximum ice 

loads on the guy cables are plotted against the duration o f the event. I f the point at the ice load 

0,30 kN/m representing icing period 10 is deduced the correlation should be strong. Icing peri-
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od 10 is the period in which the highest estimated ice load on the guy cables occurred. I t is, 

however, seen in Figure A . 13 in Appendix A that in the end o f this period the temperature at 

110 meter increased at the same time as the measured force in the guy cables decreased. I f it 

could be expected that the duration of the icing periods were only governed by the tempera

ture, there should not be any correlation between the duration and the ice load. The correlation 

that is indicated in Figure 4.16 may be explained by the fact that i t takes time for the ice to 

both built up and disappear. 

Duration vs. estimated ice load on guys. 
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Figure 4.16 Correlation between the duration of the icing period and the estimated maxi

mum ice load on the guy cables. 

The wind load is strongly dependent on the wind area of the mast components, especially the 

diameter o f guy cables. A n attempt to translate the estimated ice loads to equivalent ice thick

nesses is presented in Table 4.2. A non-iced guy cable has a diameter of approximately 50 

mm. A n iced guy cable with the mean ice thickness given in Table 4.2 has an diameter that is 

approximately five times larger. 

The maximum estimated loads for the icing periods in Table 4.2 have fo r most periods oc

curred simultaneously, see Appendix B . For some periods, however, the maximum load on the 

guy cables respectively the shaft could, as in period 9, be separated by several days. I t is, of 

course, possible to consider this fact in an analysis o f the extreme ice loads which would result 

in a small decrease o f the loads. Due to the limited data that are available along wi th other un

certainties this reduction is not motivated. 

Another simplification that w i l l also be used in the subsequent analyses (Chapter 6) is that 

there are assumed to be total correlation between the ice load on the guy cables and ice load on 

the shaft. In Figure 4.17 the ice loads on the guy cables are plotted against the ice loads on the 

shaft for all icing periods. There is obviously a strong correlation but i t is not total. I f high ex-

a 
•a 
c 
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treme values are chosen simultaneously for both loads, this assumption w i l l probable overesti

mate the total load slightly. 

Correlation, Ice load on guys - shaft. 

a o-o 0.10 0.20 0 3 0 0.40 

Estimated ice load on guys [kN/m] 

Figure 4.17 Correlation between the ice load on the guy cables and the ice load on the shaft. 

There is no statistical information concerning ice loads on masts available in the literature. 

The best information concerning ice load statistics that can be found is f rom the electric power 

industry. In Iceland, for example, measurements o f real ice loads on test spans have been car

ried out since 1972. The test spans are made up o f two 10 meter high poles separated by 80 

meters wi th an overhead conductor between the poles. The ice load is estimated by measuring 

of the change in tensional force in the conductor. Eliasson and Thorsteins (1993) have ana

lysed data f rom a total of 43 locations in Iceland and have found that the distribution of annual 

maxima is best described by a Fisher-Tippet type-I distribution or a Log-Normal distribution. 

Though for a few test spans the annual ice load was best described by a FT type-II distribu

tion. 

I t must however be emphasized that the climate in Iceland differs greatly f rom the climate in 

Sweden and the best distributions found by Eliasson and Thorsteins is maybe not applicable to 

our climate. 

Nevertheless, in order to statistically evaluate the ice data from Arvidsjaur, the three distribu

tions mentioned above have been compared to the loads given in Table 4.2. Since there are 

very few samples the best information is obtained by a visual comparison o f the data with the 

distribution in the linearized plots. I n Figure 4.18, Log-Normal, FT type-I, and FT type-Q* dis

tributions are compared for both ice load on the guy cables and ice load on the shaft. 

I t is difficult to draw any direct conclusions f r o m the plots. The lowest and the highest values 

of the ice load on the shaft in the FT type-II distribution plot does, however, have a tendency 

to diverge from the best fitted line. The FT type-II distribution is more skew towards higher 

values than the other distributions, and i f this distribution is chosen, then the probability for 
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high values is greater than for the other distributions. 
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Figure 4.18 Estimated maximum ice loads on guy cables and shaft f r om each icing period 

plotted in linearized plots for Log-Normal distribution, FT type-I distribution, 

and FT type-II distribution. The lines describing the best fi t t ing distribution are 

also shown. 

The fitting of best distribution to the events shown in Figure 4.18 gives the parameters that are 

presented in Table 4.3. 
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Figure 4.19 Estimated probability density functions, PDF, for maximum ice load on guy ca

bles and shaft for an icing period. The black dots represent observed events. 

Consequently, i t is w i th the limited data available not possible to chose a "best fitting" distri

bution. For later analysis i t is desirable to have a distribution that is mathematically simple to 

manipulate. This fact implies that the FT type-I distribution is a good choice. 

Table 4 3 Statistical parameters for the three distributions presented. 

Distribution Guy cables. Shaft. 

Log-Normal: F,(?,) = * j b v q ' ~ m ^ ' 
\ °ln<7/ J 

mql = 0,177 
Cy = 0,062 

rriqi = 3,53 

cy=l,60 

FT type-I: F,(q,) = exp [-exp [-a ( q r U) ] ] l/a = 0,056 
U = 0,147 

l/a = 1,45 
(7 = 2,76 

FTtype-n: F,(q,) = exp - ^ J 
a = 0,143 
it = 3,26 

a = 2,51 
it = 2,62 
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4.4.1 Extreme ice loads 

In estimating the extreme value distribution o f ice loads, a similar problem as for the winds 

arises, there are data f rom only a l imited number of winters available. I t was shown, however, 

in previous section that all icing events, or periods, were statistically independent of each oth

er. The mast was practically completely de-iced in between the icing events. I t is therefore 

possible to include all estimated maximum ice loads in order to f ind the extreme value distri

bution. 

A total o f 16 significant icing periods have been observed during seven winters. Unfortunate

ly, the infoimation for the first two winters is limited to shorter periods. I f i t is assumed that 

two or three periods are missing, then the total number o f periods becomes 17 or 18, i.e. an av

erage of 2,5 icing periods per winter. 

Thus, the largest ice load that is assumed to occur each winter has the fo l lowing distribution 

F, = ( F , ) 2 ' 5 (4.31) 

'ANNUAL ' 

where Fj is the distribution of the ice load maximum for one icing event. Since the probability 

of having significant ice loads on the mast during the period f r o m A p r i l to September is 

deemed as very small, the distribution is denoted as the distribution o f annual maxima. 

I t has previously been shown that the distribution o f ice load maxima in one icing event is wel l 

described by a Log-Normal distribution or an FT type-I distribution. I n Figure 4.19 i t can be 

seen that in this case these two distributions have a similar appearance. Moreover, the distribu

tion of the extreme values o f a Log-Normal distribution coincide wi th an FT type-I distribu

tion. In conclusion, it is logical to choose an FT type-I distribution in order to describe the 

distribution of extreme ice loads, i.e. the distribution o f annual maxima. 

The relation between an FT type-I distribution and a distribution o f its extremes is given by 

eq. (4.27)-(4.29), i.e. 

am = a (4.32) 

U = U + h M . (4.33) 

m a 

where the index m stands for annual maximum ice load. 
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Thus the parameters for the annual maximum ice load distribution are 

for ice load on the guy cables l / a = 0 , 0 5 6 and U = 0 , 1 9 9 

for ice load on the shaft l / a = 1 , 4 5 and U = 4 , 0 8 

In Figure 4.20 probability density distributions for the annual maximum ice load for the guy 

cables and the shaft are shown. The maximum annual ice load for the five latest seasons are 

also shown as black dots. 

PDF of annual maximum ice load on guys. PDF of annual maximum ice load on shaft. 

0.00 0.10 0.20 0.30 0.40 0.50 0-fiO 

Ice load [kN/m] Ice load [kN/m] 

Figure 4.20 Estimated probability density functions, PDF, for annual maximum ice load on 

the guy cables and shaft. The black dots represent observed maxima f r o m the 

last five winters. 

The 98% fractile of the annual maximum, often denoted as 50 year return load, for the ana

lysed data corresponds to an ice load o f 0,42 k N / m on the guy cables and 9,7 kN/m on the 

shaft, f f the ice density is 400 kg /m 3 , these ice loads corresponds to a diameter o f approxi

mately 370 mm for the iced guy cables and an ice thickness o f 230 mm on the shaft. 

Further, note that the ice loads on the guy cables and the shaft are not completely correlated. I f 

these extreme annual values are applied directly, i t results in an overestimation of the total ice 

load. The correlation between the loads is, however, deemed to be strong and the overestima

tion is probably not to great. 

The mast in Arvidsjaur was built in the middle o f the eighties when it was wel l known that the 

weight o f ice on masts could be considerable. The characteristic ice loads were for the design 

assessed to be 0,61 kN/m on the guy cables and 10 kN/m on the shaft. These values were esti

mated only by visual observations of ice on masts and turn out to be a good assessment com

pared with the loads obtained in this analysis. 

Finally, the estimated "50 year ice load" for the mast in Arvidsjaur gives a total increase in ax

ial force in the shaft of about 7400 k N . This is approximately 50% more then the highest force 

measured in icing period 9, which is 5050 k N . 
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4.5 Combination of loads 

In order to evaluate realistic cases o f combined ice and wind load, i t is important to have load 

models in which variation in both intensity and time are considered. Since variable loads are 

in general very complex continuous processes and since the transformation function for the 

load to load effect is strongly nonlinear, several simplifications and approximations are need

ed. 

In the beginning of this chapter some basic load models in which the load was approximated 

as discreet events in time were presented. Even though these models are a rough simplification 

of the nature, they give results that are considered to be close to reality. 

For guyed masts the nonlinearity can be attributed to two different causes. First, there is the 

structural nonlinearity, i.e. due to second order effects and the inherent behaviour o f the guy 

cables. Second, there is the nonlinear ice and wind combination, i.e. the wind load is a func

tion of wind speed and wind drag which is itself very strongly dependent on the amount o f ice 

on the mast. 

Because this nonhnearity complicates the analytical analysis of combined effects, the ice and 

wind load combination w i l l first be analysed by the use of the Monte Carlo method. The re

sults f r om the analytical solutions o f the combined load effects are later compared wi th the re

sults f r om Monte Carlo simulation. 

The principles used in practical design must first be studied. Generally, all deterministic de

sign codes used today are based on a hnear method, known as Turkstra's rule, for determining 

combined design load effects. 

4.5.1 Load combination format 

In l imit state design, the total load effect, Sd, acting on an element in a structure is generally 

described in the fo rm 

n 

i= 1 

where G is the permanent load (self weight) and Qi the variable loads. The latter are usually 

given as the 98 percent fractile of annual maxima while the permanent load is given as the 50 

percent fractile. yg and y(- are deterministic partial coefficients and are aimed to obtain a prede

termined reliability level of the structure. These coefficients w i l l be discussed further in Chap

ter 6. The term \|/,- is a deterministic reduction factor considering the probability of a 
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simultaneous occurrence o f two or more variable loads. The coefficients Cg and C, are deter

ministic influence coefficients describing the transformation o f load to load effect. These coef

ficients are often constant and independent, but in cases such as a guyed mast with nonlinear 

response they depend of the loads. 

The total load effect in eq. (4.34) is simply a sum of all the individual actions which is known 

as the principle o f superposition o f actions. For most structures this summation of loads can be 

adopted. However, for guyed masts subjected to ice and wind loads such an assumption may, 

due to the nonlinearities, lead to errors in the estimation o f the combined load effect. The in

teraction between the ice and wind load must be considered. However, the permanent loads 

give proportionately small load effects and moreover, have small variations. Therefore, is it 

assumed that the permanent loads can be uncoupled from the variable load effects as in eq. 

(4.34). This uncoupling is further discussed in Section 6.1. The fo l lowing discussion is there

fore focused only on the variable loads o f wind and ice. 

First, i f there is only one live load the reduction factor, is assumed to be unity and the total 

load effect of the variable load is expressed as 

Sdv = T , C , Ö U (4.35) 

where the index dv stands for design load effect for variable loads. The index k stands for char

acteristic, herein represented by the 98% fractile o f the annual maximum. 

I f there are two loads the total combined load effect of the variable loads is written as 

S d v = T , q ß u + Y 2 V 2 C 2 ß 2 f c (4.36) 

In the Swedish code B K R 94, y 2 is assigned the value one and usually is not shown in the ex

pression. Eurocode uses Yi = y 2 which give fo l lowing expression for the load combination of 

variable loads 

S d v = y{CxQlk + y2C2Q2k) (4.37) 

In eq. (4.36) i t is assumed that the total variable combined load effect appears when the first 

load reaches its maximum. Furthermore, the second load is reduced by a factor \y2 which con

siders the decreased probability for this load to occur when the first load is at its maximum. 

This is a good approximation for two identical independent random loads with a linear load to 

load effect relation and is known as Turkstra's rule, Turkstra (1970). The total variable com

bined load effect can also be written 
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Sdv = V i c i ß u + Y2 C

2 ß 2 * < 4 - 3 8 ) 

in which the second load reaches its maximum while the first load is reduced. 

Eq. (4.36) can also be expressed (indices on the partial coefficient and load reduction factor 

are excluded) 

Sd* = y S l k + w S 2 k (4.39) 

where Syk and S t̂ represent the characteristic load effect o f loads one and two, respectively. 

The reduction factor \|/ for the second load can be determined by the condition that the sum of 

both characteristic load effects is equal to the combined characteristic load, i.e. 

T S u + v S a = i r S m (4-40) 

or explicitly 

V = -f(Sm-sik> (4.41) 
0 2k 

S i s m e characteristic combined load effect, i.e. the 98% fractile o f the annual maximum 

combined load effect. I f the load process is sparse and the transformation o f load into load ef

fect is linear, Si 2 k is easily determined by the filtered Poisson process presented in Section 4.2. 

As mentioned the nonlinearity is strong which complicates the analysis. I t is therefore prefera

ble to start wi th the Monte Carlo method which is simple to use even i f the load to load effect 

transformation is nonlinear. 

4.5.2 Combination of loads, Monte Carlo simulation 

The difficulties in combining ice and wind loads were discussed in Section 3.3 and the back

ground to the nonlinearities analysed. I t was concluded that strong nonlinearities arises f r o m 

both the structural nonlinearity and f r o m the nonlinear interaction between the ice and wind 

load. 

I f the nonlinear behaviour is simplified a rather rough but useful expression for determining 

the total combined load effect can be established. The simple nonlinear load to load effect 

function w i l l be used in the Monte Carlo simulation and is assumed to represent the nonlinear 

combined load effect on a general component in the mast. The purpose is to find the distribu-
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tion of the combined load effect such that deterministic load factors used in load combination 

can be determined. Moreover, the analysis is based on the load to load effect relations calculat

ed for the three representative components in the mast in section 3.3. 

First, i f the relation between the load effects and the "wind load", i.e. (wind speed)2, presented 

for the three components in Figure 3.8 for different ice loads are approximated by straight 

lines with different slopes, the combined load effect, can for each ice load be described by 

a linear function given by 

SC = S0 + CWQW (4.42) 

where Cy/ is a load effect coefficient and Qyj is the wind load. (Qy/ is, strictly speaking, repre

senting the square o f the wind speed but can be assumed proportional to the wind load.) The 

coefficient S 0 represents the load effect when no wind is acting on the mast and is given by 

S ^ C ^ + C f i j (4.43) 

where CG and Cj are load effect coefficients for the permanent load and the ice load. For the 

three representative components presented in Section 3.3 the coefficients may be assumed to 

be constant. The load to load effect relation for the case of ice load only is shown in Figure 

4.21. The curve fo r the leg is approximately linear while the curve for the guy anchor shows 

slight nonlinearity. CQ and Cj are equal zero for the diagonal since the force in the diagonal is 

negligible as long as there is no wind load. 

Figure 4.21 Load effect on two different components as a function of ice load when no wind 

is acting. 
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The other load effect coefficient, Cy/, in eq. (4.42) may be compared wi th a direction coeffi

cient describing the (approximated) linear relation between load effect and wind load. The 

slopes of the lines in Figure 3.8 increase wi th increasing ice load. This is due to the increased 

wind area when the mast becomes iced, i.e. 

CW = function (Q{) (4.44) 

Furthermore, we can see in Figure 3.8 that the slope is roughly 3 times greater for the ice load 

of 0,40 kN/m, which is close to the estimated 98% fractile of the annual maximum, than for 

the non-iced mast. Assume that this slope increases linear for loads between 0 and 0,4 kN/m. 

A very simple expression for Cy/ is then obtained, 

V ° i t ) 
(4.45) 

where C wo is the load to load effect coefficient for the non-iced mast and the maximum ice 

load, i.e. the characteristic ice load. 

Eq. (4.42) can now be written as 

S C = CGG+CJQJ+C 
wo 

1 + 2 ß / 1 
O 

Q (4.46) 
Ik) w 

This approximate expression for the total load effect o f the loads w i l l be used in the Monte 

Carlo simulation. The permanent load is uncoupled f r o m the variable loads and is therefore 

excluded in the fol lowing analysis. 

Load effect 
crQi cwo'Qw 

TIME 

year! year 2 year 3 
ICE WIND COMBINED 

Figure 4.22 Model of ice loading events, wind load events and combined ice and wind load 

events as a function of time and probabihty density functions o f ice load effects, 

wind load effects and combined load effects. 
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The principles of the Monte Carlo simulation is that the ice and wind loads, given in Section 

4.3 and 4.4, are randomly drawn f rom their known distributions. Both the intensities and the 

times of the load events are random. The maximum combined load effect is determined for 

every year, see the schematic model presented in Figure 4.22. When the number of years be

comes large, a distribution for the maximum annual combined load effect can be formed and 

the extremes found. 

In order to have the analysis in a more tractable fo rm, the loads in eq. (4.46) are scaled and fo l 

lowing expression for the non-dimensional combined load effect given (permanent load is ex

cluded) 

S c - K i f T + Kw\ 
^Ik 

{ Q A 
V & Ik) 

Qw 

jT- (4.47) 
^Wk 

where Kj and Kw are importance coefficients determined by 

C,Q„ 
K, = - r

L ^ - (4-48) 

and 

Kw = 1 (4.49) 

Qj Qr 
The quotients —— and — are thus variable dimensionless loads which take on the value one 

Q-ik Q-ik 

when the randomly drawn load is equal to the characteristic value. 

In the fol lowing analysis the fol lowing parameters have been assumed. 

Ice load: A n average 2,5 icing events per year described by an FT type-I distribution, 

l /a = 0.056 and U = 0,147 (Similar to the ice load estimated on the guy cables). 

The time between the arrivals o f the icing periods is assumed to be Poisson dis

tributed. ( I f two periods are overlapping the second period is displaced so that it 

starts where the first period ends.) 

The duration is assumed to be deterministic with a length of 14 days. 
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Wind load: 16 storms per year (8 storms per winter season) described by an 

FT type-I distribution, IIa = 448 and U = 1274 (Wind at 110 meter level). 

The arrival times for the wind are, as for the icing events, assumed to be Pois

son distributed. 

The duration of the wind load is assumed to be one hour, i.e. an impulse load. 

The importance coefficient, Kj, for the three representative components, i.e. the leg compo

nent, the diagonal component and the guy anchor component, are 

j „ 2 , 0 x l 0 3 0 ,42 „ 
L e g : K ' = 0 ,48-4260 = ° ' 4 1 

Diagonal: Kj = 0 

„ , „ 546 • 0,42 f. „ 
Guy anchor: K, = — — — — — = 0, 27 

3 ' 0 ,20-4260 

The numerical values 0,42 and 4260 which correspond to the 98% fractile of the maximum 

annual ice load and wind speed squared, respectively, are determined by eq. (4.8). The other 

values are obtained by linear fitting o f the curves presented in Figure 3.8 and in Figure 4.21, 

respectively. 

As seen, the direct effect o f ice load on the mast is small or for the diagonal, none, compared 

with the effects of wind load. However, the indirect effect, i.e. the increased wind area, is sig

nificant and is included as the terms inside the parenthesis in eq. (4.47). 

Now, i f i t is assumed that the importance coefficient for the ice load is equal to 0,3, which is 

assumed to be representative for a general component in the mast, the distribution o f the annu

al maxima can be determined by use of the Monte Carlo model. In Figure 4.23 the result of 

10.000 random draws (years) is presented. 

0-0 0.5 1.0 1.5 2.0 15 0.0 05 1.0 15 10 ZS 

Load effect [-] Load effect [-] 

Figure 4.23 Monte Carlo simulation of the distribution o f ice load effect, wind load effect 

for a non-iced mast, and combined ice and wind load effect. 
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The 98% fractile o f the maximum annual combined load effect is 1,72 in the figure. I t can fur

ther be seen that the extreme tail o f the combined distribution is rather drawn out. 

I t is also notable that there is an annual probability for no ice load. This is due to the assumed 

Poisson distribution of the arrival time of the ice load. For a Poisson distribution with the 

mean occurrence o f 2,5 the theoretical probabihty fo r no ice load is 0,08 which coincides with 

our Monte Carlo simulation. Moreover, the 98% fractile o f the annual maximum ice load ef

fect is equal to 0,3 which coincides wi th the importance coefficient Kj. 

The distribution o f the wind load effect i n Figure 4.23 is presented for a non-iced mast. As ex

pected, the 98% fractile is equal to one. 

I t must, however, be noted that the analysed leg component is located high up on the mast. I f a 

leg component closer the ground would have been studied, a larger influence of the ice load 

and a lesser influence o f the wind load would have been obtained. (The contribution f rom the 

normal force due to ice load would increase while the contribution f rom the bending moment 

due to wind would decrease.) 

The 98% fractile of the combined annual maximum load effect, S c , has been calculated for Kj 

in the range f r o m 0 to 1 in steps o f 0,05. The result is shown in Figure 4.24. I t is assumed that 

the importance coefficient Kj is bounded by 0 and 1,0, i.e Kj = 0 for a diagonal component and 

Kj = 1 for a leg component strongly influenced by ice the load. 

98% fractile of combined annual maxima. 
2.5 j 1 1 1 i 1 

O 

o 

K j ["] 

Figure 4.24 The 98% fractile of the combined annual maximum non-dimensional load ef

fect, S c , as a function of the ice load importance coefficient, Kj. 

I t is notable that the Monte Carlo results o f the annual combined 98% fractile is in principle a 

linear function of Kj. 

When the characteristic combined load effect has been determined, load reduction factors for 

the ice and the wind loads can be calculated. 
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A design format for the combined load effect of ice and wind load, according to eq. ( 4 . 3 6 ) or 

eq. ( 4 . 3 8 ) , is when the wind is the reduced load written as 

s d v = yciQik + VwCwQwk ( 4 . 5 0 ) 

and when the ice load is the reduced load 

SdV = V i c f i i k + ycwQm ( 4 - 5 1 ) 

I f i t is assumed that the characteristic load effect o f the individual loads, i.e. the 9 8 % fractile of 

the annual maxima, are equal to one, as in the scaled eq. ( 4 . 4 7 ) , the design combined load ef

fect can be expressed as 

Sdv = Y * / + V , V Ü + 2 Y ) ( 4 . 5 2 ) 

and 

sdv = ¥ ^ + 7 ( 1 + 2 ^ ) ( 4 . 5 3 ) 

Kw is equal to one and is therefore not shown in ( 4 . 5 2 ) and ( 4 . 5 3 ) . 

The unknown reduction factors can now be calculated by the condition that 

S d v = l S c ( 4 - 5 4 ) 

which yields 

Y ( S C - £ , ) 

v w = 7TT2YT ( 4 - 5 5 ) 

and 

V(SC-1) 

The load reduction factors Mfw and \|/ 7 are calculated for some different importance coefficients 

when Y = 1,3 and presented in Table 4 . 4 . (In Sweden the partial coefficient y is given the value 
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1,3, B K R 94 (1994)) 

Table 4.4 Calculated load reduction factors for the wind load and the ice load for some dif

ferent importance coefficients. 

K, Sc ¥/ 

0 1,52 0,55 0,26 

0,25 1,69 0,52 0,31 

0,5 1,86 0,49 0,36 

0,75 2,04 0,47 0,40 

1,0 2,23 0,44 0,44 

I f i t is assumed that Kj varies between 0 and 1,0 for all components o f the mast, the fol lowing 

deterministic load reduction factors are deemed appropriate 

For wind load reduction: \\fw = 0,50 

For ice load reduction: \|// = 0,30 

In Table 4.5 the design combined load effect f rom the deterministic load combination format, 

wi th the proposed load combination factors, is compared wi th the results f r o m the Monte Car

lo simulation. 

Table 4.5 Comparison of the design combined load effect, Sdv, f r om a Monte Carlo simula

tion with deterministic load combination format. 

Design load effect, Sdv. ( i | f w = 0,50 ; \|/, = 0.30) 

Monte Carlo Simu

lation, 5 ^ = y 5 c 

yKj+ ( 1 + 2 7 ) ^ 1 1 / ^ + 7 ( 1 + 2 ^ ) Error 

0 1,98 1,80 2.08 5% 

0,25 2,20 2,12 2.16 -2% 

0,5 2,42 2.45 2,23 1% 

0,75 2,65 2.78 2,30 5% 

1,0 2,90 3,10 2,38 7% 

For Kj=0 (diagonals) the deterministic design load effect is obtained f r o m the combination 
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when wind is the extreme load and ice is the reduced load. The design load effect for this case 

is overestimated by 5%. 

For the other extreme case, Kj = 1 (leg component close to the ground), similar overestimation 

is obtained, however wi th the difference that i t is the wind load that is reduced. 

For Kj = 0,25 (guy anchor component) a small under estimation is obtained. 

In order to have a deterministic design format that better comply wi th the true nature o f load 

combination, i t is possible to assign different load reduction factors for different groups of 

components. Such an addition would, however, increases the number o f load situations that 

have to be calculated. 

I f the load combination format f r o m Eurocode is used the fol lowing equivalent load reduction 

factors is obtained: y w = 0,38 and \\fj = 0.23. 

Consequently, the deterministic load combination format based on Turkstra's rule seems to be 

applicable even for nonhnear ice and wind load combinations. 

I t could also be o f interest to use the results f rom the Monte Carlo simulation in order to inves

tigate how the ice and wind load are related at the combined 98% fractile. In Figure 4.25 this 

relation for the ice and wind loads for two different values of Kj is shown. The points represent 

the 200 drawings that are between the 98 and 98,2% fractile f r o m a total o f 100.000 random 

draws. 

K j = 0,5 K j = 0,0 

a 

a 

-a 
O 

a > 
a 

ts 

CS 
o 
-a 
c 

Ice load effect, Qj/Qp. [-] Ice load effect, Q j / Q ^ [-] 

Figure 4.25 Relation between ice and wind load effects for 200 drawings between the 98 

and 98,2% fractile f r o m 100.000 random draws. 

The Monte Carlo simulation results in Figure 4.25 clearly shows that the relation between the 

ice and wind loads at the 98% fractile combined load effect is given by a wide spectrum of 

possible combinations. Most o f the drawings are however located in the middle of the "line" 

where both the wind and ice is reduced, i.e. when Q is less than Qk. 
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Further, i t is, as expected, seen that the 98% fractile o f the combined effect for the figure with 

Kj = 0,5 is influenced more by the ice load. 

4.53 Combination of loads, analytical model 

In previous sections, appropriate distribution functions and statistical parameters have been 

assigned to the wind and ice loads, respectively. I t was concluded that each storm is wel l de

scribed by an FT type-I distribution given by (aw = 1/448 and U w = 1274) 

Fw(xw> = expC-expC-a^tXfl , - U w ] ) ) (4.57) 

The total number of "significant storms" was approximated to be NW = 16 per year and the 

duration o f the storm was concluded to be relatively short. 

Wi th similar analyses it was found that each ice loading event is wel l described by 

( f l / = 1/0,056 and Ut = 0,147) 

Fj (Xj) = exp ( -exp ( - a , [x, - £ / , ] ) ) (4.58) 

I t was further assumed that the ice load could be described by a rectangular pulse process with 

a mean duration of approximately 2 weeks. The mean number o f events was estimated to be 

7Y7 = 2, 5 times per year. 

Now, let us assume that the duration of each ice loading event is equal and that the ice load can 

be described by an FBC load process. Since the mean ice loading event has a duration o f two 

weeks, it is practical to chose the same length for the intervals as the length o f an icing event. 

The total number of intervals during one year is thus N = 26 . 

The probability o f having an ice load in one interval is 

N i 

p = j j = 0,096 (4.59) 

The complementary probability, i.e. the probability of no ice, is (1 -p). 

As aheady mentioned, the duration o f each wind load event is short. Therefore, instead o f di

viding the wind load process into many short intervals, i t is appropriate to describe the wind 

load as a filtered Poisson process where the duration of the wind load is not considered. The 
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wind load is thus described as short impulses arriving according to a Poisson distribution. 

The processes o f both the wind load and the ice load are schematically shown in Figure 4.26. 

S(t) 

~ t — m H 1 m -j> time, t 

U—J<—>l< > l < — — — — = > U - "6—9H 

Figure 4.26 Model of wind and ice load. The ice loading events are described by an FBC 

process while the wind load events are described by a filtered Poisson process. 

From the figure i t is clear that some intervals contain both ice and wind load, while other inter

vals contain only ice load, only wind load, or no load. 

The distribution o f the maximum wind load in one randomly chosen interval is given by 

F'maxw^w) = e x p t - v ^ . O - F ^ ) ) ] (4.60) 

where v w is the mean occurrence of the storm events, v w = Nw=16. 7} is the length of one in 

terval and is given by 

r . = 
N , 

= 1/26 (4.61) 

Note, that there is a relatively large probability that one interval does not contain any wind 

load events. ( F m a x W (0) = 0,54) 

In several intervals, ice and wind load w i l l act simultaneously. The non-dimensional load ef

fect for combined ice and wind load is for a general component in the mast given by eq.(4.47). 

I f the random variables of wind and ice load are denoted X w and Xj, respectively, then the 

probabUistic expression for the non-dimensional load effect is 

K, 
S { X j , X w ) - S c - -TT-XJ + 

^Ik ^Wk 

1 + 2 
'-ikj 

(4.62) 
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The distribution function of the combined load effect in one interval is given by the integral 

F"5(s) = j j f [ m a x W ( x F x w ' ) d x r d x 

with the limits o f the integration given by 

w (4.63) 

K < K7 

Q ik1 Q-wk 
1 + 2 - i -

Q ik) 
•w (4.64) 

As the ice load and the wind load are assumed to act independently of each other, eq. (4.63) 

can be rewritten as 

F*c(s) = \ f , { x ) F i

m a x W ( , x w ) d x (4.65) 

where//(x) is the probability density function for the ice load 

f j (x) = a 7exp {-ej (x - U{)) F , (x) (4.66) 

x w is given by eq. (4.64), i.e. 

V 3 ' Q l k . 

{ K 

•Wk 

W ' \ + 2 X 

'-ikJ ) 

- l 
(4.67) 

The integral in eq. (4.65) must be solved numerically. 

The distribution function of the maximum load effect i n one random interval is thereby given 

as the sum o f the intervals containing wind load only and the intervals containing combined 

ice and wind load, i.e. 

K o ) = a - p ) K maxW] 
_Wk 

. K W . 

+ pF4

c(s) (4.68) 
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Since one year contains Afy intervals wi th equal duration, the distribution of the annual maxima 

can be determined by 

FAs) = 
rnaxW] 

F O A 

+ pFi

c(s) (4.69) 

In Figure 4.27 the results of this analytical model are presented. 
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Figure 4.27 Distribution of maximum annual ice load effect, wind load effect and combined 

effect. The analytical results of the combined load effect are compared wi th re

sults f rom Monte Carlo simulation in Figure b). 

I t is clear that the analytical model gives exactly the same results that were obtained in the 

Monte Carlo simulation. 
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The probability density function of the combined load effect is given by differentiation of the 

probability distribution function, i.e. 

d f rnaxW] 

(1-p) 

( Qwk 

< « V ( s ) 

ds 
+ P-

ds 
(4.70) 

where 

dF1. 
f Q 

maxWl 
Wk 

K 

ds rnaxW] 
Om 

. Kw J 
= v T f 

' Q A 

-Wk 

K 
w J 

^Wk 

maxW\^ K w j 
(4.71) 

and 

dFi

c(s) 

ds 
f c ( s ) = \ f , i x ) f m a x W ( x w ) 

K 

I ß Wk 

< 1 + 2 _* dx 

Ik'J 

(4.72) 
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5. BASIS OF R E L I A B I L I T Y T H E O R Y 

5.1 Introduction 

During the early 1960's there was a rapid development o f radio and T V in Sweden. Within 

some years many high T V and radio masts, which sti l l are in use, were designed and erected. 

The design of the masts was based on the allowable stress format (safety factor format) with 

the design criterion given as 

S<R/s (5.1) 

where S and R represents the load effect function and the resistance function, respectively. 

The safety factor s was determined solely by engineering judgement in order that a sufficientiy 

high safety against failure could be obtained. I f the rehabihty later was considered to be too 

low, or too high, the safety factor could be adjusted. For most engineering problems this de

sign method gave a rehabihty that was high enough. 

For some applications, however, the allowable stress format method may lead to incorrect re

sults as the variation of loads and strength, which is a fact i n reality, are not considered. This 

problem was realized, but no improved design methods were proposed until i n the end o f the 

sixties when Cornell (1969) presented a probability-based code format. The development in 

the field o f probabilistic methods for design has since then been very fast. Today, the concept 

o f using probabilistic methods in structural design is adopted wor ld wide, and the general 

principles for this format is also specified in an international standard, ISO 2394 (1986). 

In probabilistic design, loads and material properties are considered as random variables de

fined by their statistical parameters, normally by their mean and dispersion. Thus no upper nor 

any lower limits for the loads and the material properties are given, only their probabilities for 

taking any given value. Further, the resistance function and the load effect function, denoted S 

and R, respectively, are also random variables. I t can be concluded that the structure fails i f 

R - S < 0 . The probability for failure is hence given by 

Pf=P(R-S<0) (5.2) 

The design criterion for the probability-based format is based on a target reliability or its op-
* 

posite, the target failure probability, denoted Py. This target level was chosen such that similar 

dimensions of a structure are obtained by both the probabilistic code format and the earlier de-
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terministic code format, however, provided that the reliability level o f the earlier code format 

was deemed as optimal. 

Consequently, the design criterion for a probability-based format is given by 

Pf<p) (5.3) 

The probability format method is not only used as an assurance against failure. The method 

can also be used in design of other unwanted conditions, such as large deflections for example. 

The target probability for these type of events which do not lead to collapse is, however, usu

ally much higher than the target failure probability. The discussion and analysis presented 

herein w i l l only be focused on the probability of failure, i.e. collapse. 

I f the exact distributions o f all random variables are known an exact measure o f the rehabihty 

can be obtained. I n reality however, the distribution functions are seldom known exactly. 

Moreover, the load effect function and resistance function are often simplified or based on em

pirical results, and include, therefore, several uncertainties. The reliability that is obtained in a 

probabilistic analysis is thus an approximation o f the true reliability and is denoted as the no

tional reliability. 

Today, in Sweden and in some other countries, two probabilistic methods are allowed for use 

in design; a f u l l y probabilistic method where the loads and material properties are given as 

random variables, and a semi-probabilistic method, which, however, is not, strictly speaking, a 

probabilistic method. This method is known as the partial coefficient method and is in its ap

pearance similar to the safety factor method. The difference between this method and the safe

ty factor method is that the partial coefficients (comparable to the safety factor) are found by 

calibrations against a fu l l y probabilistic method. The partial coefficient method gives for most 

applications results that are close to those obtained f r o m a f u l l y probabilistic method. 

Guyed masts in Sweden have traditionally been designed in accordance with current structural 

steel and concrete codes. In principle the same safety factors or, for the newer masts, same 

partial coefficients as for buildings have been used. I n comparison wi th buildings, where the 

dominating load often is the self weight, the loads or load effects on a mast arise almost only 

f r o m the variable wind and ice loads. Furthermore, as concluded in Section 1.1, the reliability 

for guyed masts exposed to icing seems to be low. The most probable explanation is that the 

loads, especially the ice load, are underestimated or as in some cases, not included at all. A n 

other explanation can be that the design method used (herein referring to the partial coefficient 



BASIS OF RELIABILITY THEORY 111 

method) is inconsistent wi th the target reliability aimed for the mast. I t is therefore of great in

terest to investigate the reliability for masts under combined ice and wind load. The result can 

tell us whether the partial coefficients used in the semi-probabilistic design for buildings are 

applicable for masts too, or i f other partial coefficients are needed. In this chapter the basis of 

reliability methods w i l l be presented. In Chapter 6 a probabilistic analysis for the mast in 

Arvidsjaur w i l l be performed and appropriate partial coefficients determined. 

5.2 The basis of probabilistic methods 

The basis o f probabilistic methods has been presented and summarized by several authors and 

only a brief description of the basis is given herein. For a more thorough treatment o f the sub

ject other authors are referred to, Thoft-Christensen and Baker (1982), Madsen, Krenk and 

Lind (1986) and Ditlevsen and Madsen (1990) for example. 

First, consider the simple case where the rehabihty is determined by only two random varia

bles, the load effect 5 and the resistance R. These variables are described by theh known prob

ability density functions f R (r) and f s (s), respectively. They are also assumed to be 

uncorrelated (independent). 

Figure 5.1 Schematic representation of the probability distribution fo r the load effect S and 

the resistance R. 

I t is further presumed that the resistance R does not change in time. The load is often a dis

crete, or continuous, stochastic load process taking a large number o f changes under a defined 

time interval. The load effect S is therefore defined as the distribution o f the maximum value 

in one interval. Usually an interval length of one year is used. 
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The probability density functions for both S and R are schematically represented in Figure 5.1. 

The probability for the random variable S to f a l l inside an infinitesimal interval ds at 5 is 

fs(s)ds. Further, the probability for the random variable R to fa l l inside or below this interval is 

j f R ( r ) d r (5.4) 

The probability that S falls inside the interval ds when R < s is described by the product 

fs(s)ds- j f R ( r ) d r (5-5) 

Thus the probability for failure, i.e P(R < S), is obtained by the summation of eq. (5.5) for al l 

possible S, i.e. 

Pf= j f s ( s ) j f R ( r ) d r d s = j f s ( s ) F R ( s ) d s (5.6) 

Equation (5.6) can equivalently be written as 

P f = j f R ( r ) \ j f s { s ) d s d r = j f R ( r ) (1-Fs(r))dr (5.7) 

5.2.1 Reliabil i ty index 

I n 1969 Cornell presented a probabilistic concept applicable for structural design. The funda

mental model consists o f two basic variables (random variables), the resistance R and the load 

effect 5, represented by their first and second moments, i.e. mean and variance. 

The difference between the two basic variables is called the safety margin, denoted M, and is 

given by 

M = R-S (5.8) 
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Note that the safety margin is also a random variable. 

A random draw of R and S w i l l lead to some of the fol lowing events 

M>0 => Non failure (Safe state) 

M < 0 => Failure (Failure state) 

I f M = 0 the outcome can be interpreted as a random point on a line dividing all possible out

comes into a non-failure space and a failure space. This line or, in general, surface defines the 

failure surface, also known as the l imi t state surface. 

The failure surface is defined by the failure function, i.e. 

g(R,S) = R-S = 0 (5.9) 

which can geometrically be interpreted as in Figure 5.2. 

s 

t g(R,S)=R-S = 0 

Figure 5.2 Geometrical interpretation o f failure surface, failure state and, safe state. 

Now, let the two variables R and S be uncorrelated and normally distributed. Further, the mean 

values are given by ms and mR, respectively, and standard deviations are given by o s and aR, 

respectively, i.e. 5 e N (ms, o s ) and Re N (mR, o R ) . 

The safety margin M is then also normally distributed with the mean given by 

mM = mR-ms (5.10) 

and the standard deviation given by 
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°M = J a l + G (5.11) 

I f M is scaled (normalized) the distribution can be brought into standard normal distribution 

form. i.e. 

M-m 
M 

6 N ( 0 , 1) 
JM 

The probability o f failure based on the normalized safety margin is given by 

(5.12) 

Pf = P 
' M - m M < _ n h ^ 

°MJ 

(5.13) 

or 

Pf = <& 
M 

* ( - ß ) (5.14) 

where O denotes the standard normal distribution function, see Appendix B . 

The parameter ß in eq. (5.14) is known as the reliability index, Cornell (1969), and is often 

used, instead of Pp to express the reliability. 

A geometrical interpretation of the reliability index can be obtained i f the basic variables R 

and S are normalized before they are introduced into the safety margin or, the equivalent f a i l 

ure function. The normalized variables are denoted ZR and Zs and are given by 

R — OT, 

(5.15) 

and 

5-OT C 

(5.16) 

These normalized variables are thus described by a standard normal distribution, 

i.e. ZRe N ( 0 , 1 ) and Zse N ( 0 , 1 ) . 
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The failure function g(R,S) can then be rewritten as 

g(ZR,Zs) = oRZR-<5sZs + {mR-ms) = 0 (5.17) 

The failure surface, given by the failure function, can geometrically be interpreted as present

ed for the normalized system in Figure 5.3. 

Figure 5.3 Geometrical interpretation o f the reliability index and the failure function in a sys

tem wi th normalized basic variables. 

The reliability index ß is for these normalized variables given as the distance f rom origin to 

the line or, i n general, the surface representing the failure function. 

5.2.2 Logarithmic-normal distributed variables 

There is a weakness in Cornell's model, where the variables are represented by normal distri

butions, since i t is possible for the variables to take negative values. This is an impossibility 

for material properties. However, i f the basic variables are assumed to be logarithmic-normal 

distributed (Log-normal distributed) they are restricted to positive values only, Rosenbluth and 

Esteva (1972). The safety margin for the Log-normal distributed variables is defined as 

(5.18) 

In a Log-normal distribution the logarithm of the variables R and S are normal distributed, 
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i.e. lnS e N ( m t a J , 0 ^ ) and lni? e N (mlnR, o l n R ) 

The reliability index ß, eq.(5.14), is simply given as 

ß = 
mM m]nR-mlnS 

2 
InS 

(5.19) 

Further, i f a random variable X is log-normal distributed i t can be shown that 

i 1 2 i 
m l n X = l n m X - 2 G l n X = l n 

f mx \ 
(5.20) 

and 

(5.21) 

where V X is the coefficient o f variation o f X defined by 

V = — 
X m x 

(5.22) 

The reliability index, eq. (5.19), is then given as 

In 

ß = 

rn, 

V s + 1 

(5.23) 
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5.2.3 General method for a linear failure function 

The determination of the reliability index can be extended to a case which includes more than 

only two basic variables and correlated variables. Consider that the safety margin M is ex

pressed by a linear function o f n normal distributed random variables 

M = a0 + a,X1 + a2X2 + ...+ anXn (5.24) 

The failure function is 

g ( X v X 2 , . . . X n ) = a0 + a l X l + a 2 X 2 + . . . + a n X n = 0 (5.25) 

Since the failure function is linear and the variables are normally distributed the general ex

pression for the reliability index ß is simply 

ß = M M } = E l 8 ( X v X 2 , . . . X n ) ] ( 5 2 6 ) 

JCov(M) JCov[g{XvX2,...Xn)] 

where 

E [ g ( X v X 2 , . . . X n ) ] = a 0 + Xa, m x. 
(5.27) 

/= l 

and 

Cov [g ( X v X2, ...Xn) ] = X *Wxt + 1 1 9 X p a p p x p x (5.28) 

i = l f= 1;=1 1 ' 

where p v v is the correlation coefficient defined by 

I f all random variables are uncorrelated all correlation coefficients vanish and only the first 

summation term in eq. (5.28), representing the variance, is left . 
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I t is often convenient to express a set o f variables in matrix and vector fo rm. The expressions 

in eq. (5.27) and eq. (5.28) are then given by 

E [ g ( X v X 2 , . . . X n ) ] = a0 + aTE[X\ (5.30) 

Cov[g(XvX2,...Xn)] = aC^a (5.31) 

where a is the coefficient vector, E [X] is the mean value vector, and C x is the covariance ma

trix denned as 

C x = 

Var{Xx) Cov(XvX2) ... C o v ( X v X n ) 

Cov{X2,Xx) Var(X2) ... Cov(X2,Xn) 

CoviX^XJ Cov(Xn,X2) ... Var(Xn) 

(5.32) 

The reliability index is given by 

- r -
aQ + a X 

(5.33) 

5.2.4 Approximate method for non-linear failure functions 

The failure function g (R, S) is in general not linear. The resistance, for example, is often a 

product of several variables where each variable has its own uncertainty. In this case a linear 

approximation of the failure function can be obtained i f the failure function is linearized. 

Consider a nonlinear failure function given by 

g ( X v X 2 , . . . X n ) = 0 (5.34) 

A first order Taylor series expansion at the mean value of each variable gives the fo l lowing 

linear approximation for the failure function 
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g F 0 ( X v X 2 , . . . X n ) = g[mx,mX2...mXny X ( X , - i « x J § - < 5 - 3 5 ) 

i = 1 

The mean value for the approximated linear failure function is 

E [gF0 ( X v X2, ...Xn)]= g\mx^ mx^...mx^ (5.36) 

and the covariance is 

Cov[gFO(XvX2,...Xn)]= X X ^ i - ^ J ^ - ^ 
; = i v = l 

dg dg 

i = 1; = 1 ' ' 

I f all variables are uncorrelated the covariance yields 

Cov[gFO(XvX2,...Xn)]= ^VarixJ^-f (5.38) 

;= i 

Consider as a simple example the log-normal distribution given in equation (5.18). The failure 

function is nonlinear and given by 

g(R,S) = l n 7 ? - l n S (5.39) 

A first order Taylor series expansion at the point (mR, ms) gives the fol lowing approximated 

linear failure function 

S f o ( R > s ) = l n m R -inms+(R-mR) ±- - (S-ms) -J- (5.40) 

wi th the mean given by 

E l g F 0 {R, S) ] = l n m Ä - l n m 5 (5.41) 

and the covariance given by 
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Cov[gFO(R,S)]= G 
2 j _ 

R 2 

2 1 
(5.42) 

The reliability index for the approximated failure function becomes 

(5-43) 

For small coefficients of variation, i.e. when Vis less then approximately 0,25, the approxi

mated reliability index $ F O is a good approximation for the exact ß given by equation (5.23). 

5.2.5 Hasofer and L i n d reliability index 

The method, presented above fo r nonlinear failure functions, may give different results i f the 

same failure function is expressed in different ways, i.e. different results can be obtained i f the 

terms in one case are expressed as stresses and in another case are expressed as moments, for 

example. The approximating method, presented above, is said to lack invariance. 

In 1974 Hasofer and L ind presented a method that is invariant wi th respect to the choice of 

failure function. The principles o f Hasofer and Lind's method is that the linearization o f the 

failure function is done at a point on the normalised failure surface. This point is the point that 

is closest to the origin, known as the design point. 

Consider a non-linear failure function with n uncorrelated normally distributed variables 

g ( X v X 2 , . . . X n ) = 0 (5.44) 

First, all basic variables are normalized 

X r m x 

Z f = — — - : (5.45) 
x, 

such that Z ; e N (0, 1) . Now all normahzed basic variables are non-dimensional which en

sures that the measurements along the various axes w i l l be comparable. 

The reliability index is now found as the shortest distance f r o m the origin to the failure sur

face. In Figure 5.4 the definition o f the reliability index is illustrated for a two-dimensional 
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problem. Since the design point, the point on the failure surface that is closest to the origin, is 

unknown an iterative method has to be used. 

Z l g(Zl,Z2) = 0 

, 8FO ( z b Z2) = 0 

Design point 

Figure 5.4 Illustration o f the Hasofer and L ind reliability index for a nonlinear failure func

tion with two normalized variables. 

A t the design point the direction of the reliability index vector, shown in Figure 5.4, coincides 

with the gradient vector for the failure surface. The design point A is given by the coordinates 

A = ( o t j ß . O j ß , . . . a „ ß ) = ß ( a p a 2 , . . . a j = ßcc (5.46) 

The coefficients a,- in eq. (5.46) are known as sensitivity factors describing the importance of 

each basic variable, a is a unit vector, i.e. |a | = 1 . The distance f r o m the origin to the design 

point is OA = ß . 

Further, the nonlinear failure function at the design point is given by 

g(ßa) = 0 (5.47) 

and the gradient vector for the failure function at this point is given by 

v,cßS) = ( | - g ( ß ä ) ) | - , ( ß ä ) . . . | - , ( ß ä ) ) (5.48) 

The length of this vector is 
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(5.49) 

I f the gradient vector for the failure function, defined in the design point, is scaled to a unit 

vector, i t w i l l coincide wi th the unit vector a defining the direction o f the reliability index, i.e. 

I t is now possible to find the reliability index by iteration. A method in which the rate of con

vergence is rather fast is given in the fol lowing 

1) Assume values for ß and d j , o^,.. . cx„ and determine new values for a, , a 2 , . . . a„ ac

cording to eq. (5.50) 

2) For the new values 0Ci, CC2,... oc„ a new value o f ß can be determined by use of eq. (5.47). 

3) Repeat step 1) and 2) until the design point is found. 

In most case the convergence is fast. However, there is no guarantee for convergence. 

Later herein, the a coefficients and the reliability index ß w i l l be used in order to calculate ap

propriate partial coefficients. Note that there is also a rough approximate method to determine 

the a coefficients presented in ISO 2394 (1986). 

In the method described above, i t was assumed that the variables X h X2, — Xn were uncorre

lated. I f the variables are correlated a transformation into uncorrelated variables is necessary 

before the design point o f the failure surface can be determined. 

Consider that the basic variables Xr, X2,... Xn are correlated. The vector X describes those ba

sic variables 

(5.50) 

X — (X^,X2, • • • X n ) (5.51) 

The correlations between the variables are described by the covariance matrix 
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c x = 

VariXJ C o v ( X v X 2 ) ... Cov(XvXn) 

Cov(X2,Xx) Var(X2) ... Cov(X2,Xn) 

CoviX^X,) Cov(Xn,X2) ... Var{Xn) 

(5.52) 

We want to transform the basic variables (X,, X2,.. .XJ into uncorrelated basic variables 

Y = {YVY2, ...Yn) suchthat 

CY = 

V a r ( r i ) 0 

0 Var{Y7) ... 

... Var(Yn) 

(5.53) 

The transformation may be expressed as 

Y = AX (5.54) 

and the mean value vector for the uncorrelated variables as 

E(Y) = AE(X) (5.55) 

The covariance matrix is determined by 

C y = E [ ( Y - E ( Y ) ) ( Y - E i Y ) ) ' 1 ] = ACXA (5.56) 

The transformation matrix A is determined f rom the condition that the new transformed covar

iance matrix Cy is a diagonal matrix, i.e. al l transformed variables are uncorrelated. 

The linear algebra spectral theorem implies that a real symmetric matrix C can be factorized 
T 

into C = B A B where B is the orthonormal eigenvector matrix and A is the diagonal eigen

value matrix. Since the eigenvectors in B are orthonormal such that B B T = B T B = I this theo-
T 

rem can be rewritten to A = B C B . 

The transformation matrix A is thus identified as the transpose o f the eigenvector matrix 

which is simply found by determining the eigenvalues f rom the covariance matrix Cy. 

Next step is to normalize the new uncorrelated variables Y = (Y1, Y2,... Y ) into uncorrelat-
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ed and normalized variables Z = ( Z j , Z 2 , . . . Z„) . The normalization is 

Z = C Y

2 ( Y - E ( Y ) ) (5.57) 

The covariance matrix C z is then representing the unit diagonal matrix I while the mean value 

vector is E ( Z ) = 0 . 

The transformation and normalization o f the basic variables X is then summarized as 

where the transformation matrix A is equal to the transpose of the eigenvector matrix o f Cx. 

The reliability index for the new uncorrelated and normalized system can now be determined 

by the iteration method described above. 

The presented method, in which the nonlinear failure function was linearized, and further

more, all variables were described by normal distributions, is also known as the first order sec

ond moment method, FOSM-method. 

Consider the case when all basic variables are normally distributed and the failure function is 

linear. Then, i f the calculated reliability index ß is used in eq.(5.14), an exact measure o f the 

notional (theoretically) probabihty of failure is obtained. 

I f a reliability index ß based on a linearization of the failure function is used, the notional 

probability w i l l be an approximation. In most cases the error is small and the FOSM-method 

gives an approximation of the notional probability that is acceptable. For some extreme cases, 

however, the nonlinearity of the failure function may be considerable. In these cases other 

methods can be used, see Madsen Krenk and L ind (1986) for example. 

Nevertheless, usually the error in a first order approximation is small. Furthermore, there are 

often many uncertainties which are diff icul t to estimate and to include in a probabilistic analy

sis. I n N K B (1976) advise is given for how to estimate these uncertainties and how they shall 

be included in the probabihstic model. A method more detailed than the FOSM-method is in 

many cases not justified as the notional probability o f failure is only a theoretical description 

of the reality. 

(5.58) 
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5.2.6 Transformation of non-normal basic variables 

The probabilistic FOSM-method is based on the presumption that all basic variables are nor

mal, or log-normal, distributed. However, often a variable has a distribution that is poorly ap

proximated by a normal distribution. 

A transformation method for non-normal distributed variables has been presented by Rack

witz and Fiessler (1978). 

Consider for example a random load Xp that is described by a FT type-I distribution. The prob

ability distribution function and the probability density function are given as 

- a ( * - ( / ) 

Fx ( J C ) = PCX <x) = f e (5.59) 

and 

f x (x) = a e ^ ' - ^ e - (5.60) 
p 

where a is the dispersion and U is the mode. The mean and the standard deviation for this dis

tribution are given by 

and 

T T 0,57722 , s , - n 

mY = U+— (5.61) 
xp a 

G v = 4 • - (5-62) 
Xp J6 a 

The numerical value 0,57722 is known as Eulers constant. 

The transformation of the variable XP into normal distribution is made so that the approximat

ed normal probability distribution function and the approximated normal probabihty density 

function have the same values in the design point x* as the probability functions given by eq. 

(5.59) and eq. (5.60), i.e 

( x* — m*v   

0~*y 
(5.63) 
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and 

(5.64) 

Both m*x and o*x are unknown fo r the approximated normal distribution. Solving them 

f rom eq. (5.63) and eq. (5.64) give 

where <!> (•) and <p (•) are the inverse standard normal probability distribution function and the 

standard normal density function, respectively. 

I f the Hasofer Lind's iterative method is used, x* is given by x* = ß a p and is unknown at 

the start o f an iteration. A new mean value and standard deviation for the approximating nor

mal distribution must be calculated after every step in the iteration o f the ß value and a values. 

5.2.7 Reliability of structural systems 

Structural system reliability is a much wider field within structural reliability theory then w i l l 

be presented herein. A comprehensive study of structural system reliability can be found in 

Thoft-Christensen and Murotsu (1986), for example. 

A guyed mast is a complex structure containing a large number o f components. A strictly cor

rect reliability analyse of a guyed mast including all components is not possible. However, the 

contribution to the total failure risk for a majority of the components w i l l be small. I f a limited 

number of the most important components, say ten or twenty, are included in a reliability anal

ysis a reasonable estimation o f the failure probability for the whole structure can be obtained. 

This is an idealization of the real problem, but i f the selection of the components is done with 

care, the result can still be a good approximation o f the rehabihty, however, wi th emphasize 

(5.65) 

and 

(5.66) 
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on approximation. 

Consider that the n most important components in a guyed mast are identified. These compo

nents now forms an idealized structural system. I t is further assumed that a total collapse oc

curs i f one component fails. For example, i f one o f the diagonals collapse under a heavy wind 

load the mast can not resist the loads and a total collapse occurs. This type of failure system is 

called a series system and can be compared wi th a failure of a chain, which fails when the 

weakest l ink of the chain breaks. Note that series system reliability is strictly valid only for a 

non-redundant system. The ability for a guyed mast to shift the load carrying f rom one compo

nent that fails to another is low. Therefore, a guyed mast can be assumed to be represented by 

a series system. 

Let the total series system resistance be a random variable R. The resistance o f one component 

is denoted Rt and is assumed to be uncorrelated to all the other components. Further, the gen

eralized load on the series system is represented by s. The distribution function FR for the sys

tem resistance is then given by 

FR(s) = P(R<s) = l-P(R>s) = l-P[(R1>s1) n (R2>s2) n . . . ] (5.67) 

The series system resistance can be written as 

n 

FR(s) = l - U i l - F ^ ) ) (5.68) 

;= i 

The probability o f failure for the series system wi th n components that have uncorrelated re

sistance is given by eq. (5.6), i.e. 

0 0 n n 

i = 1 i = 1 

I f the failure probability for each individual component is small, the probability of failure for 

the series system can be approximated as 

v i ' * ( 5 - 7 0 )  

(•=1 

Note however, that often there is a correlation between the resistance of the components, for 



128 BASIS OF RELIABILITY THEORY 

example, i f two diagonal components are produced f rom one round tube. I f the resistance be

tween all components is totally correlated the probability o f failure for the series system is 

P f s = max { P ß , P p , P f n } (5.71) 

The total rehabihty o f a guyed mast is diff icul t to determine since i t is difficult to estimate how 

the resistance between all components is correlated. However, i t can be concluded that the to

tal reliability is bounded by eq. (5.69) and eq (5.71), i.e. 

n 

rnaxiP^, Pn, ..., P f n } < Pf< 1 - f j ( 1 - P f ) 

i= 1 

(5.72) 
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5.3 Reliability methods for code format 

In Sweden, and in some other countries, both a semi-probabilistic method and other probabil

istic methods are allowed for use in design o f structures. 

The semi-probabilistic method, known as the partial coefficient method, is, due to its simplici

ty, the most, or in principle, the only method used. This method is strictly speaking not a prob

abilistic method since the variables are assigned deterministic values. However, the partial 

coefficients in this method are calibrated against probabilistic methods in order that the meth

od w i l l give a rehabihty close to a predetermined target reliability. 

The other, more rarely used, probabilistic methods can for example be the FOSM-method, 

which was presented in the previous section. This method is a so called level-2 method while 

the partial coefficient method is a level-1 method. I n a report f r o m the Nordic Committee on 

Building Regulation, N K B (1978), the principles for both methods are drawn. The level-2 

method can also be used for the calibration of partial coefficients. 

In this section the principles o f these two methods for use in design w i l l be presented. The 

presentation is, however, only limited to the failure (collapse) state design, known as ultimate 

l imi t state design. The principles for serviceability l imi t state design are similar. 

5.3.1 The level-2 method 

In the level-2 method all basic variables, i.e. load or loads, material properties, geometrical pa

rameters, etc. are represented by theh first and second moment only, i.e. theh mean and vari

ance. They are, furthermore, considered to be uncorrelated and normally or log-normally 

distributed. I f any o f these assumptions are not fu l f i l l ed there are, as described in Section 5.2, 

methods to transform the variables into normally distributed and uncorrelated variables. 

Uncertainties should also be considered in the model. I t is i n N K B (1978) are principles given 

for how the uncertainties can be estimated and included in the probabilistic model. Briefly, the 

uncertainties connected to the resistance function and material properties are included as a 

log-normal distributed variable while the uncertainties related to the loads are included as nor

mally distributed variables. 

The reliability index for the model including uncertainties is then determined. I f the failure 

function is nonlinear, the Hasofer and Lind's approximate iterative method can be used. The 

notional probabihty of failure for the structure is directly given by the standard normal distri

bution function. I f this notional probability for failure is less then the target reliability, given 

by the code, the design is accepted. 
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In Sweden three classes of rehabihty, denoted safety classes, are given. The actual safety class 

is governed by the consequences of a failure. I f a failure leads to a high risk for human injury 

or large social consequences the design shall be in class 3 and i f the risk for human injury and 

the social consequences are small or considerably a higher risk for failure is accepted, class 1 

or 2. In figure 5.5 the reliability index and the target probabilities o f these three classes are giv

en. 

1.0 2.0 3.0 4.0 5.0 6.0 

Reliability index, ß 

Figure 5.5 Probability of failure, Pf, as a function of rehabihty index ß and corresponding re

liability for safety class 1, 2 and 3 in Sweden. 

The target rehabihty index, or target probability o f failure, used in Sweden is given on annual 

basis. 

53.2 Partial factor design format 

The basis for design with the partial coefficient method is presented by ISO 2394 (1986) and 

coincide with the partial coefficient method given for structural design in Sweden. The design 

criterion for the partial coefficient method is given as 

S (Fd,ad, ysd) < R ( f d , ad, C, yRd) (5.73) 

where 

S(-) and R(-) represents the load effect function and resistance function respectively. 

Fd are the design values for actions. (The term action have the same meaning as load, 

but covers also effects due to imposed deformations.) 

f d are the design values for material strengths. 
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ad are the design values for the geometrical parameters. 

ySd and yRd are partial coefficients referring to model uncertainties or other circumstanc

es which are not taken into account by the other y-values. 

C are constraints, describing loss of stability, for example. 

The design values for actions, material strength and geometrical parameters are determined by 

different principles. 

In the case of one action the design value is given by 

Fd = jfFr (5.74) 

where 

Fr are the representative values of action. The main representative value is equal to 

the characteristic load. 

Yf is a partial coefficient by which the uncertainties in the actions are reflected. In the 

Swedish codes 'ty-also includes uncertainties of the load effect model, i.e. ysd. 

In the case of two or more actions, the combined design value is determined according to the 

rules presented in Section 4.5.1. 

The design value o f the material strength is 

(5.75) 

where 

f k is the characteristic value for the material strength. The characteristic values speci

fied in BSK 94 represents approximately the 1% fractile. 

y m is a partial coefficient reflecting uncertainties in the strength of the material. In the 

Swedish codes ym also includes uncertainties of the resistance model, i.e. yRd. For 

steel is ym = 1,0. 

yn is a partial coefficient by which the safety of the structure is determined. In Swe

den yn is given the values 1,0,1,1 and 1,2 for safety class 1, 2 and 3 respectively. 
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The design value for geometrical parameters is given by 

a d ak + Aa (5.76) 

where 

ak is the characteristic geometrical value, usually given as the nominal (mean) value. 

Aa is a coefficient that takes into account of variations in ak. For steel is Aa = 0. 

5 3 3 Calibration of partial coefficients 

In Section 5.2 the FOSM method was presented. This method is suitable to use in calibration 

of partial coefficients and w i l l therefore be briefly outlined again, herein. 

Consider first, that al l basic variables, including variables describing the uncertainty, are repre

sented by X = ( X v X2, ...Xn) , and form a failure function gx ( X v X2,...XJ . By normali

sation and suitable transformation the basic variables can be brought into a new set o f 

uncorrelated and normalised variables denoted Z = ( Z , , Z 2 , •••ZJ . The new failure function 

is then given by gz {Zv Z 2 , . . .ZJ . 

The reliability index ß can now be found in the normalized and uncorrelated system as the 

shortest distance f r o m the origin to the design point on the failure surface. The coordinates for 

the design point are given by the vector ß a . This point also describes the values that each var

iable Z, takes when failure occures.Thus, by the inverse normalisation and transformation, the 

corresponding "failure" values for the original basic variables X v X2, ...Xn can be found. 

Those "failure" values are, somewhat confusingly, also known as design values and denoted 

as x,*, x2*,.. .xn*. I f the basic variables are uncorrelated and normally distributed the back

ward transformation is 

jr.* = mx + ßa{ax (5.77) 

or, i f the variables are non-normally distributed, 

x* = F - ' o & C ß a , . ) ) (5.78) 

where Fx (•) is the inverse probability distribution function for the variable. 
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Consider that the calculated reliability index coincide wi th the target reliability index aimed 

for the partial coefficient method. Hence, the partial coefficients can be found by comparing 

the calculated design values with the design values specified by the partial coefficient method. 

As a simple illustrative example consider the case where we have two variables only, one re

sistance variable and one load variable denoted by R and S, respectively. These basic variables 

are, furthermore, uncorrelated and normally distributed. With use o f a probabilistic model the 

reliability index ß and the design values are calculated to be 

r* = mR + ß a Ä 0 " R and s* = ms + ßoc SO" 5 

The proposed partial coefficient format is 

. 1 

where 7̂  and y„ are the unknown partial coefficients, and where r and s are specified design 

values. Assume that the load is specified by its 98% fractile and the resistance by its 5% frac

tile. The specified design values are then given by 

r = mR-l,64aR and s = ms + 2, 05as 

Assume further that the calculated rehabihty index coincides wi th the target reliability aimed 

for the partial coefficient method. The partial coefficients are now given by comparison of the 

two methods, i.e. 

mR-l, 64o~Ä 

and 

_ ms+$asas 

ms + 2, 05 o s 

The sensitivity factors, a,-, that are calculated have often a small dependence on the failure 

probabihty, i.e. a varies not much i f ß is changed. I t is, therefore, often possible to calculate 

only those parameters, and use the target rehabihty index, in order to calculate the design val

ues. In ISO 2394 (1986) an approximate method to determine these sensitivity factors is given. 

I t is important to emphasize that the partial coefficient method is not invariant wi th respect to 

the target reliability. The partial coefficients given in design codes are determined for, and 

chosen to represent, some common structural design situations. 
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5.4 Strength of structural components 

The resistance of a structural component is determined by a resistance model which usually 

includes several variables as material properties and cross section constants, for example. Fur

ther, a resistance model is often based on a model which is constituted by physical laws. In 

some other cases a resistance model is empirical and based on test results. However, a resist

ance model, irrespective o f how i t is determined, always includes an uncertainty which is not 

reflected by the variables that constitute the model. 

There are today test results of many different components available. I t can sometimes be d i f f i 

cult to find this information as i t is not always presented in ordinary literature. However, in the 

preparation work for the Eurocodes, much of this data has been collected for several different 

components and resistance models. Several new tests have also been made. A l l this old and 

new information has been used to find appropriate models for describing the resistance o f 

components and also to estimate the uncertainty of the proposed resistance models. I n the A n 

nex Z in Eurocode 3-1, CEN/TC250/SC3 (1994), the procedure for evaluation and optimiza

tion of resistance models is presented. In an other document, CEN/TC250/SC3-N330E 

(1993), a survey on statistical test data for several components together wi th evaluated uncer

tainties of resistance models are presented. 

The probabilistic concept to determine the statistical uncertainties in resistance models used 

for the Eurocodes w i l l be outlined here. Further, statistical infonnation on the resistance mod

els, for components that concern guyed masts, w i l l be presented. 

Unfortunately, no statistical information of the strength on guy cables and its connections has 

been found. Therefore, in the rehabihty analysis of the mast in Arvidsjaur presented in Chap

ter 6, no estimation o f the failure probability of the guy cables is made. Note, however, that the 

mast in Arvidsjaur is designed according to the old Swedish code for steel structures, StBK-

N l (1970), wi th a safety factor 2,5 on the guy cables and theh attachments. I t is, since this 

safety factor is much higher than the safety factor used for the other components, expected 

that the probability o f failure f rom one guy cable component, or its attachment, is much small

er then the probability o f failure for other components. The guy cables are therefore assumed 

to not affect the results o f the reliability analysis. 
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5.4.1 Uncertainty i n the resistance model 

The presentation herein is a summary o f the method proposed for Eurocode, and is maybe not 

as statistically stringent as presented in Annex Z of Eurocode 3-1. 

Consider that a resistance model, described by a strength function denoted by rt, is proposed. 

This proposed resistance model must now be verified against real data f rom several tested 

components. 

First all relevant variables on all specimens must be measured before the test, i.e. material 

properties and dimensions are measured, and a theoretical strength, r r i , for each component 

determined. 

The test of one component w i l l result i n an experimentally measured strength rei, which in the 

ideal case would be equal to its theoretical strength given by the strength function. There wi l l , 

however, always be more or less difference between the calculated and measured resistance, 

depending on the uncertainties in the theoretical strength function. 

I f i t is assumed that n specimens of one component are tested and the relation between the the

oretical and the measured strength for each one is determined as 

ei el en , , , 
or bvb2,...,bn 

(5-79) 

The variable bh called the correction factor, represents the direction coefficient i f rei is plotted 

as a function o f rti as shown in figure 5.6. 

Figure 5.6 Example o f theoretical strengths plotted against measured strengths. 
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Further, bm is the mean value of b when n —> °°. Since the determination o f bm is l imited to a 

finite number of tests bm has to be estimated as 

n 

i= 1 

(5.80) 

The line r = b r, describes the mean value relation between theoretical and measured 
e m t 

strength. Now consider this line as fixed, deterministic, and let the variation for the measured 

values be described by another random variable, 8, called the error term. The error term, 8, is 

defined as the quotient between the experimental value and the adjusted theoretical value 

8 ; = 
m ti 

(5.81) 

Note that the error term only is an approximation o f the true error term since bm is not known 

exactly. Further, assume that the error term is log-normally distributed wi th the variance and 

mean defined by 

a L = l n [ V 8 + 1 J
 w h e r e

 V 8 = J (5.82) 

m l n 5 = ln 
f m5 \ 

(5.83) 

These statistical parameters are unknown but can f rom the test population be estimated as 

n 

m l n 8 ~ - I > 5 ; (5.84) 

1= 1 

i= 1 

The probabilistic model for the strength can thus be written as a function o f one deterministic 

variable, bm, and two random variables, Rt and 8, as 
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R = bm-Rt-8 (5.86) 

The mean value of the error term is m§ = 1. 

The theoretical strength Rt is a function of several random (basic) variables and the probabilis

tic model can therefore be expressed as 

R = bm<f>(XvX2...,Xn) o (5.87) 

where (X,, X2..., Xn) represents all basic variables, i.e. all material and geometrical proper

ties. 

I f the variance o f the estimated error term is large or i f the plotted relation between the theoret

ical and measured strength is not foUowing a straight line, Figure 5.6, then the strength func

tion should be modified. 

A method for how the theoretical design value for the resistance can be determined, is also 

presented in Annex Z for Eurocode 3-1. The design value is used for determination o f appro

priate partial coefficients, which was discussed in Section 5.3.3. The method is briefly present

ed herein. 

I t is assumed that the variable representing the resistance is log-normally distributed. The 

probabilistic model for the strength function, eq. (5.87), can then be expressed in random var

iables wi th the mean given by 

mR = b m - ( ? ( E ( X l , X 2 . . . , X J ) ) - 1 (5.88) 

I f the probabilistic resistance function is a product o f several basic variables the coefficient of 

variation for the resistance is given by 

v i - K + i 
i = 1 

- 1 (5.89) 

When the coefficient of variations for all variables is small the V R can be approximated by 

!= 1 

(5.90) 



138 BASIS OF RELIABILITY THEORY 

I f the logarithm of the probabilistic resistance function is nonlinear, then the variance can be 

determined using the first order expansion around the basic variables mean value, eq. (5.38), 

i.e. 

1 

I f the terms in the strength function, equation (5.87), are written on the f o r m X * , and the coef

ficient of variation for each term is small, then the total coefficient of variation is simphfied to 

;'= 1 

I f the characteristic strength is defined as the 5% fractile the characteristic strength is now de

termined by 

(5.93) 

where 

a 2

t o Ä = l n [ v £ + l J (5.94) 

I f the number of tests are small, say less then 100, then uncertainties, arising f rom the fact that 

the mean for b and variance for the error term is not exactly known, must be included in the 

model. In Annex Z the fol lowing expression for the determination o f the characteristic 

strength is given 

( " K t f - ' W m s - J, 64<x l n Ä, ö l n J 
rk = mRe (5.95) 

where as and a M ( are weighting factors for the error term and the basic variables given by 

a 8 = ^ (5.96) 
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and 

« m * = ( 5 - 9 7 ) 

u$ is the 5% fractile at the confidence level o f 75% for a normal distribution wi th n-1 degrees 

of freedom and unknown o. 

5.4.2 Strength o f steel 

Two important parameters, in principle used in all resistance models, are the strength of the 

material and the cross section area. In Table 5.1 statistical parameters for the yield strength are 

presented for some commonly used Swedish steel grades, Alpsten (1973). The statistical pa

rameters are based on a large number o f tests. 

Table 5.1 Statistical properties of yield strength for steel, from Alpsten (1973). 

Material 
Nominal^/'' 

[MPa]' 

meanfy 

nom.fy 

Coeff. of Var. 
V 

SS 14 lx 250 - 260 2 ) 1,18 0,12 

SS 21 7x 290 - 310 2 ) 1,26 0,12 

SS2132 350 1,14 0,06 

SS 21 42 390 1,12 0,06 

1) The nominal yield strength corresponds to the lower yield strength, /?e£. 

2) The higher nominal yield strength is applies to steel with less thickness according to steel standards. 

I t is concluded by Alpsten that the yield strength can be wel l described by a FT type-I distribu

tion. The log-normal distribution showed also a good agreement wi th the test results. 

The mast in Arvidsjaur is a truss structure built up o f round tubes. I t is diff icul t to f ind any sta

tistical information of the geometrical cross section properties for round tubes. However, it is 

concluded by Alpsten (1973) that the variation of the cross sectional properties for rolled H -

shapes is small i n comparison with the yield strength. I t can be expected that round tubes have 

similar statistical properties as H-shaped profiles. In the Swedish standards SMS 1786 and 

SMS 1886 a weight tolerance (equal area tolerance) of 10% is allowed for round tubes. 

Therefore, assume that the cross section properties o f round tubes have a mean value equal to 

the specified value and a coefficient o f variance of 0,05. 
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5.43 Compressed members 

In Eurocode 3 part 1-1 the buckling resistance of a compressed member is determined by 

(5.98) 

where A 

f y 

ß.4 

is nominal area o f the cross section, 

is the nominal yield strength. 

is a reduction factor fo r thin walled cross sections in Class 4. For Class 1, 2 

and 3 cross sections is ß^ = 1. 

is a reduction factor determined by the non-dimensional slendemess X and 

the buckling curve for the cross section. % is given in Figure 5.7. 

1.0 

X 

a s : 

Figure 5.7 The reduction factor % as a function o f the non-dimensional slendemess X for dif

ferent buckling curves. Eurocode 3 part 1-1. 

The non-dimensional slendemess is given by 

X = 
h fy A X h-A 'A Jy _ A j f A Jy 

A 7 . . 7tV E 
(5.99) 

where X is the slendemess defined as 

x = 4 
i 

(5.100) 

I f the reduction factor for thin walled cross sections is omitted the probabilistic strength model 
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for a compressed member can be written as 

R = bm X X f y XA ° (5-101) 

The empirical buckling reduction factor % is hence assumed deterministic while the cross sec

tion area and the yield strength are given as random variables. The uncertainties in the resist

ance model is given by the deterministic correction factor bm and the variable error term 8. 

In the Eurocode document CEN/TC250/SC3-N330E statistical results f rom several tests of 

buckhng resistance o f columns is presented. The tests are divided in different groups depend

ing on slendemess, material and which buckling group the cross section belongs to. Some of 

the results are presented in Table 5.3. 

Table 5.2 Statistics o f compressed members. Reference CEN/TC250/SC3-N330E. 

Buckling 
curve Slendemess Material 3 ' No. of tests b m m 

a A<45 S 235 133 1,008 0,0239 

45<A.<70 133 1,067 0,0574 

70<\<200 133 1,152 0,0806 

X<40 S 690 91 1,042 0,0633 

40<X<70 S 690 91 . 1,158 0,0782 

70 < X < 200 S 690 91 1,160 0,0831 

0<X<70 S 460 22 1,033 0,0182 

70<X<200 22 1,174 0,0882 

b 0<X<60 S 235 193 1,059 0,0660 

60<X< 110 193 1,141 0,0811 

110<>.<200 193 1,112 0,0650 

c 0<X<70,1 S 235 & S 355 64 1,073 0,0376 

70,1 <X< 200 64 1,375 0,1135 

0<X<70 S 235 112 1,083 0,0653 

70<X<80 112 1,163 0,0362 

80 < X < 200 112 1,172 0,0649 

0<A.<50 S 355 86 0,988 0,0441 

50<X<75 86 1,075 0,0629 

75<>.<200 86 1,065 0,0364 
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Buckling 
curve 

Slendemess Material ^ No. of tests 

c2> 0<X<70 S 235 112 1,284 0,0630 c2> 

70<X<80 

S 235 

112 1,248 0,0364 

c2> 

80 < X < 200 

S 235 

112 1,179 0,0613 

c2> 

0<*.<50 S 355 86 1,175 0,1025 

c2> 

50<X<75 

S 355 

86 1,082 0,0582 

c2> 

75<X<200 

S 355 

86 1,054 0,0355 

1) Cold formed hollow tubes where the yield strength is based on the basic yield strength of the flat sheet 

material. 

2) Cold formed hollow tubes where the yield strength is based on the average yield strength of the mem

ber after coldforming. 

3) Steel grades according to EC standard. The numerical value represent the nominal upper yield strength. 

5.4.4 Bolted connections 

The shear resistance o f bolts is in Eurocode 3 part 1-1 determined by 

F „ = 0 , 6 - A - / t ub 
(5.102) 

where A is the shank area of the bolt. 

f u b is the nominal ultimate strength of the bolt. 

I f the shear plane passes trough the threaded portion o f the bolt foUowing formulas are given 

• for strength grades 4.6,5.6 and 8.8 

FV,R = 0 , 6 - A s . f u b  

• for strength grades 4.8,5.8 and 10.9 

^ . « = 0.5 As f u b 

where As is the cross section area for the threaded part of the bolt. 

The tension resistance is given by 

(5.103) 

(5.104) 

ub 
(5.105) 
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and the bearing resistance is given by 

Fb,R = 2 , 5 - a - f u d - t (5.106) 

where f u is the nominal ultimate strength o f the steel in the connection. 

d is the bolt diameter. 

t is the plate thickness. 

I -r4" ; TTT- - 1 ; ^ or 1 \ 
3 d - Mo fu 

hole centre to plate edge in the dhection of the force, and pi is the distance be

tween centres o f the holes in the dhection o f the force, and da is the hole diam

eter. 

Table 53 Statistics of bolted connections. Reference ISO/TC167/SC1-N215 and ISO/TC167/ 

SC1-N216. 

Bolt grade. No. of tests bm 

Shear resistance 
of the shank. 

8.8 21 1,077 0,068 Shear resistance 
of the shank. 

10.9 34 0,982 0,041 

Shear resistance 
of the threaded 
part of the bolt 

8.8 59 1,210 0,137 Shear resistance 
of the threaded 
part of the bolt 10.9 20 1,126 0,127 

Tension 
resistance. 

8.8 120 1,052 0,060 Tension 
resistance. 

10.9 74 1,037 0,046 

Bearing 
resistance. 

- 595 1,308 0,219 

The bolt cross section area and the tensile strength are given the fol lowing mean and coeffi

cient of variation 

mAs=\,Q-As V A , = 0,01 

mfub ~ 1 >15-/«£(nom) Vfub = ° ' 0 7 

and for the bearing the steel plate is given the fol lowing properties 

- ultimate strength m ^ = l , 1 5 - / „ ( n o m ) Vf = 0,07 

- thickness m, = 1,0-r Vt = 0,05 

- all other dimensions md= 1,0-d" Vd = 0,005 
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5.4.5 Welds 

In Eurocode 3 part 1-1 two methods to determine the resistance o f a weld is given, the stress 

component method and the simplified mean stress method. Here only the latter o f these two 

methods w i l l be treated. 

The resistance per unit length o f a fillet weld, independent of the orientation o f the weld, is 

given by 

Fw,R ~ fvw ' a (5.107) 

where a is the throat thickness of the fillet weld a n d / ^ the shear strength o f the weld deter

mined f r o m 

/ - A . (5.108) 

where f u is the nominal ultimate tensile strength of the weaker part joined. ß w is a correction 

factor varying between 0,8 and 0,9 depending on the steel grade. For example, for S 235 is 

ß w = 0,8 and for S 355 is ß w = 0,9. 

In table 5.5 some results f r o m tests o f welds are shown. The values o f bm are in the evaluation 

of the test results calculated with the assumption that ß w = 0,74 for the plate material S 235 

and ß w = 0,77 for the material S 355. In the test all parameters were measured before the test. 

Table 5.4 Statistics o f welds. Reference ISO/TC167/SC1-N213 and ISO/TC167/SC1-N214. 

Plate material. No. of tests m *8(=Vs) 

S 235 581 1,472 0,286 

S 355 300 1,327 0,252 

For welds it is assumed that the mean cross section area o f the throat is equal the nominal val

ue, and that the coefficient of variation of the throat area is V A w = 0,10. 
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6. R E L I A B I L I T Y ANALYSIS OF T H E MAST IN ARVIDSJAUR 

A reliability analysis o f a guyed mast involves several difficulties. First, i t is not possible to 

define exact explicit expressions for the load effect on a component as a function of al l basic 

variables. The reliability model has to be simplified and, furthermore, a simplified nonlinear 

model for the load effect function has to be established. The second diff icul ty is to determine 

the uncertainty that arises due to the simplifications. There are also other uncertainties related 

to the loads that need to be estimated. 

The simplified probabilistic model used for the reliability analysis of the mast in Arvidsjaur is 

presented in Section 6.1. The simplified model for the load effect function is presented in Sec

tion 6.2 and the uncertainties that arises are discussed and estimated in Section 6.3. 

The probabilistic method that w i l l be used for the estimation of the notional rehabihty is the 

FOSM method. 

6 .1 Probabilistic model 

A probabilistic model for a general component in the mast is given by the failure function 

s i X ^ X ^ X ^ X ^ X p j X ^ X p X J (6.1) 

where Xfy is the variable material strength parameter. 

XA represents one or more variable geometrical properties, cross section area for ex

ample. 

XR is the uncertainty in the resistance model. 

XG is the variable self weight of the structure. 

Xp is the variable effect that arises f r o m the pretension o f the guy cables. 

X w is the variable wind load. 

Xj is the variable ice load. 

Xs represents the uncertainties related to the loads (actions) and to the transforma

tion o f loads into load effect. 

The failure function is nonlinear and unfortunately also unknown. I t is not possible, for a com

plex structure as a guyed mast, to find explicit expressions for the total load effect as a func

tion o f all basic variables on a general component. I t is therefore necessary to simplify the 

probabilistic model. The first simplification is to uncouple the resistance f r o m the load effects 

into a resistance function r and a load effect function s, i.e. 

g = r ( X f y , XA, XR) - s {XG, Xp, X w Xj, X S ) (6.2) 
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This uncoupling forces us to f ind an expression for the load effect function which include XQ, 

Xp, Xyj, Xj and Xs. Further, a new uncertainty arises due to this uncoupling since the load effect 

depends on the resistance. For example, the deflection, and thus the load effect, is larger on a 

mast which has components that are less s t i f f than on a mast with stiffer components. Howev

er, the variation in the stiffness of the mast is of the same order as the variation in cross section 

areas and hence deemed negligible. The uncertainty due to this uncoupling does not need to be 

considered. 

The resistance function in eq. (6.2) can, for most components in the mast, be accurately de

fined as all variables for r are well defined, see Section 5.4. 

The load effect function, however, is much more diff icul t to define. As aheady mentioned, i t is 

not possible to find exact explicit expressions for the load effect function and secondly, the i m 

portant wind and ice loads are stochastic processes with a strongly nonlinear interaction and 

they are therefore diff icul t to implement in the model. 

In order to find an expression for the load effect fiinction one further simplification is needed. 

I f the load effect function, which contains the variable loads of wind and ice and permanent 

loads of self weight and pretension of the guy cables, is split (uncoupled) into two new func

tions a simpler expression for the probabilistic load effect function is obtained. 

g = r ( X f y , XA, XR) - sv (X^ X p X S v ) - sp ( X G , X p , X S p ) (6.3) 

Now, we w i l l try to evaluate the effect o f this uncoupling o f 5 into the two new separate load 

effect functions, for variable loads and, sp, for permanent loads. 

The uncoupling made in eq. (6.3) implies that the load effects o f the permanent loads and the 

variable loads, respectively, are independent o f each other and therefore can be summed. This 

is true for the loads but certainly not for the load effects. Consequently, this uncoupling is only 

possible i f the permanent loads are considered as deterministic and i f the second order effect 

o f the permanent loads is included in the load effect function which describes the nonlinear ice 

and wind load combination. 

The assumption of deterministic self weight w i l l probably have small effects on the result, 

while the influence of the assumption o f deterministic pretension is more diff icul t to evaluate. 

Consider first the self weight. A l l components in a guyed mast is in general accurately defined 

and the weights used for design is close to the real weights. Assume that the weights have 

means that are equal to the weights that are specified in design and coefficient o f variations of, 

say less than 5%. The corresponding standard deviation for the weight of one guy cable is then 

0,7 kg/m which corresponds to a load o f 0,007 kN/m, i.e only one tenth o f the standard devia-
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tion of the ice load on the guy cable. A similar discussion shows that the standard deviation of 

the self weight of the shaft is roughly one third o f that o f the ice load on the shaft. Consequent

ly, there is an influence o f the variable self weight but the influence is small in comparison to 

that o f the ice load. Note also that the largest influence of the ice load arises f rom the indirect 

effects of increased wind area and not directly f r o m the ice weight. 

The influence o f the assumption o f deterministic pretension in the guy cables is much more 

difficult to evaluate since little is known about the variation o f the pretension forces. Firstly, 

there are no quantitative data on this variation, and secondly, i t is not known how the preten

sion in different guy cables are related, e.g. some guy cables may have a too high pretensions 

while others have a too low pretension and w i l l then impose an initial curvature on the shaft. 

However, normally the pretension force in the guy cables is measured and corrected at con

stant time intervals. I t can therefore be expected that the variation is small, at least the varia

tion between guy cables in different directions. Consequently, the effects of the pretension 

forces are diff icul t to model and include, and i t w i l l thus be assumed that the pretension forces 

are deterministic and given by the pretensions prescribed in the design. Later herein, a sensi

tivi ty analysis o f the influence o f the pretension w i l l be made. 

Now, when the permanent loads are assumed deterministic, the failure function can be written 

as 

The probabilistic model is still to diff icul t to be used in the rehabihty analysis. One further 

simplification is needed. The uncertainty variable Xs must be uncoupled f r o m the load effect 

function, i.e. 

A rough estimation o f the uncertainty term CSXS w i l l be made in section 6.3. 

In Section 4.5 a rough simplified model for describing the load effect on a general component 

under combined ice and wind load, eq. (4.46), was presented. This model is not intended for 

design purpose as the model is very rough. However, i f the model is improved to better fit the 

actual forces calculated for one component, a good approximate function o f combined load ef

fect can be obtained. (This w i l l be shown in the next section herein.) The deterministic loads 

w i l l also be included in the model. 

g = r{X X A , X R ) - s i X ^ X p X g G,P) (6.4) 

g = r (X XA, XR) - s { X w Xp G, P) - CSXS 
(6.5) 
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Finally, the simplified failure function in now given by 

g = r { X f y , X A , X R ) - s ( X c ) - C s X s (6.6) 

where Xc is the combined load effect of variable ice and wind loads and includes deter

ministic self weight and pretension. 

Xs is the uncertainties related to the loads and to the simplified model fo r load to 

load effect transformation. 

Cc is the deterministic coefficient for the uncertainty connected to Xs. 

6.2 Simplified model for combined loads 

I n Section 4.5 a rough simplified model for describing the load effect on a general component 

under combined ice and wind load, eq. (4.46), was presented. The load effect model was used 

in order to find appropriate load factors for combined ice and wind load. In the end o f the same 

section an analytical solution was presented for the probability distribution and density func

tion for the combined load effect, eq. (4.69) and eq. (4.70). 

The model for the combined load effect, eq. (4.46), is too rough to give an accurate description 

of the combined load effect. However, i f the model is improved to fit better to the combined 

load effect obtained by a F E M program, a good approximate function o f combined load effect 

can be obtained. First, the model given by (4.46) is 

where the first term is the load effect o f permanent loads and the others represent the load ef

fect o f combined wind and ice load. 

The probabilistic load effect model can be expressed in general terms as 

CGG + CjQj+Cm\ 1 + 2 

V 
(6.7) 

a0 a l X I **WXW^ ^IWX/XW (6.8) 

where Xf is the variable ice load. 

Xw is the variable wind load, 

a,- are load constants. 

The last term in eq. (6.8) includes the nonlinear combination effects. 
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In the reliability analysis, to be made for some components herein, a load level at which the 

component fails w i l l be found. This failure load level is denoted Sß I f the approximate load ef

fect function given by eq. (6.8) is fitted at this load level, a fair ly good description o f the non

linear load effect function is obtained for the state when the component fails. The load level Sy 

is, however, unknown prior to the analysis and must therefore be estimated. The probabilistic 

analysis wi th approximated load effect function fitted to the load level 5^ w i l l result in a relia

bil i ty index ß and a sensitivity factor a for each basic variable. When these are known, the 

failure load level can easily be determined. I f the new Sf differs to much f rom the first esti

mate, a new fit to the nonlinear load effect function can be made and new load constants calcu

lated. This iterative procedure can be repeated unti l the "exact" failure load level is found. 

The approximation of the nonlinear load effect function w i l l be illustrated wi th an example. 

Consider the representative diagonal component presented in Section 3.3. The nominal resist

ance for buckling, without partial coefficients, for this component is 206 k N (see Section 

6.4.1). Further, f r o m the combination analysis, Figure 4.25, assume that the ice load w i l l be 

somewhere in between 0.4 and 1.0 times its 98% fractile for the annual ice load maximum 

when the failure is reached. This means that the ice load on the guy cables w i l l be approxi

mately inbetween 0,2 and 0,4 kN/m. Now, i f these limits are used for the approximation of the 

load effect function in eq. (6.8), and the load effect function is linearized at the load level 206 

k N an approximation of the load effect function is obtained as shown in Figure 6.1. 

Force in diagonal at 175 meter [kN] 
500 i -

0 1000 2000 3000 4000 
2 2 2 

(Wind speed at 10 meter) [m Is ] 

Figure 6.1 The simplified load effect model fitted at the load level 206 k N to the results ob

tained by F E M calculations for one diagonal component. 
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In this case we find that appropriate constants for the load effect function in eq. (6.8) are 

a0 =-24,0 

ci[ = -825 

a w =0,0308 

a m =0,521 

[kN] 

[m] 

[kN-m 2 / s 2 ] 

[s 2 /m] 

Again, i f i t is found in the probabilistic analysis that Sf differs much f r o m the load level at 

which the load constants were determined, a new analysis wi th improved load constants may 

be necessary. Note also that the load effect function, eq. (6.8), includes the first and second or

der effects f r om the loads that are assumed deterministic, i.e. the self weight and the preten

sion. In this case there are no direct effects of permanent loads. 

The probability distribution and density function for the combined ice and wind load, eq. 

(4.69) and eq. (4.70), can be written as 

FAs) = (6.9) 

and 

f s ( * ) = 

dFs(s) 

ds 

(Af,- 1) 
( 1 - / 7 ) 

ds 
+ p-

ds 
(6.10) 

where Fi

r (s) is determined by 

= j j f l m a x w i X p X w ^ l d X w (6.11) 

with the limits of the integration given by 

s > aQ + cijXj + a w x w + a I W X j X w (6.12) 

The loads are not normalized in this case since we want to have the load effect as a force. 

The same input data for ice and wind load as in the previous analyses is used for the reliability 

analysis herein, i.e. the input data given in Section 4.5. Note however that the load effects in 

Figure 3.8 are presented for a wind speed at 10 meter level. The wind profile which is used for 

the analysis is given by eq. (3.2). The wind speed2 at the 10 meter level is related to the 110 
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meter level wind speed as 

noya o s -
i o J 

= 0, 787v 
n o 

(6.13) 

In Figure 6.2 the tail o f the probability distribution function fo r the combined load effect on 

the representative diagonal component is presented. 

C D F of maximum annual load effect. 
Diagonal at 175 meters. 

0.99 

0.98 

0.94 

0.93 

Total combined load ef fec t [kN] 

Figure 6.2 High fractiles o f the probability distribution function for the combined load effect 

on the diagonal component at 175 meters. 

I t is clear that the probability distribution function for the combined load effect has a very ex

tended tail for high load effects. Further, the 98% fractile o f the combined load effect is 146 

k N and the assumed failure load level corresponds to the 99,5% fractile. 

6.3 Uncertainties 

As previously mentioned, there are several uncertainties that have to be included in a reliabili

ty analysis. I n the reliability analysis of the mast in Arvidsjaur the uncertainties have been di

vided into three important uncertainty sources that w i l l be discussed. These uncertainties are 

• Uncertainties in the resistance model (resistance function). 

• Statistical uncertainties o f the loads. 

• Uncertainties in the idealized load model and in the transformation of load to load effect. 

The first uncertainty, in Section 6.1 represented by XR, is due to the uncertainties in the resist

ance model. This uncertainty is the only one that can be accurately described herein. In Sec-
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tion 5.4 results f r o m tests of several different components were presented. For each 

component two uncertainty parameters, bm and 8, were given. These known uncertainties w i l l 

be used directly in the resistance calculations for the components o f the mast. 

The statistical uncertainties o f the loads are more diff icul t to estimate, at least those o f the ice 

load and wind load. These two loads have been measured under a limited number o f winter 

seasons. Appropriate distribution functions have been estimated f rom the data, Section 4.2 and 

Section 4.3. I t is however, wi th the l imited information of ice load and wind speed, diff icul t to 

say i f the best fitting distributions were chosen. The loads have therefore a statistical uncer

tainty. Note that analyses often tends to sum several conservative assumptions upon each oth

er. In the analyses of the loads in Section 4.2 and 4.3 some conservative assumptions were 

made of both the wind speed and the ice load, e.g. the assumption that the ice load on the guy 

cables and the shaft were totally correlated. In order to avoid results that are "too much on the 

safe side" no additional uncertainties are assigned to the distributions of the ice and wind 

loads. 

The permanent loads have been discussed in Section 6.1. I t was concluded that the direct ef

fects o f the uncertainties due to variations o f the self weight are relatively small and o f low i m 

portance, and therefore could be neglected. 

The variation in the pretension forces, on the other hand, was diff icul t to estimate and to in

clude in the probabilistic analysis. This "load" is therefore assumed deterministic and the in 

fluence o f variable pretension w i l l be investigated later in this chapter. 

Another action, or correctly, action effect, that has not yet been mentioned is the effects of 

temperature changes and uneven temperature. I t is known that these effects are small for the 

mast in Arvidsjaur in comparison to the other loads, Fahleson (1993). Furthermore, the preten

sion of the guy cables, which give same effects as temperature changes, is assumed to be de-

terministic.The uncertainty in the assumption o f no temperature effects is therefore not 

included in the probabilistic analysis. 

Uncertainties in the idealized load models and in the transformation o f load to load effect are 

the most diff icul t to estimate. These uncertainties arise f rom 

• Poorly known wind drag on the iced mast. 

• Neglecting dynamic effects. 

• Idealization of the wind load. The only variation that is considered in space is the height 

dependence given by eq. (3.2). The variable wind dhection is not considered. The wind 

load distribution is based on the distribution of the 10 second mean wind speed. 
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• Idealization o f the ice load as symmetrical and uniformly distributed on shaft and on guy 

cables and as totally correlated between the shaft and the guy cables. 

• Uncertainties that arise due to the simplified load effect function. 

These uncertainties are deemed as significant and must therefore be included in the probabilis

tic model. Herein a very simple and rough estimation of them w i l l be made. 

Assume roughly that the wind drag has a coefficient o f variation o f 10% f r o m assumed values 

which are considered as average values. Further, assume that the design (failure) point on the 

failure surface for the combined ice and wind load is close to a point where both the ice load 

and the wind load are close to theh individual 98% fractile of annual maximum, i.e. Qj = QIk 

and ß w = Qwk-A rough estimation o f the coefficient of variation in terms of resulting load ef

fect when the wind drag (proportional to the wind load) change 10% can be obtained f rom 

eq.(4.47) as 

5 / ± i o % _ 0,3 - 1 , 0 + 1 • ( 1 + 2 - 1 , 0 ) - ( 1 , 0 ± 0 , 1 ) 
Sf 0,3 • 1 , 0 + 1 • ( 1 + 2 - 1 , 0 ) • 1,0 i - " - 1 iP . i f J 

In eq.(6.14) is it assumed that Kj = 0,3 (Representative for a leg component high up in the 

mast). 

The variation of the unknown wind drag can now be included in the probabilistic model as a 

normal distributed variable wi th the standard deviation given by ö = 0 , 1 - Sj and the mean 

by m - 0. 

I t is diff icul t to estimate the uncertainties connected with the simplification and idealization of 

the loads, i.e the influence of dynamic effects and the idealization o f the ice and wind loads. 

Some of the assumptions made w i l l result in too high load effects while others w i l l result in 

too low load effects. However, since no better information is found fo r these uncertainties, it is 

assumed that the total uncertainty f r o m these is normally distributed wi th the mean value 

m = 0 and the standard deviation of a = 0, 1 • Sj-. 

In the example presented in Figure 6.1 it was shown that the f i t to the F E M calculations was 

fair ly good for the simplified load effect function. In order to have an uncertainty for the sim

plified load effect function i t is assumed that this uncertainty is normally distributed wi th the 

mean value m = 0 and the standard deviation o f f j = 0 ,1 • Sj-. 

The statistical parameters for the uncertainty variable related to the loads, Xs, in eq. (6.6) is 
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thus described by a normally distributed variable with the standard deviation 

o s = 7(0, 1 - S f ) 2 + ( 0 , 1 • S f ) 2 + ( 0 , 1 • Sß 2 - 0, 2 • S (6.15) 

and the mean 

(6.16) 

As the estimation o f the load related uncertainty parameters was very rough, i t w i l l later be in

vestigated how the rehabihty is affected by changes o f the uncertainty herein. 

I n addition to the main uncertainties mentioned above there are other uncertainties that are not 

directly connected wi th the design of the structure. For example, errors that can arise during 

the construction, or human mistakes during the design phase. Those types of errors can for ex

ample be misplacement o f components, or a large error by the designer when the strength of a 

component is calculated. The influence of these types of errors can however be reduced i f a 

high degree o f supervision is prescribed under both the design and the construction. The un

certainties that arise f rom human errors are for a guyed mast deemed as small, since the super

vision during the design phase and also during the construction is considered to be sufficient. 

These uncertainties are therefore neglected in the reliability analysis herein. 

6.4 Reliability analysis of a diagonal component 

Consider the diagonal that has been studied in earlier sections, i.e. the diagonal at the 175 me

ter level. 

The probabilistic model, i.e the failure function in eq. (6.6), is for this diagonal given by 

The failure modes that are relevant for this component are: buckling, failure o f the bolted con

nection, and failure o f a weld. The resistance models for all these failure modes have been pre

sented in Section 5.4. 

The probabilistic variable for the total combined load effect, Xc, is given by the simphfied 

load effect function, eq. (6.8). Note that this load effect function also includes the determinis

tic load effect function s p. I n Section 6.2 load constants were calculated for the simphfied load 

g = r { X f y , X A , X R ) - X c - s p ( G , P ) - X , (6.17) 
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effect function when the "failure" load level was assumed to be 206 k N . These constants are 

used initially in the simplified load effect function. Further, the probability distribution and 

density functions for the load effect were given by eq. (6.9) and eq. (6.10). Since the distribu

tion is neither normally distributed nor log-normally distributed Rackwitz and Fiessler meth

od, see Section 5.2.6, has to be applied. The variable total load effect, X c , is thus described by 

an equivalent standard deviation, a c * and an equivalent mean, mr*. Further, Hasofer and 

Lind's algorithm is used in order to f ind the design point on the failure surface. 

6.4.1 Buck l ing 

The failure function for buckling o f the component is given when eq. (5.101) is included into 

eq. (6.17), i.e. 

The uncertainty variable for the resistance model, XR, in eq. (6.18) is denoted X§ further on. 

(In Annex Z of Eurocode 3-1 the notation 8 is used.) 

The diagonal has the fol lowing nominal dimensions and nominal yield strength 

3> • t= 101,6 • 3,6 mm (A = 1110 m m 2 , i = 34,7 mm) 

lc = 3060 mm 

fyk= 310 MPa (SS 2174) 

From Table 5.1 the fol lowing statistical properties for yield strength and cross section area are 

assumed 

mfy= 1,26 f y k 

V A = 0,05 (Log-normally distributed.) 

mA = 1,0 A 

The non-dimensional slendemess, eq. (5.99), is calculated to X = 1,08. I t is further assumed 

that the cross section belongs to buckling curve a in Figure 5.7. Thus the reduction factor can 

be read to % = 0 , 6 0 . 

The slendemess is X = 88. I f i t is assumed that the Steel grade S 235 is representative for the 

material, then the correction term and coefficient o f variation for the error term are found in 

Table 5.2, 

S = K X X f y X A X & - X c - X s 
(6.18) 

Vß, = 0,12 (Log-normally distributed.) 

V8 = 0,08 

m5= 1 

(Log-normally distributed.) 
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The basic variables must now be normalized. For a log-normally distributed variable the nor

malization is 

l n X - m . Y 

Z = — (6.19) 
°lnX 

The new normalised variable Z can be brought into the failure function i f the log-normally dis

tributed variable X f rom eq. (6.19) is substituted wi th 

X L = e x p ( z A / l n [ v ^ . + l j ] = m^exp (VXZ) (6.20) 

+ 1 

The approximation in eq. (6.20) holds i f V x is small. (Herein the approximation is assumed 

not to affect the result i f Vx< 0,25.) 

For a normally distributed variable X the normalization is given by 

X = mx + axZ = mx ( 1 + VXZ) (6.21) 

In this case, the normalization for all basic variables are 

X f y = 1, 26/ > f c exp (0, \2Zfy) = 391 exp (0, U Z f y ) 

XA = A e x p ( 0 , 0 5 Z A ) = l l l O e x p ( 0 , 0 5 Z A ) 

X g = l e x p ( 0 , 0 8 Z 8 ) 

X 5 = 0 + 0, 25^Z S = 0, 2 • 206Z S 

* * 

x c = m c + a c z c 

The fo l lowing normalised failure function is obtained (Units in kN) 

g = 299exp (0, l2Zfy + 0 , 0 5 Z A + 0 , 0 8 Z g ) - 4 1 , 2 Z S - m*c - o ^ Z c (6.22) 

The result f r o m the probabilistic analysis is presented in Table 6.1. 
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Table 6.1 Buckling of a diagonal component at the 175 meter level. 

ß Ofy <*A «6 «S « C 

0 3,000 -0,400 -0,400 -0,400 0,400 0,400 - -

1 2,892 -0,162 -0,068 -0,108 0,251 0,946 -181 155 

2 2,878 -0,170 -0,071 -0,113 0,213 0,953 -258 184 

3 2,877 -0,174 -0,072 -0,116 0,219 0,950 -242 178 

4 2,877 -0,175 -0,073 -0,117 0,222 0,949 -237 176 

5 2,877 -0,176 -0,073 -0,117 0,222 0,949 -236 176 

6 2,877 -0,176 -0,073 -0,117 0,222 0,949 -235 176 

The failure point on the failure surface is found after six iterations. The calculated reliability 

index is 2.88 which corresponds to a probability of failure o f 2-10"3. Further, the sensitivity 

factor for the combined load effect is high, a c = 0,95, which implies that the highest contribu

tion to the failure probability is f r om the combined load, i.e. the failure point is found at a high 

fractile in the distribution for the combined load effect. I t is also clear that the distribution for 

the combined load effect has a very extended tail i f the equivalent standard deviation and 

mean value are studied. 

Now, when this failure point is estimated, a new failure load level Sy can be calculated. 

S f = - 235 + 0, 949 • 2, 877 • 176 + 0, 222 • 2, 877 • 4 1 , 2 = 272 k N 

Note that the same result is obtained i f Sy is calculated by using the resistance variables. 

Force i n diagonal at 175 meter [ k N ] 
500 

o 0.20 kN/m 

400 -
• 0.30 kN/m 

s 0.40 kN/m 
/ '' / 

/ / / 300 / ' * 
/ / 0 

200 

/ *P s 
J y s 

100 /.'.' 

0 

^ y 
.. \.. ,f. \.... \.... \... 

- 272 kN 

0 1000 2000 3000 4000 5000 
2 2 2 

CWind speed at 10 meter) [m /s ] 

Figure 6.3 Improved simplified load effect function fitted at the load level 272 k N to the re

sults obtained by F E M calculations for the diagonal component at 175 meters. 
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This failure load level differs f r o m the first assumed failure load level. Therefore, a new f i t to 

the load effect function is made, Figure 6.3. The fol lowing new load constants are obtained 

LT.Q = 13,6 

a, =-1118 

a w =0,0130 

a m = 0,649 

The new improved load effect function gives the fol lowing result 

ß Ofy aA oc5 « S « C mc* o c * 

2,811 -0,169 -0,071 -0,113 0,282 0,935 -245 181 

The differences f r o m the first analysis are small. The calculated reliability index is 2.81 which 

also corresponds to a probability o f failure of 210" 3 . The failure load level for the improved 

model is 273 k N , i.e very close to the assumed. 

In order to investigate the influence o f the uncertainties, represented by Xs, new calculations 

for different coefficient of variation are made. (The load effect function presented previously 

is used for all cases in the calculations.) In Figure 6.4 the rehabihty index for the diagonal 

component is shown as a function o f the coefficient of variation for the uncertainties, V5. 

Diagonal at 175 meters 
4 . 0 1 1 1 1 1 

ß 2 „  

1 . 0 • 

0 . 0 1 — i — i — • — ' — i — ' — ' — ' — ^ - J — i — ' — ' — • — i — ' — • — i — i — 

0.00 0.10 0.20 030 0.40 

Uncertainty, V s 

Figure 6.4 Reliability index for the diagonal component as a function o f the coefficient o f 

variation, Vs, for the uncertainty Xs. 

From the figure it is seen that the uncertainty has a small influence on the reliability. This is 

however not strictly true since the uncertainties were assumed to be uncoupled from the load 
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effect function. I n reality the uncertainties are coupled to the combined load effect which has a 

distribution wi th a very drawn out tail. This distribution differs quite a lot f r o m the normal dis

tribution that is assumed for the uncertainties. 

However, as earlier mentioned, i t is not possible to include the uncertainties directly in the 

load effect function. The result in this reliability analysis must therefore be interpreted with 

some care. 

6.4.2 Bolted connection 

The bolted connection has to be checked for both shear failure of the bolt and bearing failure 

in the steel connection. The bolt has the strength grade 8.8 while the plate material is a SS 

2174 steel. The resistance model for bolt shear failure is given by eq. (5.102). For bearing fai l 

ure the resistance function is given by eq. (5.106). The fo l lowing two failure functions are 

then given 

g = bm0,6XfubXAsXh - X c - X s for bolt failure and, (6.23) 

g = bm2,5aXfuXdXfih - X r - X s for bearing failure. (6.24) 

where Xß^ is the nominal ultimate strength of the bolt, rtipj, = 1 ,15/^ and V ^ , = 0,07. 

XAs is the shank area of the bolt, mAs = 1,0 As and VAs = 0,01. 

Xß is the nominal ultimate strength o f the steel plate, = 1,15/H and Vfu = 0,07. 

Xd is the bolt diameter, md = 1,0 d and Vd = 0,005. 

Xt is the plate thickness, mt = 1,0 f and V, = 0,05. 

a is a deterministic coefficient, see Section 5.4.4. 

The uncertainty parameters for the bolt shear faUure are 

bm = 1,08 

V 5 = 0,07 

and for the bearing failure 

K = 1,31 

V 6 = 0,22 

The bolted connection consists of one 24 mm bolt and one steel plate with 20 mm thickness 

welded to the leg and two steel plates, each with the thickness 10 mm, welded to the diagonal. 

There are thus two shear planes and the resistance is therefore assumed to be twice the resist

ance of one shear plane. 
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Shear fa i lure o f the b o l t 

The normalization for all basic variables are 

Xfub = U 5 / u f e e x p ( 0 , 0 7 Z / a f e ) = 920exp (0, 01Zfub) 

X A s = AsexV ( 0 , 0 1 Z A j ) = 452exp (0, 0 1 Z A j ) 

X s = l e x p ( 0 , 0 7 Z 8 ) 

Xs = 0 + 0, 2SjZs = 0,2 - 272Z S 

* * 
x c = m c + a c z c 

Assume that the failure occurs close to the failure load level previously calculated, i.e. at the 

load level 272 k N . 

The normalised failure function is described by 

g = 2 • 269exp ( 0 , 0 7 Z / u 6 + 0 , 0 \ Z A b + 0,07Zg) - 5 4 , 4 Z S - m* - a* Z c (6.25) 

which gives the fo l lowing results. 

ß "As «5 <*S «C mc* ° C * 

3.69 -0,09 -0,01 -0,09 0,13 0,98 -965 401 

The reliability index shows that the rehabihty against shear failure o f the bolt is higher than 

the reliability against buckling failure. The failure probabihty for the bolt, without any correc

tion o f the load effect function, is M 0 " 4 . I t is also seen that the only variation that is of impor

tance is the variation o f the combined load effect. I f it is assumed that the resistance is 

deterministic and given by its nominal value, the failure load level is found at the nominal re

sistance, i.e. at 538 k N . The rehabihty index is in this case 3.72, i.e. very close to the reliability 

that is obtained when the variation of the resistance is included. 
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Bearing failure. 

The constant a in eq.(6.24) for the two 10 m m thick steel plates welded to the diagonal is 

a = 0,53. The same constant is obtained for the 20 mm steel plate welded to the leg. Assume 

that the resistance of all steel plates are fu l l y correlated. Thus the bearing resistance is deter

mined by the weakest part joined. In this case the sum of the resistance for the two steel plates 

welded on the diagonal is equal to the resistance for the steel plate welded to the leg. 

The normalization for all basic variables are 

X f u = 1,15/ uexp ( 0 , 0 7 Z / u ) = 1,15 • 470exp ( 0 , 0 7 Z / a ) 

Xd = 1, Odexp (0, 005Z d ) = 24exp (0, 005ZJ 

Xt = 1, Ofexp (0, 05Z f ) = 20exp (0, 05Z r ) 

X 6 = 1 exp (0, 2 2 Z 8 ) 

Xs = 0 + 0, 2SCkZs = 0, 2 • 142 Z s 

* * 

x c = m c + °czc 

The normalised failure function is 

g = 450 exp (0, 0 7 Z / u + 0, 005Z r f + 0, 05Z f + 0, 2 2 Z g ) - 54 , AZ$- m*c - O ^ Z c (6.26) 

and the results are 

ß O/« ad at « 6 «S « C mc* oc* 

3,29 -0,10 -0,01 -0,07 -0,31 0,22 0,92 -380 228 

The reliability index 3,29 corresponds to a failure probability of 5-10 which is five times 

larger than that for shear failure o f the bolt. 
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6.43 Welds 

The resistance function for the weld is given in eq. (5.107). The failure function is for this case 

given by 

8 = 7 ^ W ^ X 6 - * c - X S (6-27) 

where Xß, is the nominal ultimate strength of the weaker part joined, i.e the SS 2174 steel 

wi th , mfu = l , 1 5 / „ and = 0,07. 

Xa is the throat thickness, ma = 3,5 mm and Va = 0,10. 

/ is the total length of the weld, 560 mm. I t is assumed that I is deterministic. 

ß w is a coefficient dependent on the material. I t is assumed that ßw = 0,74 

(S 235 steel). 

The uncertainty parameters for the weld failure is 

bm = 1,47 

V 8 = 0,29 

The normalization for all basic variables are 

X f u = 1, 15/ u exp (0, 0 7 Z / u ) = 1, 15 • 470exp (0, 0 7 Z / u ) 

Xa = 3,5 exp ( 0 , 1 0 Z J 

Xs = 0, 96exp (0, 28Z S ) 

and the normahzed failure function is 

g = 1166exp ( 0 , 0 7 Z / u + 0, l0Zd + 0, 28Z g ) - 5 4 , 4 Z S - m* - a*rZr 

The coefficient representing the mean of the resistance is 1166 k N . I t can therefore be con

cluded that the weld has a very high reliability and that i t does not contribute to the failure risk 

for the diagonal component. (The computer program can not handle the analysis since the f a i l 

ure point is found somewhere on the very extreme tail o f the combined load effect function, 

i.e. the equivalent mc* takes a very large negative value and Or* takes a very large positive 

value.) 
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It can now be concluded that the failure risk for this particular diagonal component is gov

erned by the buckling resistance. I f the resistance of all individual parts o f the diagonal com

ponent are assumed to be uncorrelated, the total failure probability, eq. (5.69), for the diagonal 

can be estimated by 

P f = 1 - < 1 - h Buckling) V - P f , Bolt)
 2 ( 1 - P f , Bearing) ' C1 " ^ V M ) ' ^ 

However, there are probably a strong correlation between some of these parts and the squares 

can therefore be neglected. For example, the shear resistance of two bolts mounted at the same 

time, is probably very similar. I t is very l ikely that the bolts have been produced under exactly 

the same conditions. 

The failure probability for the welds and for the bolted connection are small in comparison 

with the failure probability for buckling, and can therefore be neglected. The failure probabili

ty for this diagonal component is thus 

Pf= Pf,Bttmng = 2 1 0 ' 3 ( 6 - 2 9 ) 

Note that this diagonal component is not the one with the heaviest load. This diagonal was 

chosen as representative because the nominal resistance o f the component in relation to the 

force acting on the component was the highest o f all diagonals. Other diagonal components, 

which are mounted close to the guy cable attachments, are more loaded. The weld and the 

bolted connection on these components are the same and they have therefore a lower reliabili

ty than calculated in this analysis. The load effect on the heaviest loaded diagonals wi th the 

same connection and weld as the analysed is approximately 25% higher. ( A diagonal at the 

165 meter level.) The reliability index for bearing failure on that component can be roughly 

estimated i f we reduce the nominal resistance in eq. (6.26) wi th 25%. The analysis gives a re

liabili ty index of approximately 3,0 (Py= 1,3-10"3) which is a slightly higher rehabihty than 

for buckling of the previously analysed diagonal. 

6.4.4 Influence o f variable pretension 

The effects o f variable pretension were neglected in the reliability analysis. In order to investi

gate the effect o f this assumption, the load effect on the representative diagonal is calculated 

for two cases wi th pretensions different those specified in the design. I n Figure 6.5 the result is 

shown for ice loads varying between 0,20 and 0,40 kN/m and with pretensions varying +10% 

f rom the specified pretension. 
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Force in diagonal at 175 meter [kN] 
Effects of ± 10% change in pretension. 

0 1000 2000 3000 4000 
2 2 2 (Wind speed at 10 meter) [m /s ] 

Figure 6.5 Effects o f pretension forces varying 10% f rom specified design values. 

For an ice load o f 0,4 k N / m and a wind speed of 52 m/s the difference between the 10% lower 

and the 10% higher pretension is not larger than 3%. For this component i t can thus be con

cluded that the influence of the variable pretension is negligible. 

6.5 Reliability analysis of a leg component 

Consider the same leg which has been studied earlier, i.e. leg A at the 250 meters level. The 

relevant failure modes for this component are: buckling and weld failure. 

Assume initially that the failure load level, Sß is close to the nominal buckling resistance 

which is 6040 k N . The fol lowing load coefficients for the load effect function are thus ob

tained for the leg component 

a0 = -196 

at = 254 

a w =1 .02 

ajw = 2.18 

The curve fit is shown in Figure 6.6. I t is clear that the nonlinearity is lower for this component 

than for the diagonal component. 
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Force in Leg A at 250 meter [kN] 
10000 

o 0.20 kN/m 
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Figure 6.6 Simplified load effect function fitted at the load level 6040 k N to the results ob

tained by F E M calculations for the leg component at 250 meters. 

6.5.1 Buck l ing 

The failure function for buckling o f the component is 

The fol lowing nominal dimensions and nominal yield strength are given 

O • r = 252 • 22 m m (A = 15900 m m 2 , i = 81,7 mm) 

lc = 2500 mm 

f y k = 400 MPa 

The steel is a special grade which is not specified in standard. I t is therefore assumed that the 

steel has the same properties as a SS2142 steel. The fol lowing statistical properties for the 

yield strength is found in Table 5.1 

rrtfy = 1,12/yfc 

The cross section area is assumed to have the fo l lowing statistical properties 

V A = 0,05 (Log-normally distributed.) 

mA - 1,0 A 

The non-dimensional slendemess, eq. (5.99), is calculated to X = 0 , 4 3 . I t is further assumed 

that buckling curve a in Figure 5.7 is applicable. Thus the reduction factor can be read to 

S = K X ^ X . - X . - X , (6.30) 

Vjy = 0,06 (Log-normally distributed.) 

X = 0 ,95 . 
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The slendemess is A. = 3 1 . I f i t is assumed that the Steel grade S 460 is representative for the 

material, the correction term and coefficient o f variation for the error term are found in Table 

5.2 as 

& m = l , 0 3 

Vg = 0,02 (Log-normally distributed.) 

m 8 = 1 

The normalization for al l basic variables are 

X f y = 1 , 1 2 f y k c x p ( 0 , 0 6 Z f y ) = 448exp ( 0 , 0 6 Z f y ) 

XA = Aexp (0, 05ZA) = 15900exp ( 0 , 0 5 Z A ) 

Xb = l e x p ( 0 , 0 2 Z s ) 

Xs = 0 + 0,2SjZs = 0,2- 6040Z S 

* * 

x c - m c + a c z c 

Now, the normalised failure function is described by 

g = 6970exp (0, 06Zfy + 0, 05ZA + 0, 02Z g ) - 1 2 0 8 Z 5 - m* - <5rZr (6.31) 

which gives the fo l lowing results 

p aA «8 « 5 mc* G C * 

3.18 -0,22 -0,18 -0,07 0,68 0,67 1331 1183 

The calculated reliability index 3.18 corresponds to a probability o f failure o f 7-10"4. The non

linear influence is less significant on this leg component as compared to the diagonal compo

nent. The failure load level is in this case calculated to 6460 k N . I f this level is compared with 

the curve fits presented in Figure 6.6 is it found that the initial f i t o f the combined load effect 

function is a good fit to the calculated load level too. No new calculations are therefore need

ed. 

I t is clear f r om the result that rehabihty is strongly influenced by the uncertainty variable. I t is 

therefore of interest to study how the rehabihty is affected by the uncertainty, see Figure 6.7. I f 

there was no uncertainty, the reliability index would be 3,7 which corresponds to a probability 

of failure of 10^, i.e. roughly ten times less than the calculated failure probability. 
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Leg A at 250 meters 
4.0 

3.0 

ß 2.0 

1.0 

""o.00 0.10 0.20 0.30 0.40 

Uncertainty, V s 

Figure 6.7 Reliability index for the leg component as a function of the coefficient o f varia

tion, V s , for the uncertainty X$. 

6.5.2 Welds 

The failure function for the weld is given by eq. (6.27). The fol lowing constant parameters and 

variable parameters are assumed for the weld in the leg component. 

The mean and coefficient of variation for the nominal ultimate strength of the weaker part 

joined (The steel material for the joint flange, SS 2174) is 

mf, = l , 1 5 / „ = 1,15-470 = 540 Mpa 

V> = 0,07 

The throat thickness 

ma = 12 m m 

V a = 0,10. 

The total length of the weld is 1580 mm. 

Assume further that a S 235 steel is representative for the material. The material dependent re

duction coefficient is ß w = 0,74. 

The uncertainty parameters for the weld failure are 

bm= 1,47 

Vs= 0,29 

The normalized failure function is 

g = 11280exp ( 0 , 0 7 Z / B + 0 , 1 0 Z d + 0, 2 8 Z 8 ) - 1 2 0 8 Z S - m* - a* Z c 
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The fol lowing result is obtained 

ß <*fu aa «5 « 5 «C mc* oc* 

3,36 -0,17 -0,24 -0,68 0,56 0,36 -2023 111 

The reliability index 3,36 corresponds to a failure probability of 4-KX 4 . From the results i t is 

also seen that the largest contribution to the failure risk is f r om the uncertainty in the resist

ance model. The resistance o f the weld is determined according to the simplified mean stress 

method given in Eurocode 3-1. The other method that is allowed in Eurocode for determining 

the resistance of welds is the stress component method. However, this method is not presented 

herein. I t is believed that this method, which is defined more in detail, would lead to higher re

liability and a lower influence o f the uncertainties in the resistance model. 

There are another possible failure mode o f this leg component that w i l l not be analysed herein. 

This failure mode is the tension resistance of the bolted connection between the leg sections 

which occurs i f the wind dhection is opposite to the previously analysed case. However, for 

this particular component a tension failure of the bolted connection is deemed to have a very 

low probability and is therefore not investigated. 

I t can now be concluded that the failure risk for the leg component at 250 meters is governed 

by buckling failure and failure o f the welded connection. I f the resistance of the welds is as

sumed to be uncorrelated, the total failure probability for the leg component is 

2 -3 
P f ~ 1 ~ ( 1 - P f , Buckling) ( l ~ P f , Weld) ~ P f , Buckling + 2 P f , Weld ~ 1 ' 1 0 

The failure probability o f this leg component is of the same order as that o f the previously an

alysed diagonal component. 
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6.6 Total reliability for the mast 

I f all components of a mast were analysed a notional reliability for the complete mast could be 

obtained. This notional reliability would, however, only be a rough estimate o f the true reha

bihty (real observed reliability). There is to much unknown information which w i l l be dis

cussed further on. 

The number o f components that contribute significantly to the failure probability is probably 

not so large, maybe 10 to 50 components. 

In order to illustrate how the individual reliability o f each component is related to the total re

liability a simple example is given. Assume that 20 components wi th a notional probability of 

failure varying f rom 10"4 to 10"3 have been identified. Further, the mast is assumed to be rep

resented by a series reliability system. The bounds for the probability o f failure for this system 

is given by (5.72). i.e. 

n 

max {Pn, Pn, P f n } < P f s < 1 - JT ( 1 - Pfi) (6.32) 

/= i 

The lower bound for the reliability is thus given as the failure probability for the component 

with the highest failure probabihty, i.e 10"3. 

I f it is assumed that the failure probability for the components vary linearly between 10"4 and 

10 ' 3 the upper bound for the total failure probabihty is calculated to 10" . 

Thus the total notional failure probability is somewhere in between these two limits. I t can fur

ther be concluded that there must exist a correlation between some of the components since 

several of them most likely are produced by the same base material and under the same condi

tions. 

A guess, partly based on the discussion above and partly based on intuition, is that the notional 

failure probability o f a guyed mast is i n the order 5 to 10 times larger than the failure probabil

ity o f the most unsafe component. 

This discussion would lead us to conclude that the mast in Arvidsjaur has an annual notional 

failure probability o f roughly 0,01, (Five times the reliability for the analysed diagonal com

ponent). However, reliability methods are, even though the analysis method include much sta

tistical information, rough tools and they have a tendency to give results on the "safe side", i.e 

a lower reliability than the real observed reliability. This discussion continues in Chapter 7. 
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6.7 Estimation of partial coefficients 

A n appropriate partial coefficient design format fo r this guyed mast has first to be introduced. 

Assume that the resistance is uncoupled f r o m the load effect, as in the previous reliability 

analysis. Furthermore, the influence o f variable permanent loads has been analysed in previ

ous sections and i t was concluded that these loads could be assumed to be deterministic. 

The design criterion for the partial coefficient method for a general component is thus given 

by (here referring to the Swedish partial coefficient design format.) 

± - r ( f y k , ad) > sp (yg, G, P) + sv ( y f QIk, Q W k , V ) (6.33) 
'n 

The permanent loads and one variable load are assigned different partial coefficients, yg and yp 

respectively. The accompanying variable load is assigned a load reduction factor V|/. The resist

ance is also assigned a partial coefficient, yn. 

The partial coefficient for the permanent loads is, yg = 1,0, since they were assumed to be de-

tenninistic, i.e. the variation o f the permanent loads has no influence, or have a negligible in 

fluence on, the reliability. 

In order to find appropriate partial coefficients for the variable load and for the resistance, the 

proposed partial coefficient design format must be calibrated against results f r o m a fu l ly prob

abilistic method. A n estimation of appropriate partial coefficients, based on load information 

f rom the mast in Arvidsjaur, w i l l be made herein. 

Consider the simple non-dimensional load effect model presented in Section 4.5 for combined 

ice and wind load, eq. (4.47), i.e. 

Ql 
S c - Ki7T + Ki 

Ulk 

where Kj represents the influence of ice load and ÆTW represents the influence o f wind load. 

The indices k denotes characteristic load, i.e the 98% fractile o f the annual maximum load. 

I f the probabilistic combined ice and wind load effect is denoted Z c t h e fo l lowing non-dimen

sional probabilistic design format for a general component is found 

1 + 2 
Ql 

Q t , . 

Qw 

Q. tin. 

(6.34) 

r ( X f y , XA, XR) > s p ( G , P ) + X r + CSXS (6.35) 
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where the term CSXS represents the uncertainty. Note that the permanent loads are assumed 

deterministic. 

Now, i f a target reliability index and the statistical information for all variables are given, a 

mean value for the necessary resistance can be calculated. The relation of this mean value to 

the loads makes i t possible for us to find appropriate partial coefficients according to eq. 

(6.33). First, however, a suitable target reliability index and representative statistical data must 

be chosen. 

I t is in general difficult to find an optimal target reliability fo r a guyed mast. Fust, i t is difficult 

to use existing masts as references, in order to determine a suitable target rehabihty, since the 

loads acting on masts usually are poorly known. Another diff icul ty is to determine the optimal 

target reliability. As a failure o f a guyed mast normally has only economical consequences a 

minimum hfe cycle cost including probable replacement costs could be used. However, such a 

calculation is lef t for future studies. 

Say roughly that a mast owner accept a failure probabihty o f 1-10"4. Further, the true reliabili

ty is roughly 10 times higher than the target reliability. I t means that the target failure probabil

i ty for the hole mast should be M O " 3 . As a mast has many components contributing to the 

failure risk each component must be designed for a rehabihty that is higher than the target re

liability for the whole mast. Assume, as discussed in the previous section, that the total relia

bi l i ty for the mast is roughly 10 times lower than the rehabihty for the most exposed 

component. This discussion ends up in a target failure probabihty o f M O " 4 . This means that 
* —4 

each component should be designed for the annual target failure probabihty, Py = 1 • 10 or 

the target reliability index, ß* — 3,7. 

In Section 6.3 a rough estimation o f the uncertainties was made. The uncertainties were as

sumed to be normally-distributed wi th a standard deviation corresponding to 20% of the fai l 

ure load level. This variance is however deemed too conservative to be used in order to find 

appropriate partial coefficients. ( In the previous analyses the calculated load effect was ap

proximated by a nonlinear function. In design the load effect is exactly calculated and it exists 

therefore no uncertainty due to the approximation). The uncertainty proposed for variable 

loads in N K B (1978) is considered as more realistic and is therefore used in this analysis. The 

standard deviation for the uncertainty is then given as 20% o f the characteristic combined ice 

and wind load effect. 

The resistance of a component is determined as a product of several variables that are assumed 

to be log-normally distributed. The distribution o f the resistance fo r the component can there

fore be approximated as log-normal wi th a mean value mR and a coefficient o f variation V R . 



172 RELIABILITY ANALYSIS OF THE MAST IN ARVIDSJAUR 

The coefficient o f variation is depending on the failure mode studied and V R w i l l therefore be 

varied herein. 

Now, the deterministic loads can be excluded since they were assumed to be deterministic and 

the failure function is thus given by 

g = X R - X C - X S (6.36) 

and the normalized failure function is given by 

8 = - 7 = e x p ( z J ( i / l n ( v J + l ) ) - i f i * - Z c o * - Z s a s (6.37) 

The uncertainty parameter, Xs, is assumed to be normally distributed wi th the mean value, 

mSM - 0 a n d the standard deviation, Cy = 0,2 • SC f c. 

Assume further that input data for ice and wind loads is the same as in the previous analyses. 

The influence factor Kj for the ice load is assumed to be 0,3 which gives the non-dimensional 

characteristic combined load effect, Srk= 1,72. 

The combined load effect function w i l l now have a distribution as outlined in Figure 6.8. 

Total load effect, Scl 
Resistance, R 

t * 

Qw<Qwk Prob-

Figure 6.8 Schematic sketch of load effect function, and distribution o f resistance and load 

effect. 

The mean value o f the resistance, which is calculated so that a reliability index of 3,7 is ob

tained, is shown as a function of the coefficient of variation fo r the resistance in Figure 6.9. 

The calculated failure load level and the characteristic value fo r the combined load effect is 
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also shown in the same figure. 

* 
(For a target reliability of ß = 3,7) 
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Figure 6.9 Mean value for the resistance, which is calculated so that a reliability index of 3,7 

is obtained, as a function o f the coefficient of variation o f the resistance. 

I t is seen that the necessary mean resistance increases strongly wi th increasing V R . Note how

ever, that the resistance values given in partial factor design format are based on nominal val

ues for the strength and other values so that the nominal resistance always is lower than the 

mean of the resistance. 

Consider that the nominal resistance is given by /?„,,„. This nominal value does hence repre

sents a fractile given by 

P(r <RnnJ = O 
nom' 

(InR • m InÄ 

'InR 

(6.38) 

Assume that the resistance of the parts o f the components, e.g. the welds or the bolts, studied 

in earlier sections can be represented by a log-normal distribution. The statistical properties 

for the resistance o f these parts can be calculated. In Table 6.2 the mean resistance, coefficient 

o f variation, nominal resistance and the fractile for the nominal resistance for all previously 

analysed parts are presented. 

The nominal resistance is in all cases representing a fractile that is 5% or less. The coefficient 

o f variation is varying from 0,01 to 0,31 depending on which failure mode that is studied for 

the component. 
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Table 6.2 Mean resistance, coefficient o f variation, nominal resistance and its fractile for 

some representative components. 

Component. mR Vr ^nom ^<Rnom) 

Diagonal: 

-buckling 299 0,153 206 0,01 

-bolt (shear) 269 0,010 217 0,02 

-bearing 450 0,237 299 0,05 

-weld 1215 0,307 719 0,05 

Leg: 

-buckling 6970 0,081 6042 0,04 

-weld 11270 0,307 6953 0,05 

I f i t for a general component is assumed that the resistance is log-normally distributed, then its 

5% fractile can be determined according to eq. (5.93), i.e. 

( - 1 
(6.39) 

where 

(6.40) 

This 5% fractile can be assumed to represent the nominal resistance, or the design value for 

the resistance when yn = 1.0, for a general component. 

In Figure 6.10 the calculated 5% fractile o f the resistance is shown as a function o f V R I t is 

now clear that the influence of the variable V R is o f low s importance. 

Within the representative range for V R the mean of the 5% fractile for the resistance is approx

imately 3,1. Consequently, i n order to obtain a reliability index of 3,7 the fohowing partial co

efficient for the combined ice and wind is obtained 

= — = - ^ - i - = 1, 80 
Y / SCk 1,72 

(6.41) 
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Figure 6.10Mean resistance and the 5% fractile of the resistance as a function o f the coeffi

cient o f variation for the resistance at a safety index of 3,7. 

The partial load coefficient for the combined loads is much higher than the partial coefficient 

that is prescribed in the Swedish code for buildings, which is 1,3. The strong nonhnear load 

effect function for combined ice and wind load explains the difference. This is also very clear 

i f the distribution function for combined ice and wind load is studied. The distribution has a 

very drawn out tail for high values. 

In Section 4.5 i t was presented how appropriate load reduction factors could be determined. 

The 98% fractile o f the combined annual maximum was first determined. When this "50 year 

return value" was found, appropriate load reduction factors could be determined by using 

Turkstra's rule which states that the maximum combined load in one interval occurs when one 

load reaches its maximum value and the other load is reduced. 

Assume that we want to have a partial coefficient for the variable load that coincides wi th the 

partial factor design format used for buildings in Sweden, i.e we would like to keep the partial 

coefficient for variable loads the same as for other structures, yy = 1,3. This is possible i f we 

chose a fractile of the combined load effect that is higher than the 98% fractile. I n this case we 

can chose one o f the variable loads to be equal its 98% fractile and the other so that the com

bined load effect is equal to l ,8-S C f c . 

The design load effect can then be written as 

1 . 8 5 c = yKj + y w ( l + 2y) (6.42) 

and 
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1,8S C = y ( l + 2 y ; ) 

which gives the fol lowing load reduction factors 

l,BSc-yKj 

(6.43) 

( 1 + 2 7 ) 
(6.44) 

and 

1,85, 

K, + 2y 
(6.45) 

In Table 6.3 the load reduction factors \ [ w and Mfj are calculates for some different importance 

coefficients Kj (see Section 4.5) when y = 1,3. 

Table 6 3 Calculated load reduction factors for wind load and ice load for some different i m 

portance coefficients. 

SC ¥ w ¥ / 

0 1,52 0,76 0,55 

0,25 1,69 0,75 0,61 

0,5 1,86 0,75 0,66 

0,75 2,04 0,75 0,71 

1,0 2,23 0,75 0,75 

The fol lowing deterministic load reduction factors are deemed appropriate i f JE) for all compo

nents is assumed to vary between 0 and 1,0 

For wind load reduction: \yw = 0,75 

For ice load reduction: \)// = 0,55 

These load reduction factors are higher than the load reduction factors determined for the 

combined 98% fractile. 

I n Table 6.4 the design combined load effect f r o m deterministic load combination format, wi th 

the proposed load combination factors, is compared wi th results f r o m the Monte Carlo simula

tion, (compare with Table 4.5) 
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Table 6.4 Comparison o f the combined design load effect, Sdv, wi th deterministic load com

bination format 

Design load effect, Sdv. ( y w = 0,75 ; \ | / 7 = 0.55 ; yf= 1,3) 

K, 1.8-SC yKj+ ( l + 2 y ) v | / w 
1 1 / ^ + 7 ( 1 + 2 ^ ) 

0 2,74 2,70 2.73 

0,25 3,03 3.02 2,87 

0,5 3,35 3.35 3,00 

0,75 3,67 3.68 3,14 

1,0 4,01 4.00 3,28 

It is clear that these proposed load reduction factors give results that are very close to the loads 

that are assumed to represent the combined design load. 

I t is important to emphasize that the analysis herein is based on a rough nonlinear load effect 

function that is assumed to be representative fo r a component in a mast subjected to heavy ice 

loads. For smaller ice loads the nonlinearity is less significant. A n analysis o f a mast wi th 

smaller ice loads would therefore give load reduction factors that are smaller than the load re

duction factors determined herein. However, no such analysis is made here. 

To summarize, the partial coefficients and load factors that are assumed to represents an annu

al target reliability index of 3,7 for the mast in Arvidsjaur are as follows 

Partial coefficient for material yn = 1,0 

Partial coefficient for permanent loads yg = 1,0 

Partial coefficient for variable loads y*= 1,3 

Load reduction factor for wind load V f w = 0,75 

Load reduction factor for ice load = 0,55 



178 RELIABILITY ANALYSIS OF THE MAST IN ARVIDSJAUR 



CONCLUSIONS AND DISCUSSION 179 

7. CONCLUSIONS AND DISCUSSION 

The design o f guyed masts, which are located in places exposed to atmospheric icing, is totally 

governed by combined ice and wind load. I t is known that the most severe ice loads in Sweden 

is formed by in-cloud icing. High T V and radio masts are often located on the summit of high 

mountains in order to obtain large covering for theh transmissions, and they are therefore par

ticularly exposed to in-cloud icing. 

The analyses o f wind load and ice load presented herein are based on measurements from sev

en winter season on a reference mast in Arvidsjaur. A n analysis o f the ice loading events, 

showed a mean duration of approximately 2 weeks and in mean 2,5 significant ice loading 

events per year. 

The highest measured increase in force in the shaft due to icing is 5050 k N . The load effects 

measured in the shaft and in the guy anchors have been used in order to estimate equivalent ice 

loads on the shaft and on the guy cables. Data from all icing periods that are deemed as statis

tically independent have been used in order to estimate the distribution of the annual maxi

mum. I t has been found that the 98% fractile of the annual maximum ice load (50 year return 

load) is approximately 0,42 kN/m on the guy cables and 9,7 k N / m on the shaft, which corre

sponds to a 370 m m diameter o f the iced guy cables and a thickness o f 230 mm on the shaft i f 

the ice density is 400 kg /m 3 . The faces o f the shaft have become completely filled aheady at 

moderate icing. A few samples of ice from the mast have been examined. In all cases the ice 

was of the type soft rime ice and had a density that varied between 240 and 470 kg/m 3 . 

The wind speed has been measured at 10 meters and 110 meters above ground level. The par

ent wind speed distribution measured at these levels shows a good fit to a Weibull distribution. 

A t 10 meters and 110 meters the mean parent wind speed is 9 m/s and 12 m/s, respectively. I t 

is further estimated that there are in average eight independent significant storms each winter. 

In these storms a ten second mean wind speed of approximately 30 m/s or higher has been 

measured both at 10 meters and at 110 meters. The highest measured ten second mean wind 

speed at the 10 meter level is 57 m/s and at the 110 meter level 54 m/s. The distributions of the 

annual maximum wind speeds have been found by a method in which all storm events are in

cluded. I t has furthermore been shown that the extreme winds are fair ly wel l described by a 

Fisher-Tippet type-I distribution. The distribution o f the extreme wind speed at the 10 meter 

level was in the analysis found to be similar to that o f the 110 meter level. This is explained by 

the speed-up effects o f the wind close to the ground when the wind passes the summit of the 

mountain where the mast is placed. I t is also assumed that the boundary layer effect from the 

ground (friction) is small since the summit and the closest surroundings are flat without trees 



180 CONCLUSIONS AND DISCUSSION 

and covered by snow during the winter. The wind profile used in the analysis has therefore 

been assumed to be steep, i.e. the wind speed is increasing very little with height. 

As the number of significant storms is high and the duration of the ice loading events relative

ly long extreme wind and ice load w i l l often act simultaneously. 

I f the wind and ice load is modelled as discrete processes in time, the distribution of the simul

taneously acting wind and ice load effects can be determined. The analysis is however compli

cated since the load to load effect function is strongly nonlinear. One nonlinearity is due to 

structural behaviour (second order effects) and another is due to the interacting between wind 

and ice load. The wind load depends on the area o f the mast which depends on the amount o f 

icing. These nonlinearities have been investigated and a simple model which implement the 

nonhnear effects into the statistical analysis has been established. The distribution of the com

bined ice and wind load effect could then be obtained by use of both a MonteCarlo method 

and an analytical method. The results show that the extreme tail o f the combined ice and wind 

load distribution is very extended. Furthermore, appropriate load reduction factors for the ice 

and wind loads are calculated in order that the load combination, according to Turkstra's rule, 

corresponds to the 98% fractile of the combined annual maximum load. 

Reliability analysis o f a guyed mast is diff icult . I t is not possible to define explicit expressions 

for the combined load effect on a general component as a function of all loads. Several simpli

fications are needed in order to make a rehabihty analysis possible. The effects o f the s impli f i 

cations must be estimated and included as a random uncertainty variable in the simphfied 

probabilistic model. Another difficulty in reliability modelhng is the lack of statistical infor

mation o f such an important parameter as the wind drag on iced mast sections. 

The failure risk for two representative components have been estimated herein. The notional 

probability o f failure for the most stressed diagonal component was estimated to 210" 3 . For a 

leg component, the notional probability o f failure was estimated to M O " 3 . The total failure 

probability for the mast, however, is diff icult to estimate. First, we do not know to what extent 

the resistance o f the components are correlated. For example, i f the resistance between all 

components would be fu l l y correlated the total reliability is given by the reliability for the 

"weakest" component, on the other hand, i f there is no correlation, the probability of failure is 

much higher as each component contributes to the failure risk. This discussion leads us to con

clude that the total failure probability of a mast is roughly 5 to 10 times higher then the failure 

probability for the most exposed component. Based on this discussion the notional failure 

probability for the mast in Arvidsjaur could roughly be estimated to the order o f 10"2. I t is 
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however known that notional failure probability often tends to underestimate the "true", ob

served, failure probability. I t is not possible, or at least very diff icul t , to estimate how much the 

estimated notional failure probability differs f rom the true failure probability. A rough estima

tion used herein is that the true failure probability is 10 times lower than the estimated notional 

failure probability. 

In addition to this discussion i t should be noted that two masts out o f f i f t y have collapsed in 

Sweden during three decades. These two masts were however designed in the beginning of the 

sixties with the assumption that the ice load was negligible. The mast in Arvidsjaur is stronger 

than the collapsed masts as i t is designed for an ice load similar to the ice loads obtained by the 

statistical analysis herein. 

In order to evaluate appropriate partial coefficients, a target reliability must be chosen. The 

consequence of a mast failure is in general an economical issue. A target rehabihty can there

fore be found i f the cost of a failure is related to the increased cost for a higher reliability of the 

mast. However, no such analysis is presented herein and the target rehabihty has therefore 

been chosen to correspond to an annual target probability o f failure, Pf* =1 • 10"4, or a target re

liabili ty index ß* = 3.7, corresponding to the lowest safety class used for structures in Sweden. 

The simple load effect model that was used to illustrate the nonlinear behaviour of the com

bined ice and wind load has also been used in order to estimate appropriate partial coefficients. 

A partial coefficient o f 1,8 was obtained for the variable loads when the combined ice and 

wind load was defined as the 98% fractile o f the annual maximum. This partial coefficient is 

high and implies that extremely high fractile of the first variable load shall be used in combi

nation with a much lower fractile of the accompanying variable load. Therefore i t was decided 

to set the partial coefficient to 1,3 (Similar to the partial factor given in B K R 94, Boverkets 

konstruktionsregler) and to chose a higher fractile of the combined variable loads. The analy

sis ended up in the foUowing partial coefficients and load reduction factors 

Partial coefficient for material yn = 1,0 

Partial coefficient for permanent loads y = 1,0 

Partial coefficient for variable loads y^ = 1, 3 

Load reduction factor for wind load \ |f w = 0, 75 

Load reduction factor for ice load \ j / 7 = 0,55 

Consequently, the foUowing design load cases are deemed as appropriate for masts exposed 

for similar ice and wind loads as the mast in Arvidsjaur 
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1,0 - G and 1,0 P and 1,3 • Q m and 0,55 • Q 

and 

1,0 • G and 1,0- P and 0, 75 • Qw, and 1,3 • Q 

Finally, the results herein are obtained f r o m the analysis o f a high guyed mast in northern 

Sweden. This mast is probably experiencing the most severe ice loads of all masts in Sweden. 

I f a similar analysis is made for other masts, which are less exposed to icing, other load factors 

are to be expected. 
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A 1. MEASURED DATA FROM 1988-1995 

Measured data f r o m seven winter seasons is presented and briefly commented herein. A sea

sonal survey o f the wind speed, measured force in the shaft and measured load on the ice load 

measurement device for the 1990-91 to 1994-95 seasons are presented in Figure A l to A5. 

The data f rom the 1988-89 and 1989-90 seasons is limited and these seasons are excluded in 

the seasonal survey. There are a total of 16 significant icing periods registered. A significant 

icing period is defined by an ice loading event which increase the force in the shaft of approx

imately 1000 k N or more. Some icing periods, however, consist of two or more overlapping 

ice loading events, e.g. icing period 11. I n order to comply with the assumption of statistically 

independence, an icing period wi th overlapping ice loading events is considered as one icing 

period only. Icing period 13 to 16 are partly overlapping each other, but since the effects of the 

ice load were small between the periods, these events are considered as independent. The 

boundary which separates the mast in non-iced and iced is assumed to be represented by the 

force 500 k N in the shaft. 

In Figure A l to A5 the ten second mean wind speed at 10 meter above ground is presented. 

The 10 second mean wind speed is measured only once every hour and is, therefore, not the 

highest gust wind speed in that hour. I t is even though clear that there are several storms every 

season. A l l storm events that are numbered have also been measured by the second PC, and 

are analysed in Section 4.3. 

In Figure A6-A18 detailed data for all icing periods is presented for measured forces in legs, 

forces in guy anchors and measured load on the ice load measurement device. In same figures 

climatical data, i.e. wind speed, wind dhection and temperature, is presented. 

The data collection system is described in detail i n Section 1.3.3. 

A l l gauges that measure force have been calibrated in the beginning of every winter season. 

The measured amplified signal in some guy anchors, however, has changed slowly during the 

season such that a too high or a too low force has been measured in the end of the season. This 

problem has been considered in the analyses o f the data. The equivalent ice loads on the guy 

cables and on the shaft, that are presented in Appendix B , are therefore deemed to be good es

timations. However, no corrections have been made in the figures presented in this Appendix. 

Icing period 1 and 2 (February 23 - March 12,1989) 

The durations fo r icing period 1 and icing period 2 are short. The maxima forces in the shaft 

were registered on March 2 and on March 11. 

The temperature presented for these periods is uncertain and probably too low. As mentioned 

in Section 1.3.3, this first winter season has to be considered as a test season since several 
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problems were detected in the data collection system. Anyway, the temperature indicates, even 

though the curve shows a low temperature, that the de-icing between the periods probably was 

due to melting. 

Further, the highest force of all guy cables f rom level 6 was measured in guy cable C6 on 

March 10. The wind direction, f r om two days before this maximum, was southerly dominated, 

i.e perpendicular to guy cable C6, and slightly more ice was therefore built up on this guy ca

ble. 

The wind speed during this first season was measured by a traditional type of anemometer 

which became iced during the icing events, see Section 1.3.3. The measured wind speed in this 

period is probably too low. 

Icing period 3 and 4 (February 3 - February 22,1990) 

Due to problems wi th the data collection system the data f rom the 1989-90 season is l imited to 

twenty days only. The beginning of period 3 is missing. On February 4 the highest load effect 

in the shaft during icing period 3 was measured, i.e. a total increase of 2800 k N . Two days lat

er the temperature increased and the ice disappeared. 

A few days later, ice start to built up on the mast again. The accretion was slow and continued 

to February 19 when the force 1800 k N was registered in the shaft. The temperature during the 

accretion phase varied between -1 and -9 C°. 

The wind speed varied between 8 and 24 m/s during the both icing periods. However, the 

measurement was made wi th the old anemometer, and is, therefore, probably too low. 

Icing period 5 (October 28 - November 8,1990) 

The ice accretion rate was high in this period. From October 28 to November 3 an increase in 

force in the shaft o f 4600 k N was registered. The measured force increased during a short pe

riod with 50 k N per hour. During the ice accretion the temperature varied between -1 and -5 

C°. 

This season new anemometers were installed. However, the heating element, which keep the 

anemometers free f rom ice, did not work until on October 30. I t is seen in the figure that the 

wind speed and the wind direction gauges were iced. 

I t can further be seen that the ice disappeared f r o m the mast even though the temperature was 

below zero most of the time. 

No measurements o f guy cable forces were made during this icing period. 
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Icing period 6 (December 23,1990 - January 17,1991) 

The measured forces in the legs have varied a lot during this period. A t some occurrences, the 

forces have instantaneously decreased with several hundred k N , e.g in Leg A on January 6 

when the measured force decreased f rom 1150 to 550 k N . These events are assumed to be 

caused by uneven ice shedding. The highest increase in force in shaft, 4000 k N , was registered 

on January 4. I t is also seen in that the guy cables have become partly de-iced at some events. 

One probable cause to the de-icing events is wind induced vibrations (galloping of the guy ca

bles). 

The wind dhection has varied much during the whole period. 

The measurement of the guy cable forces was limited to two guy cables f rom level 6 and one 

f rom level 4. 

Icing period 7 (October 28 - November 24,1991) 

The period has been disturbed by a few short and one long interrupts. On November 15 the 

maximum increase in force in shaft was registered, i.e. 3200 k N . 

The temperature varied between -1 and -4 C° during the ice accretion phase. During the de-ic

ing phase a slightly lower temperature was registered. 

On November 12 the wind speed anemometer at 110 meter was taken into operation. 

Icing period 8 (December 18 - December 28,1991) 

The highest increase in force in the shaft, 1200 k N , was registered on December 23. The peri

od is, unfortunately, disturbed by two interruptions and the ice load may have been higher. 

On December 23 a large difference in guy cable forces was registered. A t this day the wind 

speed was high, more than 30 m/s at 110 meters, with the wind dhection dominating f rom NE. 

Icing period 9 (November 10 - December 12,1992) 

In this icing period the highest load effects o f all seasons were measured. On November 27 the 

force 5050 k N was registered. Directly after this observation a lot o f ice on the guy cables sud

denly brake and fa l l down. This event is further discussed in Section 3.4. 

The forces in the guy cables f r o m level six have been approximately similar during the whole 

icing period while the forces in the guy cables f rom level four have differed more. 
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Icing period 10 (November 7 - November 18,1993) 

The highest measured increase in force i n shaft, 4200 k N , was registered on November 15. 

The accretion and also the de-icing was rather rapid and this icing event lasted only for ten 

days. Further, the wind direction during the accretion phase was predominant f rom south, but 

still the ice loads are equally distributed on all guy cables. 

I t is further seen that the ice load on the ice load measurement device and the force in the legs 

follows each other wel l . The correlation between the ice loads is discussed in Section 2.4. 

Icing period 11 (December 3 - December 28,1993) 

This icing period consists of several events wi th ice accretion and de-icing. In Figure A.4 it is 

seen that this period started in the end of November, directly after icing period 10, and contin

ued to the end of January. The measurement results presented in Figure A . 14 are hmited to the 

most interesting part of the period, f r om December 3 to December 28. 

In the beginning of the period a maximum of 2300 k N was registered on November 4. Then a 

period wi th storm winds passed and the measured force in the shaft decreased to 700 k N . In 

the middle o f December new ice start to be built up and on December 24 the maximum fo r this 

period was registered, 2700 k N . 

The temperature have been quite low during the whole measured period, between -5 and -15 

c r . 

Icing period 12 (October 26 - November 6,1994) 

This icing period is similar to period 5 and 10, i.e. short and intensive. The ice accretion start

ed when the temperature fe l l below zero and the accretion phase lasted for six days when the 

maximum was registered, 2400 k N . 

When the accretion started in this period it was observed that the anemometer at 10 meters 

stopped working. I t was found that the heater inside the anemometer was broken. First on No

vember 22 the anemometer was repaired. 

For the whole period the wind speed at 110 meter was varying between 5 and 20 m/s wi th 

wind directions f r o m north to west. 

A t the end of the period the temperature increased and the ice disappeared. 

Icing period 13 (December 7,1994 - January 5,1995) 

This icing period consists of two significant ice loading events which overlap each other. The 

first ice loading event had its maximum, 2500 k N , on December 11. Before the mast became 
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de-iced the next ice loading event started. The second maximum was of approximately same 

size and registered on December 21 . 

The first de-icing period is probably caused by wind induced vibrations. In the second icing 

event very strong winds was registered, up to 40 m/s, which may have contributed to the de-ic

ing in this event. 

I t can be seen on the ice load measurement device that approximately half of the first observed 

maximum ice load remained when the second icing event started. In the second half o f the pe

riod, when the mast became partly de-iced, no de-icing events was registered on the ice load 

measurement device. 

Icing period 14 (January 15 - February 14,1995) 

During the ice accretion phase the wind speed varied between 12 and 30 m/s and was predom

inant southerly. The temperature varied between 0 and - 1 0 C°. The maximum increase in 

force in the shaft, 2800 k N , was measured on January 23. This load remained almost un

changed until January 30 when the ice disappeared. The de-icing was probably caused by 

strong winds. Note, however, that the temperature decreased f r o m approximately -10 to -15 C° 

at the same time as lot o f the ice disappeared f rom the mast. I t is, however, diff icul t to say i f 

the decreased temperature contributed to the de-icing. On February 14 the mast had become 

de-iced even though the temperature was below freezing point during the whole de-icing 

phase. 

On Febmary 6 the ice load measurement device lost a large burden of ice. This was probably 

caused by strong winds acting perpendicular to the device. 

Icing period 15-16 (February 15 - March 23,1995) 

Icing period 15 started with three days of ice accretion. The wind during the accretion phase 

was moderate and southerly and the temperature slightly below zero. The maximum increase 

in force in shaft, 1800 k N , was registered on February 18. 

The forces in the legs show that the ice load was built up unsymmetrically. On February 22 the 

temperature during the day increased to +7 C° and the mast became totally de-iced for a short 

period before the ice accretion started again. The load of the new ice that built up was however 

small. In the beginning o f February the mast was non-iced. 

The next period, icing period 16, had its maximum on March 20 and a total load effect of 2200 

k N was registered. The ice disappeared three days later when the temperature increased. 
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A 1.1 Measured wind speed and ice load effects during the winter seasons from 1990-91 

to 1994-95 
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Figure A . l October 1,1990 - March 31,1991. 
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Figure A.2 October 1,1991 - March 3 1 , 1992. 
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Figure A.3 October 1,1992- March 31,1993. 
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Figure A.4 October 1,1993 - March 31, 1994. 
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Wind speed at 10 meter [m/s] 
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Figure A.5 October 1,1994 - March 31,1995. 
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A 1.2 Detailed measured data f r o m a l l ic ing periods 
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Figure A.6 Icing period 1 and 2 (February 23 - March 12, 1989). 
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Change in axial force at ground level [kN] Force in guys, level 6 [kN] 
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Figure A.7 Icing period 3 and 4 (February 3 - February 22,1990). 
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Change in axial force at ground level [kN] 
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Figure A.8 Icing period 5 (October 28 - November 8, 1990). 
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Change in axial force at ground level [kN] 
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Change in axial force at ground level [kN] Ice load measurement [kN/m] 
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Figure A.10 Icing period 7 (October 28 - November 24, 1991). 
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Change in axial force at ground level [kN] Ice load measurement [kN/m] 
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Figure A . l l Icing period 8 (December 18 - December 28, 1991). 
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Change in axial force at ground level [kN] 
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Figure A.12 Icing period 9 (November 10 - December 12, 1992). 
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Change in axial force at ground level [kN] Ice load measurement [kN/m] 

Leg A 

LegB 

LegC 

Ah 
"\ 

Leg A 

LegB 

LegC 

Ah 
"\ 

f 

f 

11 13 15 17 

Period 10 (7 -18 November 1993) [day] 

Force in guys, level 6 [kN] 

Guy A 

Guy B 

GuyC 

Jl". 
" ft 

Guy A 

Guy B 

GuyC 

Jl". 
" ft 

^ fi! 

Å 
- i 

/ / ' — ta 
"Vi 

m U 

11 13 15 17 

Period 10 (7 -18 November 1993) (day] 

Wind speed [m/s] 

11 13 15 17 

Period 10 (7 - 18 November 1993) [day] 

Temperature [C°] 

9 11 13 15 17 

Period 10 (7 -18 November 1993) [day] 

11 13 15 17 

Period 10 (7 -18 November 1993) [day] 

Force in guys, level 4 [kN] 

Guy A 

Guy B 

GuyC 

* v fæ 

Guy A 

Guy B 

GuyC 

* v fæ k 

SSfl 

1 
—y 

M M , T 

7 9 11 13 15 17 

Period 10 (7 -18 November 1993) [day] 

Wind direction [deg] 

A 

\ 
\ J y Vi/ 

9 11 13 15 17 

Period 10 (7 -18 November 1993) [day] 

Figure A.13 Icing period 10 (November 7 - November 18,1993). 
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Change in axial force at ground level [kN] 
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Figure A.14 Icing period 11 (December 3 - December 28, 1993). 
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Change in axial force at ground level [kN] Ice load measurement [kN/m] 
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Figure A.15 Icing period 12 (October 26 - November 6, 1994). 
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Change in axial force at ground level [kN] 
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Figure A.16 Icing period 13 (December 7, 1994 - January 5, 1995). 
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Change in axial force at ground level [kN] Ice load measurement [kN/m] 
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Figure A.17 Icing period 14 (January 15 - February 14, 1995). 
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Change in axial force at ground level [kN] 
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Figure A.18 Icing period 15-16 (February 15 - March 23, 1995). 
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B 1. Estimated ice loads on the guy cables and on the shaft from 1988 to 1995 
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Figure B . l Icing period 1 and 2 (February 23 - March 12, 1989). 
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Figure B.2 Icing period 3 and 4 (February 3 - February 22, 1990). 
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Estimated ice load on guys [kN/m] 
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Figure B 3 Icing period 6 (December 23,1990 - January 17,1991). 
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Figure B.4 Icing period 7 (October 28 - November 24,1991). 
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Figure B.5 Icing period 8 (December 18 - December 28,1991). 
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Estimated ice load on guys [kN/m 
Mean of guy A6. B6. C6. A4, B4 and C4. 
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Figure B .6 Icing period 9 (November 10 - December 12,1992). 
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Figure B .7 Icing period 10 (November 7 - November 18, 1993). 
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Figure B .8 Icing period 11 (December 3 - December 28,1993). 
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Estimated ice load on guys [kN/m] 
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Figure B.9 Icing period 12 (October 26 - November 6,1994). 
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Figure B . l l l c i n g period 14 (January 15 - February 14,1995). 
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Estimated ice load on guys [kN/m 
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Figure B.12Icing period 15-16 (February 15 - March 23,1995). 
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C 1. Distributions 

C 1.1 Normal distribution 

Let a random variable X be described by the Normal probability density function 

2 2 

1 - ( x - m y ) / 2 a v 

f x ( x ) = — ^ e ( C l ) 
a 

where mx and are the mean and the standard deviation, respectively. I t is then said that X is 

Normally distributed, Xe N(mx, o x ) . 

The probability that X is less then a value x, P(X < x), is given by the Normal probability dis

tribution function 

1 f -(t-m Y ) 2 /2(4 
Fx(x) = —l— [ e xdt (C.2) 

There is no closed solution to the integral in (C.2), but by the substitution 

t — mx 

s - , dt - G v ds 

eq. (C.2) can be brought into a standardized normal distribution function, i.e. 

0 * 2 ( . _ >» 
x - m x 

(C.3) 

This means that e i V ( 0 , 1 ) 

Tables for the standardized normal distribution function can be found in all statistical hand

books. 
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C 1.2 Logar i thmic no rma l d is t r ibut ion 

Let Ybe a random variable described by a Normal distribution Ye N ( m p o y ) . I f Fis a loga

rithmic function of an other random variable X which takes positive values only, i.e. 

7 = InX (C.4) 

the random variable X is said to fo l low a Logarithmic-normal (log-normal) distribution. 

The logarithmic-normal density function for the random variable X is described by 

f x ( x ) = 

2 2 
-(lnx-my) /2o"y 

xoYj2n xo 
-<P. 

Inx - m. 
x>0 (C.5) 

The logarithmic-normal probability distribution function is 

FAx) = * , 
( lnx-mY] 

°Y J 

(C.6) 

Further i t can be shown that 

o2, = I n ^ V ^ + l j where V x (CJ) 

and 

i 1 2  

mY = aimx - -Oy (C.8) 

or equivalently 

(C.9) 

and 

2 2( <h A 
Ox = mx[e - l j ( C I O ) 
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C 1 3 Weibull distribution 

Let X be a positive random variable described by a Weibull distribution. The probability den

sity function is then described by 

f x ( x ) = ^y-\-wk

 x>o (CAD 

where a is a spread parameter and k is a positive number describing the shape of the function. 

I f k = 1 the probability density function is a simple exponential function, denoted Exponential 

distribution. I f k = 2 the distribution is denoted Rayleigh distribution. 

The probability distribution function is 

F x ( x ) = l - e ~ ( x / a ) k (C.12) 

The mean and standard deviation for a Weibull distribution are 

- r ( 
k 

and 

1 + 1} (C.13) 

°x=ani+l)-Tv+1i) ( c i 4 ) 

respectively. T(-) is the gamma function defined by 

r w = jt 
-1 X -

t (C.15) 
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C 1.4 Gamma dis t r ibut ion 

The Gamma density function is described by 

-k 
r , . CL k-l -x/a 

/ X W = e * > 0 (C16) r w 

where a is a spread parameter and A: is a shape parameter. Note that i f k = 1 the gamma distri

bution is equal to the Exponential distribution. 

The corresponding Gamma distribution function is 

x/a 

F*{x) =m \tk~lftdt (cl7> 
0 

Further, i f k is a positive integer the gamma function is simply given by 

T{k) = ( J f c - D ! (C.18) 

The mean and standard deviation for a Gamma distribution are 

mx = ak (C.19) 

and 

Gx = ajk (C.20) 

respectively. 
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C 1.5 Fisher-Tippet type- I d is t r ibut ion 

The Fisher-Tippet type-I distribution, also known as Gumbel distribution, is one of three pos

sible extreme-value distributions which is formed by extreme values f rom a parent distribu

tion, Fisher and Tippet (1921). 

I f the extreme tail of a parent probability distribution function has an exponential form, i.e. 

where g(x) is an arbitrary function of x, i t can be shown that the distribution o f the extreme 

values, here denoted by Y, converges to a FT type-I distribution described by 

Fx(x) = l - e (C.21) 

-<=(?-(/) 
FY(y) = e 

~e 
(C.22) 

where a is a measure of the dispersion and U is the mode. 

The probability density function is given by 

f y { y ) = ae 
-a (y-U) -e 

(C.23) 

The mean value and standard deviation are 

Ttly = U + 
0, 57722 

(C.24) 
a 

and 

(C.25) 

respectively. 
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C 1.6 Fisher-Tippet t y p e - I I d is t r ibut ion 

The Fisher-Tippet type-II distribution is also known as the Frechet distribution. I f the extreme 

tail of the parent probability distribution function has a polynomial fo rm, then i t can be shown 

that the distribution of the extreme values converges to a type-II distribution described by 

FY(y) = e ~ ( a / y ) l (C.26) 

where a is a scale parameter and k is a shape parameter. 

The probability density function is given by 

f Y ( y ) = f $ e - ( a / y ) t (C.27) 

The mean value and standard deviation are 

m Y ^ a T ^ l - ^ j f o r / t > l (C.28) 

and 

CY = a 1 -1) ~ r t 1 ~ 1) for Å; > 2 (C.29) 

respectively. 


