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Wind-induced fatigue design of a cruciform shaped mast
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Abstract: The cruciform shaped mast over 47 storey, Telecom Corporate Building in Melbourne, Aus
rises to a height of approximately 25 m above the roof level. As the members are subjected to ve
fluctuating loads under wind, the design was mainly governed by wind-induced fatigue. A detailed f
analysis was carried out according to the requirements of the Australian Steel Structures Code, A
The wind-induced fatigue analysis procedure is described in the paper. The fatigue design of this 
used as an example to illustrate some potential problems of relevant specifications in AS4100 
outline some of the more important parameters in the fatigue analysis.
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1. Introduction

The Telecom corporate building is a 47 storey building, approximately 196m above ground
and is situated in Melbourne, Australia. The cruciform shaped mast over the Telecom building
to a height of approximately 25 m above the roof level. The structural design of the building
the mast was carried out by Connell Wagner (Vic) Ltd. The architectural and construction require
led to the selection of a relatively light weight cruciform shaped structure (Fig. 1). It consis
four 305×305×12 square hollow sections welded together (Fig. 2). The mast was connected 
main tower at 2 levels as shown in Fig. 1. 

The dynamic analysis gave a fundamental natural frequency of 0.9 Hz for the mast. This frequency
was calculated considering the isolated mast, i.e., ignoring the building. To increase the cros
damping of the structure a hanging chain damper was provided at the top. The chain damp
2.83 m long and designed to provide 2% damping. It was hung from the top section of the c
tube. The mass/length of the chain was 32.5 kg/m. Also 4.5 m length of the mid section 
mast was filled with cementitious grout to increase the damping and to improve the stability of 
top connection to the building. The grout was produced from a 6 : 1 (cement:sand) mix. Extra damping
is provided by the additional mass and the microcracks formed within the grout.

The mast was designed for a design life of 100 years. During that time, the members are su
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to a very large number of cycles of fluctuating wind loads. Therefore the design was m
governed by wind-induced fatigue. A detailed fatigue analysis was carried out by the authors according
to the requirements of the Australian Steel Structures Code, AS4100 (1990). As mentioned 
the dynamic analysis was conducted ignoring the effects of the building vibration. Howe
special study was conducted later to investigate the effects of the interaction between the m
the building. These effects were found to be insignificant. Therefore only the isolated mas
considered in the fatigue analysis.

The main purpose of this paper is to present a case study to illustrate the wind-induced 
design procedure and to demonstrate the application of the steel structures code. There ar
number of unidentified potential problems in fatigue design specifications given in Code
Practice. Some of them are identified in this paper.

2. Wind-induced fatigue analysis

2.1. Calculation of number of cycles

The probability of the wind speed being in a given band may be derived from available h

Fig. 1 Mast elevation Fig. 2 Mast cross-section
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mean wind data. The probabilities for this fatigue analysis were obtained by fitting a we
distribution for wind data from the Essendon Airport in Melbourne (Melbourne 1990).

For this particular case, the probability of exceeding a given velocity, P(>V ), was given by the
following expression.

P(>V) = e−(0.15V )1.42
(1)

Where V is the gust wind speed at 10 m height, Terrain category 2, in m/sec (AS1170 Pa
1989). This equation was derived for the most critical direction (i.e., west).

The probabilities given by the above equation were converted to number of stress cycles i
wind speed band within the design life of the structure by a direct transformation as given in Eq.

No. of cycles = Prob.×na×365×24×3600×N (2)

na − Natural frequency (Hz.)
N − Design life (taken as 100 yrs.)

The wind-induced random fatigue loading is not considered in the simple equation given above. 

2.2. Calculation of stress ranges for each wind speed band

The wind forces acting on wind sensitive structures depend on wind speed, terrain, dy
response of the structure and cross-wind effects. The wind-induced fatigue occurs as a resul
along-wind and cross-wind response of the structure. The cross-wind response is mainly cau
vortex shedding and is a major problem for long slender solid towers or elements on towers. 

The sinusoidal lock-in and random excitation models (Saunders and Melbourne 1975, Kwo
Melbourne 1981) were used for the preliminary cross-wind design of this structure. The along
effects were evaluated by the gust factor method described in AS1170.2 (1989) and assu
terrain category of 2. The gust factor was found to be approximately 2.03. As this shape 
covered in the code an estimated drag coefficient was used in the preliminary analysis. The a
value (equal to 1.75) for sharp-edged (equal to 2.2) and smooth-edged square shapes (equa
given in the code was selected as the drag coefficient.

2.3. Wind tunnel testing

Because of the unusual shape, the only reliable means to predict the dynamic response
wind sensitive structure was to test in a wind tunnel. The wind tunnel testing was carried 
check the possibility of “galloping instability” and to obtain better estimates of cross-wind 
along-wind loading.

The wind tunnel tests were carried out in the 450 kW boundary layer wind tunnel at the Depa
of Mechanical Engineering, Monash University. An aeroelastic model of the mast was built
length scale of 1/57.5 and a density ratio of 1.0. The wind moment envelope derived from
tunnel results for different wind directions is shown in Fig. 3. The wind tunnel tests gave b
along-wind and cross-wind response effects. As seen from the graphs the wind design was g
by the along-wind response rather than the cross-wind response. The maximum along-wind m
occurred at β = 0o (Fig. 3). At that location, the cross-wind moment was negligible. Also it w
shown that there was no evidence of galloping instability at 1% damping.
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As mentioned earlier, a drag coefficient of 1.75 was used to calculate the along wind mome
the preliminary analysis. As seen from the wind envelope the maximum along-wind mome
approximately 1010 kNm. This moment gave an equivalent drag coefficient of 1.3. As expect
wind tunnel results in the cross-wind direction were significantly lower than (up to 50%)
estimated values using the sinosoidal lock-in and random excitation models.

An ellipse representing the response of the structure for a particular wind direction is sho
Fig. 4. The along-wind and cross-wind moment ranges were extracted from these ellipses.
moment ranges were converted to stress ranges by applying an appropriate section property rela
A damping ratio of 2% was used in the final design. This figure was verified during the fabric

Fig. 3 Moment envelope

Fig. 4 The response of the structure for a particular wind direction
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stage. The extra damping effect from the hanging chain damper was ignored in the analysis.

3. Fatigue analysis

A detailed fatigue analysis was carried out according to the requirements of the Australian
Structures Code, AS4100. The fatigue design rules in AS4100 are derived from the ECCS 
recommendations. Detail category (frn) is the designation given to a particular detail to indica
which of the S (Stress range)-N (Number of stress cycles) curves is to be used in the 
assessment. The detail category takes into consideration the local stress concentrations at th
the size and shape of the maximum acceptable discontinuity, the loading condition, metallurgical
effects, residual stresses, the welding process and any post weld improvement. The detail c
number (frn) is defined by the fatigue strength at 2×106 cycles on the S-N curve. S-N curves fo
normal stress are given in Fig. 5. In this figure, the constant stress range fatigue limit (f3) is the
highest constant stress range for each detail category at which fatigue cracks are not expe
propagate. The cut-off limit (f5) is the highest variable stress range for each detail category w
does not require consideration when carrying out a fatigue analysis.

Fig. 5 S-N curve for normal stress (from AS4100)
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The first step in the fatigue design was to select the detail category and the stress 
maximum wind speed. If the stress due to maximum wind speed was less than the constan
range fatigue limit or the cut-off limit the fatigue assessment was not required. Otherwis
Miner's rule given in Eq. (3) was used to calculate the cumulative damage. 

(3)
i∑ ni f i

*( )
αs

nr φff( )
αs

----------------------------- 1.0≤

Fig. 6 Flow chart for cumulative damage calculations
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where ni is the number of cycles of nominal loading event i, producing a design stress range of f i
*.

αs is the inverse of the slope of the S-N curve (see Fig. 5). nr is the reference number of stres
cycles (2×106). φ is a capacity factor. ff is the fatigue strength found from Fig. 5. Although th
allowable total sum in Eq. (3) is 1.0, it was decided to adopt a conservative approach by limiti
sum to not more than about 0.75. This limit was considered to be appropriate due to 
assumptions made in the analysis such as ignoring the effects of the interaction between th
and the building and the effects of random wind-induced along wind loading.

A computer program was written to perform these operations. The flow chart is given in Fig. 
The fatigue detail categories used for different components are shown in Table 1.

4. Conclusions

1. Wind-induced fatigue governed the design of this cruciform shaped mast. More wind t
tests on cruciform shaped sections are required to derive generalised coefficients for th
code.

2. As mentioned before detailed fatigue calculations are required when the stresses are hig
either the constant stress range limit or the cut-off limit. Use of Miner's rule for cumulative da
calculations is a tedious process. However a computer program or a spread-sheet would flitate
this process.

3. It is important to identify the reduction of fatigue capacity by welded attachments. The g
of Miner's rule sum for longitudinal stresses at main cross-section (4 SHS) with and w
welded attachments vs distance from top connection level is shown in Fig. 7. As seen w
attachments could not be used at top connection level.

4. The high stress-low cycle fatigue is not covered in AS4100. However the code specif
upper limit of 1.5Fy for the stress range. For this analysis different S-N curves given in
AS4100 were extrapolated up to a maximum limit of Fy. The Miner's rule sum is very sensitiv
to this value. There was a significant reduction in Miner's rule sum when the upper limi
increased to 1.5Fy . The effect of this change is illustrated in Fig. 7.

5. According to AS4100 a capacity factor (φ ) of less than or equal to 0.7 should be used for n
redundant paths. The graph of Miner's rule sum vs. capacity factor for longitudinal stres

Table 1 Fatigue detail categories

Component Category

1. Main Section (4 SHS)
(i) With welded attachments 71
(ii) Without welded attachments 140

2. Effect of longitudinal fillet weld on SHS 90
3. Top connection (stresses from finite-element analysis) 71
4. Bottom connection 125
5. Splice location 

(i) Bolts (TF) Not reqd.
(ii) Plates 80
(iii) Weld 80
(iv) SHS at splice location 50



66 P.A. Mendis and B. Dean

pacity
factor.

ble 1,
.

ign of
main cross-section (4 SHS) is given in Fig. 8. This graph shows the sensitivity of the ca
factor. The final fatigue assessment is dependent on the selection of the capacity 
Therefore it is very important to select the appropriate capacity factor.

6. A very accurate fatigue analysis is required for this type of structure. As seen from Ta
detail categories given in AS4100 covered the different locations adequately for this mast
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