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Abstract.  The wind velocity profile over the height of a structure in high intensity wind (HIW) events, 
such as downbursts, differs from that associated with atmospheric boundary layer (ABL) winds. Current 
design codes for lattice transmission structures contain only limited advice on the treatment of HIW effects, 
and structural design is carried out using wind load profiles and response factors derived for ABL winds. 
The present study assesses the load-deformation curve (capacity curve) of a transmission tower under 
modeled downburst wind loading, and compares it with that obtained for an ABL wind loading profile. The 
analysis considers nonlinear inelastic response under simulated downburst wind fields. The capacity curve is 
represented using the relationship between the base shear and the maximum tip displacement. The results 
indicate that the capacity curve remains relatively consistent between different downburst scenarios and an 
ABL loading profile. The use of the capacity curve avoids the difficulty associated with defining a reference 
wind speed and corresponding wind profile that are adequate and applicable for downburst and ABL winds, 
thereby allowing a direct comparison of response under synoptic and downburst events. Uncertainty 
propagation analysis is carried out to evaluate the tower capacity by considering the uncertainty in material 
properties and geometric variables. The results indicated the coefficient of variation of the tower capacity is 
small compared to those associated with extreme wind speeds. 
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1. Introduction 
 

Transmission structures serve a vital purpose in society as components of electrical 

transmission networks. Electrical transmission networks span great distances while providing the 

end user with electricity. Transmission structures may experience strong synoptic wind events (e.g., 

winter storms) or localized high intensity wind events (HIW) events such as thunderstorm gust 

fronts, downbursts or tornadoes. Wind loads on structures resulting from synoptic events are 

considered to be characterized by a traditional atmospheric boundary layer (ABL) wind speed 

profile, while HIWs are characterized by transient wind speed profiles which vary between events. 

Though different in both meteorological and loading characteristics, each type of wind has been 

found to result in structural damage and failure. A well-documented example was the failure of 19 
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towers due to multiple downburst events in the southern portion of the Manitoba Hydro power 

transmission corridor (McCarthy and Melsness 1996). The social and economic fallout of this 

event served as the impetus to better understand the characteristics of HIWs (Hangan et al. 2008, 

Banik et al. 2008), their loadings (Mara et al. 2010, Lin et al. 2012), and the response of 

transmission structures to HIWs (Shehata et al. 2005, Shehata and El Damatty 2008, Banik et al. 

2010). 

The term „downburst‟ was coined by Fujita (1976) to describe a strong convective downdraft 

which impinges on the surface of the earth, resulting in an outflow of strong winds close to ground 

level. Downbursts are further classified into macrobursts (outflow winds extending to distances 

greater than 4 km) and microbursts (outflow winds limited to distances of 4 km or less). Time 

histories of wind speed and direction of a microburst were recorded at Andrews Air Force Base 

(AAFB) on 1 August 1983; the record shows a peak wind speed of approximately 67 m/s (notated 

as 130+ kts) on the front side of the outflow at a height of 4.9 m (Fujita 1985). This was the most 

intense downburst outflow observed during the NIMROD and JAWS projects (described in Fujita 

(1985)), although it is expected that the probability of occurrence of microbursts of this magnitude 

is low. Two HIW events similar to a downburst, a derecho and rear flank downdraft (RFD), were 

observed during the Texas Tech Thunderstorm Outflow Experiment (TTTOE) (Orwig and 

Schroeder 2007). The records from this event include mean velocity profiles, turbulence intensity 

profiles, and information useful for the integral length scales and spatial correlation of the outflow. 

Spectral and correlation characteristics of the RFD were discussed by Holmes et al. (2008) with 

regards to the span reduction factor for transmission line design. 

While the field studies by Fujita shed light on downburst occurrence and damage capability, 

and the measurements of the TTTOE provided valuable wind profile characteristics, instances of 

full-scale downburst observation and measurement remain quite rare. As a result, the majority of 

work in the structural engineering community has proceeded adopting a numerical approach to 

downburst wind fields, while using the few full-scale examples as references for model validation. 

Holmes and Oliver (2000) developed an empirical model of a downburst based on an impinging 

jet for the simulation of damage footprints. The impinging jet approach was also used by Wood et 

al. (2001) to investigate the downburst wind speed profiles over various topography; they found 

the maximum horizontal velocity to occur at a distance of approximately 1.5 jet diameters from the 

center of impingement. Savory et al. (2001) modelled the time history of a translating microburst 

using an impinging jet combined with a previously developed wind velocity profile in order to 

apply transient loading to a transmission tower. It was found that the displacement of the tip of the 

tower was proportional to the applied wind loading throughout the duration of the microburst 

passage, which implies the response is quasi-static. A transient downburst wind field was modelled 

using a stationary axisymmetric impinging jet by Hangan et al. (2003), which provided a 

spatio-temporal flow model that could be applied to structures. Kim and Hangan (2007) compared 

the time series of the wind speed in the simulated outflow to the full-scale measurements obtained 

in the TTTOE, showing good agreement. The downburst wind fields generated in the Hangan et al. 

(2003) simulation were applied to a structural model in the study described in this paper. This 

downburst wind field model was selected due to its capability to model the primary and secondary 

vortex rings, which is necessary to adequately characterize the shape of the downburst wind speed 

time history. It is important to note that unlike ABL wind, where a fixed wind speed profile with 

height is assumed, the wind speed profile in a downburst outflow is transient. In addition to 

varying in time, the profile is a function of the size and strength of the downburst, as well as the 

distance between the downburst center (point of touchdown) to the point of interest. This makes a 
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meaningful definition of a reference wind speed, or maximum wind speed, resulting from a 

particular downburst challenging. This has implications for the development and application of 

design codes. Therefore, a solution to this problem through simplification of design verification for 

structures is worth exploring. 

Few studies directed at the assessment of structural response to downburst winds are available 

in the literature. An analysis of a transmission tower-line system having guyed towers under 

simulated downburst wind was carried out by Shehata et al. (2005). In the analysis, the forces on 

the conductors and ground wires were calculated using geometric nonlinear analysis, and were 

applied in combination with quasi-static wind loads on the tower. The use of quasi-static wind 

forces on the tower was justified based on a frequency comparison showing that the fundamental 

frequency of vibration of the tower is much higher than the predominant frequency content of the 

downburst (without the fluctuating component), thereby making the resonant component 

negligible. The use of quasi-static analysis for a similar tower analysis was also applied by 

Darwish and El Damatty (2011). This approach is consistent with the approach taken for the 

treatment of gust factors for transmission towers widely used in industry (e.g. ASCE 2010). 

Based on the application of the nonlinear incremental dynamic analysis (IDA) and nonlinear 

static pushover (NSP) methods to wind loads on a 2-D numerical model of a self-supported 

transmission tower, Banik et al. (2010) observed that the capacity curve, as defined in terms of the 

total horizontal force (analogous to the total reacting base shear force if inertial forces are 

negligible) versus the tip displacement, can be adequately assessed using the NSP method. 

Furthermore, it was found that the capacity of the tower at the incipient yield and collapse is 

influence by the wind speed profile over the height of the tower. As the failure and reliability of a 

tower depend directly on its capacity curve, the evaluation of these quantities under downburst 

loading is relevant and important for both the design of new towers and the evaluation of existing 

towers. 

The present study is focused on the parametric investigation of the capacity curve of a 

self-supported transmission tower under multiple scenarios of downburst wind loading, which 

provides the yield and maximum capacity (i.e., capacity at the incipient collapse). Evaluation of 

the difference between the tower capacity curve under ABL and modeled downburst wind is made, 

as well as an assessment of the effect of uncertainty in material properties. For the analysis, wind 

load in the longitudinal and transverse directions to the transmission tower line system are 

considered. The goal of the research is to develop a simple practical solution which can be directly 

used to evaluate the performance of a tower under downburst wind loading. Both material and 

geometric nonlinearity are considered in the analysis of the 3-D transmission tower model. 

 

 

2. Modelling of the transmission tower, ABL wind loads and effects 
 

2.1 Numerical model of the transmission tower 
 

A self-supported lattice transmission tower design was provided by Manitoba Hydro and 

modeled in ANSYS Multiphysics 9.0 (ANSYS 2007). The design of the prototype tower 

considered wind, ice and other loading conditions. The tower members are modeled using 2-node 

beam elements having 6 degrees of freedom at each node; these are BEAM188 elements specified 

to have an L-section corresponding to the prototype geometry. This element was selected for its 

suitability for modeling slender beam-like structures and its performance in nonlinear large-strain 
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applications. All multi-bolted moment-resisting connections are assumed to be rigid. The masses 

of the conductors and ground wire are applied as lumped masses to the structure at the 

corresponding nodes. A 3-D view of the numerical model of the tower is shown in Fig. 1. 

The numerical model of the tower includes the effects of material nonlinearity, which are based 

on the material properties of the structural steel and the built-in bilinear isotropic (BISO) 

hardening constants in ANSYS. The behaviour of the material under deformation corresponds to a 

bilinear stress-strain curve where the slope in the elastic range is taken as the modulus of elasticity 

of the structural steel, while the slope in the post-yield range is defined by the tangent modulus. 

The section properties of the structural members of the tower and wires, along with the nominal 

dimensions of the structural steel and distribution by panel, are shown in Table 1. Geometric 

nonlinearity was also considered through the use of a large-deformation analysis, which was 

necessary due to the deflections expected at the tip of the tower. This is implemented in ANSYS 

through activation of a large-strain analysis, which if required, accounts for changes in the stiffness 

matrix that result from the deformed shape or orientation of an element at each equilibrium 

iteration. Each of the analysis techniques described in the following sections employed both 

material and geometric nonlinearity. A force-based criterion was used for convergence. A total of 

959 elements and 405 nodes are used in the modeling of the tower. Additional details on the finite 

element model are provided in Mara and Hong (2013).  

 

2.2 Loads under synoptic wind 
 
Wind loads on structures resulting from synoptic events are considered to be characterized by a 

traditional ABL (i.e., power law) wind speed profile. Design wind loads for transmission towers 

are specified in CAN/CSA C22.3 No. 60826-10 (referred to herein as CSA-2010) (CAN/CSA 

2010), as well as ASCE Manual No. 74 (referred to herein as ASCE-74) (ASCE 2010). CSA-210 

adopts the International Electrotechnical Commission (IEC) Standard 60826:2003 for design 

criteria of overhead transmission lines (IEC 2003), which is used throughout the world for the 

design of transmission systems. 

 

  
(a) (b) 

Fig. 1 Transmission tower (the conductors are located at the end of the arms and the ground wire is 

located near the tip of tower): (a) 3-dimensional view and(b) definition of loading panels 

according to code-based design procedure 
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As the current analysis is carried out on a structure designed and built in Canada, it is prudent 

to invoke the specifications in CSA-2010 for later comparison. For the calculation of the wind 

loads, the prototype tower was divided into 11 representative sections, referred to as panels, along 

its height as shown in Fig. 1. An exposure representative of open country terrain was used, which 

corresponds to a roughness length of 0.03 m and power law coefficient of 0.16. It should be noted 

that the reference wind speed in CSA-2010 is based on a 10-minute mean wind speed at a height 

of 10 m in open country terrain; the implications of this on the results obtained through numerical 

analysis will be discussed later. It is assumed that the background component of the dynamic 

response is dominant, and that the resonant component can be neglected. This approach is taken 

for typical transmission towers in CSA-2010 and ASCE-74, and is based on the consideration of 

structural properties of the transmission tower and the characteristics of the wind (see Davenport 

1979). 

In accordance with CSA-2010, the wind loads on a single panel are calculated by 

At = 0.5τμVR
2
Gt (1 + 0.2sin

2
(2θ)) (St1Cxt1cos

2
θ + St2Cxt2sin

2
θ)                (1) 

where At (N) is the total wind loading on the panel in the direction of the wind; τ is an air density 

correction factor taken to be 1; μ is the density of air taken to be 1.225 kg/m
3
; VR (m/s) is the 

reference wind speed based on a 10-minute mean wind speed at 10 m height in open country 

terrain; θ is the angle of attack (yaw angle) illustrated in Fig. 1; Sti (m
2
) is the total surface area 

projected normally on the corresponding i-th face, i = 1 and 2 (see Fig. 1); Cxti is the drag 

coefficient for the corresponding i-th face; and Gt is a combined wind factor accounting for 

roughness of terrain and height of the panel. In this case, faces 1 and 2 correspond to the transverse 

and longitudinal faces of the tower, respectively. 

The wind loads on the conductors and ground wire are calculated by 

Ac = 0.5τμVR
2
GcGLdLCxcsin

2
Ω              (2) 

where Ac (N) is the total load on the line; Cxc is the drag coefficient of the line taken to be 1.0; Gc is 

the combined wind factor for the line; GL is the span factor based on the length of the span; d (m) 

is the diameter of the wire; L (m) is the wind span of the wires; and Ω is the angle of attack (yaw 

angle) between the wind direction and the wires. If there is no line angle between consecutive 

towers, Ω equals (90 - θ). 

The values of each parameter for each of the panels and wires are listed in Table 2, along with 

the calculation of the wind load on each panel, wire and overall structure. For the calculation, the 

height-dependent values of Gt and Gc required for Eqs. (1) and (2) are directly obtained from the 

equations supplied in CSA-2010. It is shown that the total wind load in the longitudinal and 

transverse directions are 128.8VR
2
 N and 220.4 VR

2
 N, respectively. The load in the transverse 

direction is much greater due to the contributions of the conductors and ground wire. 

 
2.3 Capacity curves for ABL and rectangular wind loading 
 
The nonlinear static pushover (NSP) analysis method is a commonly used technique to evaluate 

the capacity of a structure under earthquake loading (e.g., Krawinkler and Seneviratna 1998). 

More recently, the NSP method has been applied to steel lattice towers considering point loading 

representative of prototype pushover tests (Lee and McClure 2007), wind loading for transmission 

towers (Banik et al. 2010) and wood-frame structures (Lee and Rosowsky 2006), and roof panel 
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uplift under wind load (He and Hong 2012). The procedure is used to evaluate the nonlinear 

force-deformation relationship and identify the yield and maximum capacity of a structure by 

monotonically increasing the applied forces while maintaining a constant loading profile. In the 

NSP analysis, the resulting displacement is calculated for each incremental increase in applied 

force. The resulting force-deformation coordinates define a capacity curve, which describes the 

nonlinear force-deformation relationship of the structure. A capacity curve showing the behaviour 

of a nonlinear inelastic system is shown in Fig. 2. For the current analysis, the force represents the 

total applied horizontal wind load (which is equivalent to the resultant base shear), while the 

deformation represents the displacement of the tip of the tower. The curve is approximated by a 

bilinear system; the yield capacity of the system is defined by the point of intersection of the 

elastic and post-yield tangents (as shown in Fig. 2), while the maximum capacity is defined by the 

incipient collapse of the tower. Note that Banik et al. (2010) showed that the capacity curve 

obtained using the NSP method provides a good approximation to that obtained from nonlinear 

incremental dynamic analysis, and that the curves determined in such a manner represent the effect 

of a peak wind load on the tower. The estimated capacity can therefore be viewed as representative 

of response under a short-duration gust. This consideration and analysis procedure is also applied 

in the following analysis. 

To establish a basis for comparison of capacity curves resulting from wind profiles 

representative of downburst outflow wind, the capacity curves for two basic wind profiles were 

first examined. For this, the mean values of the structural material properties and geometric 

variables were employed, and the effect of their uncertainty was neglected. The first wind profile 

represents a traditional ABL wind profile based on the power law in open country terrain (power 

law exponent of α). Assuming that the wind speed is fully correlated spatially, or coherent (for this 

or any other wind profile considered in this study), the adopted power law suggests that the 

3-second gust mean wind speed at a height z (m) above the ground, V3s(z), is given by 

V3s(z) = (z/10)
α
V3s,10m                 (3) 

where V3s,10m represents the 3-second gust mean wind speed at a height of 10 m. A value of α equal 

to (1/9.5) is suggested in ASCE-74 for a 3-second gust mean wind speed profile in open country 

terrain, while a value of 0.16 is specified by CSA-2010 for the 10-minute mean wind speed 

profile. 

 

 

Fig. 2 Force-deformation or capacity curve for an inelastic system 
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The latter results in a greater increase in wind speed over the height of a structure than the former. 

As it will be shown, the consideration of the ABL wind profile is directed at developing a lower 

bound for the capacity curve of the tower, and a larger value of α leads to a lower capacity curve. A 

power law coefficient of α = 0.16 was therefore applied in the remaining part of the study, which 

results in a slightly conservative estimate of the lower bound of the capacity curve if gust mean 

wind speed averaging times are considered. 

The second profile is rectangular in shape, which represents a uniform wind profile over the 

height of the tower (i.e., V3s(z) = V3s,10m over the height). This profile is selected, as it will be 

shown, since it resembles the downburst wind profile for the range of parameters considered in 

this study over the height range of interest (5 to 50 m above the ground). Additional discussions on 

the effect of different wind profiles on structures can be found in Banik et al. (2010), Mara and 

Hong (2013), and Lombardo et al. (2014). 

The NSP analysis was carried out for the ABL and rectangular wind profiles and is summarized 

in the following steps: 

1. The wind speed at the height of each structural connection (represented as nodes in the 

numerical model) is calculated based on the wind speed of the selected loading profile (ABL or 

rectangular). 

2. The wind load for each panel is calculated based on the wind speed found in Step 1, and 

corresponding geometric and aerodynamic parameters of the panel of interest. Note that while 

aerodynamic properties are only considered for 11 unique panels, the wind speed is calculated at 

45 locations (corresponding to the node heights in the numerical model shown in Fig. 1) along the 

height of the tower to account for intra-panel variation in wind speed. 

3. The total wind load calculated for each panel is distributed evenly among the nodes in the 

panel. The wind loads on the conductors and ground wire are calculated according to Eq. (2) and 

transferred to the tower as point loads at the nodes corresponding to the wire-structure 

connections. 

4. Beginning at a very low wind speed, the wind load is applied to the numerical tower model 

in ANSYS and convergence is achieved. The output includes the total base shear and the 

displacement of the tip of the tower, which are compiled in the capacity curve. 

5. Provided Step 4 converged, the wind speed is increased by a small increment and Steps 1 

through 4 are repeated. If the model fails to converge, the analysis is terminated and collapse of the 

tower has occurred. 

The wind loads on the conductors and ground wires are based on half the wind span of the lines 

of each side of the tower, resulting in a total loading span for each wire of 488 m (2 x 244 m). The 

values used for the tower dimensions and aerodynamic coefficients of each panel are included in 

Table 1. 

Based on the above considerations, the wind load on each panel along the height of the tower in 

terms of V3s,10m were calculated and are shown in Table 3. As the variation of wind speed over 

height is considered using V3s(z), and that the wind speeds are gust wind speeds, Gt and Gc in Eqs. 

(1) and (2) were set equal to 1.0. Note that the wind load in CSA-2010 is based on a 10-minute 

mean wind speed at 10 m height, V10min,10m, and those shown in Table 3 were estimated in terms of 

V3s,10m. In addition, a more detailed description of the wind loading profile was utilized in the 

analysis compared to the piecewise approach applied when using CSA-2010. To facilitate the 

discussion of the tower capacity in the context of codified design, the capacity in terms of V3s,10m 

were converted to terms of V10min,10m. For the conversion, the ratio V3s,10m/V10min,10m = 1.43 for open 

country terrain (Durst 1960) was used. The wind loads are then 145.8V
2

10min,10m for the longitudinal 

71



 

 

 

 

 

 

T.G. Mara, H.P. Hong, C.S. Lee and T.C.E. Ho 

 

direction and 286.3V
2
10min,10m for the transverse direction. Comparison of these values to those 

shown in Table 2 indicates that the use of the previously described procedure leads to 11% greater 

wind load (i.e., 5.7% greater wind speed) in the longitudinal direction and 23% greater wind load 

(i.e., 12.3% greater wind speed) in the transverse direction. The differences are attributed to the 

use of the ABL profile and more detailed wind load variation over the height in the above 

procedure, compared to the use of Gt and the approach in CSA-2010. In all cases, the detailed 

analysis and considered ABL profile lead to a more conservative estimated wind load. 

 
Table 1a Nominal section properties of the structural members of the tower and wires 

 Units (m)  

 Angle Thickness Member Key 

Chords and 

Horizontals 

0.0445 x .0445 0.00318 a 

0.0445 x .0445 0.00953 b 

0.0508 x 0.0508 0.00318 c 

0.0508 x 0.0508 0.00476 d 

0.0635 x 0.0635 0.00476 e 

0.0762 x 0.0762 0.00476 f 

Diagonals and 

Legs 

0.0762 x 0.0762 0.00635 D1 

0.0889 x 0.0635 0.00635 D2 

0.0889 x 0.0889 0.00635 D3 

0.1016 x 0.1016 0.00476 D4 

0.127 x 0.127 0.00794 L1 

0.127 x 0.127 0.00953 L2 

 
Table 1b Structural steel distribution by panel 

 Members in Resisting Direction Support 

Panel Longitudinal Transverse Plan 

1 L2, D2, a, c, d L2, D1, a, c, d  

2 L2, D2, a, b, d L2, D2, a, b, d  

3 L2, D3, c, e L2, D2, c, e  

4 L2, D3, a, e L2, D2, a, e  

5 L1, D3, a, d L1, D2, a, d  

6 L1, D3, a, b L1, D2, a, b  

7 L1, D3, a, c L1, D3, a, c  

8 L1, D4, d L1, D3, d  

9 D3 D3, a a 

10 D3, e D3, D4, a, d, f L1, D1, a, b, d, e 

11 a, e D1, a, b, c  
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Table 1c Nominal section properties of the conductors 

Property Conductor Ground wire 

Diameter (m) 0.0381 0.0184 

Density (kg/m) 2.354 1.046 

Modulus of Elasticity (GPa) 58.6 125.3 

Design Span (m) 488 488 

 

 
Table 1d Properties and uncertainty associated with structural steel 

Random Variable Mean COV Distribution Type 

Density 7.8 kg/m
3
 0.05 Lognormal 

Modulus of elasticity 2E+8 kN/m
2
 0.1 Lognormal 

Ratio of post-yield stiffness to initial 

stiffness 
0.05 0.1 Lognormal 

Section dimensions Varies with section
1
 0.025 Lognormal 

Yield strength 3.3E+5 kN/m
2
 0.1 Lognormal 

Note:  The mean of section dimension is considered to be equal to nominal section dimension shown in 

Table 1(a) 
 

 
Table 2a Nominal wind load calculated using CSA-2010 for the tower shown in Fig. 1. 

  
Longitudinal direction Transverse direction 

Panel Height (m) Area (m2) Cd Gt Fd (N)/V2
R Area (m2) Cd Gt Fd (N)/V2

R 

1 2.8 4.51 3.39 1.76 16.48 4.51 3.39 1.76 16.48 

2 8.5 3.88 3.42 1.9 15.44 3.88 3.42 1.9 15.44 

3 14.3 3.74 3.36 2.03 15.62 3.74 3.36 2.03 15.62 

4 20.1 3.46 3.29 2.15 14.99 3.46 3.29 2.15 14.99 

5 25.3 2.75 3.16 2.25 11.98 2.75 3.16 2.25 11.98 

6 29.6 2.27 3.05 2.32 9.84 2.27 3.05 2.32 9.84 

7 33.1 1.76 2.85 2.37 7.28 1.76 2.85 2.37 7.28 

8 35.65 1.1 2.8 2.4 4.53 1.1 2.8 2.4 4.53 

9 38.45 1.7 2.8 2.44 7.11 1.52 2.91 2.44 6.61 

10 41.45 4.73 2.89 2.47 20.68 0.89 3.08 2.47 4.15 

11 44.9 1.17 2.71 2.51 4.87 1.17 2.71 2.51 4.87 

   
Longitudinal 128.83 V2

R 
 

Transverse 111.79 V2
R 
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Table 2b Nominal wind load calculated using CSA-2010 for the conductor 

Cable Height (m) d (m) L (m) Cd Number GL Gw Fd (N)/V2
R 

Conductor 35.65 0.076 488 1 2 0.919 2.31 96.44 

Ground wire 44.9 0.0184 488 1 1 0.919 2.4 12.13 

     
Transverse (wires) 108.60 V2

R 

     

Transverse including those 

on tower  (total) 
220.39 V2

R 

 

 

The NSP method is carried out for the ABL and rectangular wind profiles, and the obtained 

capacity curves are shown in Figs. 3(a) and 3(b) for the longitudinal and transverse directions, 

respectively. For the longitudinal or transverse loading cases, the total applied horizontal force and 

tip displacement are in plane with the applied load. Fig. 3(a) shows that the yield capacities of the 

tower in the longitudinal direction are 515.3 kN and 559.4 kN for the ABL and rectangular wind 

profiles, respectively. The capacity of the tower at incipient yield for the rectangular wind profile 

is greater than those for the ABL wind profile. However, this trend is reversed if the incipient 

collapse is considered, and a large horizontal deformation is associated with the ABL profile. In 

this case, the capacities at incipient collapse, or the maximum capacity, of the tower in the 

longitudinal direction are approximately 665.6 kN and 637.8 kN for the ABL and rectangular wind 

profiles, respectively. Using the calculated wind load shown in Table 3, and the estimated capacity 

at incipient yield or collapse, the corresponding V3s,10m values are calculated and also shown in the 

table. The values indicate that the tower can sustain a V3s,10m = 85 m/s without yield in the 

longitudinal direction if the ABL profile is considered, or V3s,10m = 97.5 m/s if the rectangular 

profile is considered. Similar magnitude of difference between the critical wind speed for incipient 

collapse can also be observed from Table 3; this difference illustrates the potential influence of the 

shape of the wind profile on the estimated capacity of the tower. 

 

  
(a) (b) 

Fig. 3 Capacity curves for ABL and rectangular wind distributions in (a) longitudinal direction and (b) 

transverse direction 
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Comparison of the results in Figs. 3(a) and 3(b) indicates that the yield capacities of the tower 

in the transverse direction are significantly lower than those in the longitudinal direction, although 

the capacities at incipient collapse in the transverse direction are comparable to those in the 

longitudinal direction. The tower can withstand a greater (total) horizontal wind load under the 

rectangular wind load distribution due to the lower load contributions of: i) the cross-arm of the 

tower in the longitudinal direction; and, ii) the wires in the transverse direction. However, it is 

shown that if the ABL profile is applied, more deformation occurs in the post-yield range. This is 

again attributed to the load concentration in the upper portion of the tower. The estimated capacity 

at incipient of yield and collapse for the transverse direction, as well as their corresponding V3s,10m 

wind speeds, are summarized in Table 3. It is indicated that the critical wind speed that the tower 

can withstand is governed by the capacity and critical wind speed associated with the transverse 

direction. In all cases, the critical values in terms of V10min,10m are also calculated (using 

V3s,10m/V10min,10m = 1.43) and shown in the table.  

This implies that at the incipient yield, the critical V10-min,10m equals 39.1 m/s (i.e., 141.5 km/hr), 

a wind speed that is greater than the (factored) design wind speed for many locations suggested in 

CAN/CSA-C22.3 (CSA 2010). This implies that the design of tower is not governed by wind alone. 

Note that the inferred critical wind speed does not include the uncertainty in the material properties 

for the designed tower. This is to be discussed in the next section. 

 

2.4 Uncertainty propagation analysis and discussion 
 

The geometric and material variables of structures are uncertain; this uncertainty influences the 

calibration of load and resistance factors in the codification process (Ellingwood et al. 1980, 

Bartlett et al. 2003). To assess the effects of these uncertainties on the tower capacity under ABL 

wind loading, the simple Monte Carlo technique is used to sample the values of material properties 

and geometric variables from their probability distribution models (shown in Table 1). 

 

 
Table 3 Yield and maximum capacities and corresponding wind speed for the tower in the longitudinal and 

transverse directions 

 ABL profile Rectangular 

  Longitudinal Transverse Longitudinal Transverse 

Wind load (N) in terms of 

V2
3s,10m and of (V2

10-min,10m) 

71.3V2
3s,10m 

(145.8V2
10-min,10m) 

140 V2
3s,10m 

(286.3V2
10-min,10m) 

58.9V2
3s,10m 

(120.4V2
10-min,10m) 

102.9V2
3s,10m 

(210.9V2
10-min,10m) 

Yield capacity (kN) 515.3 442.5 559.4 487.7 

Maximum capacity (kN) 665.6 649.8 637.8 699.9 

Critical V3s,10m (V10-min,10m) for 

yield (m/s) 

85 

(59.4) 

56.2 

(39.3) 

97.5 

(68.2) 

68.8 

(48.1) 

Critical V3s,10m (V10-min,10m) for 

collapse (m/s) 

96.6 

(67.6) 

68.1 

(47.6) 

104.1 

(72.8) 

82.5 

(57.7) 
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(a) (b) 

Fig. 4 Capacity curves resulting from uncertainty analysis (50 simulations) for the structural properties of 

the tower for ABL wind distribution in the (a) longitudinal direction and (b) transverse direction 

 

 

Capacity curves of the tower for simulated sets of structural and geometric properties were 

developed; the properties sampled for each element were held consistent within each simulated 

tower. The adopted probabilistic models shown in Table 1 are based on those provided by 

Manitoba Hydro, as well as those found in the literature and used for code calibration (Ellingwood 

et al. 1980, Bartlett et al. 2003, Haukaas and Der Kiureghian 2006). Based on the ABL wind 

profile, 50 samples of capacity curves are obtained and shown in Figs. 4(a) and 4(b) for wind 

loading in the longitudinal and transverse directions, respectively. The mean and coefficient of 

variation (cov) of the yield and maximum tower capacities from these samples were calculated and 

shown in Table 4. In all cases, the estimated cov values are within 0.083 and 0.096. This range of 

cov is slightly lower than the highest cov values of 0.10 considered for material properties, while 

much less than the cov encountered for extreme wind load effects (i.e., Bartlett et al. 2003) of 

about 0.25 to 0.4. 

Since the cov of the annual maximum wind speed is about 0.138 for Canada (Hong et al. 2014) 

and the cov of the wind load is at least twice of this value, the cov of the capacity curve is 

relatively small as compared to that of the wind load effect. However, for a given wind speed, the 

cov of the capacity curve affects the calculated probability of failure. In fact, if the maximum 

capacity is assumed to be normally distributed, its 0.01-fractile for transverse loading equals 482.2 

kN (i.e., = 618.5×(1-2.32×0.096)). This translates to a critical wind speed V3s,10m equal to 58.7 m/s, 

resulting a 16% reduction in the critical wind speed (as compared to 68.1 m/s shown in Table 3). In 

other words, if V3s,10m equal to 58.7 m/s (i.e., V10-min,10m = 41.0 m/s) is applied to 100 towers, one of 

the towers will collapse (i.e., failure probability equals 1%). The small failure probability for this 

strong wind indicates that the design of the considered tower is likely to be governed by loads 

other than the wind load alone (e.g., the design may be governed by the combination of ice and 

wind loads). 

It must be emphasized the use of such a tower in the present study is adequate since it does not 

affect the conclusions that can be drawn from the relative differences between the capacity curves 

obtained using different analysis method. However, the estimated critical wind speeds are only 

applicable to this considered tower. Since the estimation of tower reliability and design code 

Longitudinal Direction

Deflection at Tip (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

T
o

ta
l 

A
p
p

li
ed

 H
o
ri

zo
n

ta
l 

F
o

rc
e 

(k
N

)

0

200

400

600

800

Simulated properties (50)

Mean properties

ABL wind profile

Displacement at Tip (m)

0 1 2 3 4 5 6

T
o

ta
l 

A
p
p

li
ed

 H
o
ri

zo
n

ta
l 

F
o

rc
e 

(k
N

)

0

200

400

600

800

Simulated properties (50)

Mean properties

Transverse Direction

ABL wind profile

76



 

 

 

 

 

 

Capacity of a transmission tower under downburst wind loading 

 

calibration which are important are outside of the scope of the present study, no further analysis of 

the uncertainty of the capacity curve was carried out in the remainder of this study. 

 

 

3. Downburst wind loads 
 

3.1 Application of a numerical stationary downburst simulation 
 

The strong winds in a downburst outflow are the result of a cool air mass descending from the 

upper atmosphere coming into contact with the surface of the earth. This phenomenon results in a 

rolling vortex which translates outward from the center of the downburst (described as the point of 

touchdown), characterized by a gust front with strong winds over the height range of most 

engineered structures. Spatio-temporally varying wind fields from a simulation of a stationary 

downburst event (Hangan et al. 2003) were obtained and processed. As the downburst simulation 

was carried out parametrically, the simulation and output were first converted to full-scale 

dimensions based on values describing the size and strength of the event. Fig. 5 illustrates the size 

denoted by jet diameter, Djet, and the strength denoted by the jet velocity, Vjet, and the distance 

from the center of the downburst to a point of interest, r. The horizontal wind speed in the 

downburst outflow profile is provided from the simulation as a ratio to Vjet, and is notated as Vhor. 

The simulation time scale, ts, representing the time step used in the downburst simulation, differs 

from the time scale t at full-scale; the conversion from ts to t depends on the values of Vjet and Djet 

(Hangan et al. 2003). A ratio, r/Djet, is used for parametric investigation of downburst effects 

among different sizes of downbursts, rather than using a specific value of r, as the use of a specific 

value would not incorporate scaling with Djet. Further description of the numerical downburst 

simulation can be found in Kim and Hangan (2007). 

 
Table 4 Statistics of tower capacity under longitudinal and transversal loading (based on 50 simulations). 

 Yield capacity (kN) Maximum capacity (kN) 

Direction Mean cov Mean cov 

Longitudinal 508.3 0.094 664.5 0.083 

Transverse 436.2 0.096 618.5 0.095 

 

 

Fig. 5 Elevation plot showing the parameters in the numerical downburst simulation (downburst outflow 

scale to r/Djet = 1.3, Djet = 500 m) 
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(a) (b) 

Fig. 6 Variation of horizontal velocity wind profiles with downburst parameters (a) Djet, and (b) r/Djet 

 

 

The use of a maximum wind speed at a reference height to describe the strength of a downburst 

event presents a difficulty in interpretation, as the shape of the wind speed profile with height 

varies with time, the size of the downburst, and the distance from downburst touchdown. A 

constant reference height selected to describe peak downburst winds will neither reflect the 

maximum wind speeds nor the relationship of wind speed with height for all downburst scenarios. 

This is in contrast to the approach taken for synoptic winds, as the widely-accepted ABL profile 

facilitates the use of a reference mean or gust wind speed at a height of 10m in prescribed terrain 

(typically open) to fully describe the magnitude and statistics of the wind load. Thus, direct 

comparison between a downburst wind speed and ABL wind speed at identical heights cannot 

provide a meaningful description of the overall differences that may exist in wind loading on a 

structure. A parametric investigation of the effect of downburst parameters Djet and Vjet on the 

structural response of the tower is therefore carried out in the following section and compared to 

those obtained for a traditional ABL wind profile. 

The simulated downburst wind fields (Hangan et al. 2003) over the height of the tower are used 

to evaluate the downburst wind loading. Upon analyzing the entire set of simulated wind fields, it 

was found that the strongest horizontal wind speed (for the range of parameters considered over 

the height of the tower) occurs at a distance from touchdown of r/Djet = 1.3 at simulation time step 

ts = 31; while other parameters are adjusted, this time step is used for all further parametric 

downburst scenario comparisons. Based on this position and time, the effect of Djet on the 

horizontal wind profile normalized with respect to Vjet is shown in Fig. 6(a). It is shown that as Djet 

increases, the curvature in the wind speed profile increases, tending towards a distribution 

resembling more of an ABL-type wind speed profile. The effects of r/Djet on Vhor/Vjet for Djet = 500 

m are shown in Fig. 6(b), where it is shown that while the magnitude of the wind speed is greatly 

affected, there is not as much variation in the shape of the profile. 

The numerical downburst simulation can also be used to compile a time history of horizontal 

wind speed at any height within the bounds of the simulation. The time histories of the horizontal 

wind speed at various heights are plotted in Fig. 7 for a downburst defined by r/Djet = 1.3, Djet = 

500 m and Vjet = 70 m/s. The abscissa represents the time scale t at full-scale, which is calculated 
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based on the values of ts, Vjet and Djet (Hangan et al. 2003); each time step (i.e., increment of ts) for 

this set of parameters corresponds approximately to an increment of 3.5 s, with ts = 0 representing 

the downburst touchdown. It is shown that the peak horizontal wind speed at each of the heights 

occurs at t approximately equal to 109 s. Fig. 7 indicates that the downburst outflow maintains a 

constant speed following passage of the gust front; this is due to the assumption of steady outflow 

in the numerical simulation, which is a limitation of the downburst simulation and does not affect 

the estimation of peak responses. The wind speeds generated from the numerical downburst 

simulation are representative of mean peak wind speed, and accordingly gust effects are not 

considered in this analysis. 

 

3.2 Applied horizontal force due to downburst 
 

It is considered that, by assigning values of 1.0 to Gt and Gc, Eqs. (1) and (2) are applicable for 

calculating the downburst wind forces on the tower, although no advice on the treatment of wind 

loads resulting from HIW events is provided in CSA-2010. This approach is consistent with that 

suggested by ASCE-74 for extreme wind loading. The wind load at each node in the structural 

model is calculated based on the horizontal component of the downburst wind profile, and are 

applied to the tower model in a similar fashion to the ABL and rectangular wind loads described 

earlier. The wind load on the conductors and ground wire (one-half span on each side of the tower) 

are calculated according to Eq. (2) with Gc and GL equal to 1.0, and the resulting forces are applied 

directly to the tower. Note that in this calculation, the attack angle of the wind changes along the 

conductors and ground wire. The variation in the downburst wind speed along the length of the 

wires is included in the analysis, although the effects of this for the combination of downburst 

parameters and wind directions investigated here is quite small. 

Based on the above consideration and by adopting the simulated downburst wind speed profile, 

the time history of the total applied horizontal force in the longitudinal direction due to the 

downburst is evaluated as the sum of the applied downburst wind loads over the height of the 

tower. 

 

 

 

Fig. 7 Horizontal outflow velocity time history at various heights in a downburst outflow 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 8 Time history of the total applied horizontal force due to downburst passage varying with (a) effect 

of Djet in the longitudinal direction,(b) effect of r/Djet in the longitudinal direction, (c) effect of Vjet 

in the longitudinal direction, (d) effect of Djet in the transverse direction, (e) effect of r/Djet in the 

transverse direction and (f) effect of Vjet in the transverse direction 
 

 

The total applied horizontal force in the longitudinal direction is shown in Fig. 8 for varying 

downburst parameters (i.e., Djet, Vjet, and r/Djet). The total horizontal applied force equals the base 

shear of the tower if the inertia force is negligible. It is shown in Fig. 8(a) that for Djet ranging from 

250 m to 1500 m (commonly used to characterize microburst events), the peak of the total applied 

horizontal force experienced by the tower during a downburst passage decreases with increasing 

Djet. This is due to the change in the wind speed profile over the height of the tower. The variation 

of the total applied horizontal force for varying r/Djet is shown in Fig. 8(b), indicating that the peak 
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load is observed for r/Djet = 1.3; this is consistent with the examination of the wind speed profiles 

discussed for Fig. 6(a). It is therefore expected that the tower is likely to experience the greatest 

load effect for such a downburst scenario. The relation between the time history of the total 

applied horizontal force and Vjet is shown in Fig. 8(c), which illustrates that the peak force varies 

directly with Vjet. 

Similar plots of the total applied horizontal force in the transverse direction are shown in Figs. 

8(d)-8(f). For the calculation of the total applied horizontal forces, the wind loads on different 

portions of the wires were weighted by projected area and superimposed to generate a time history 

of loading on the entire wire, and were applied at the wire-tower connections. The trends shown in 

Figs. 8(d)-8(f) are consistent with those shown in Figs. 8(a)-8(c), although the magnitude of 

loading for the transverse direction is much greater due to the contributions of the conductors and 

ground wire. 

 

 

4. Capacity curves for downburst wind loading 
 

4.1 Capacity curves from transient and NSP analyses 
 

A nonlinear dynamic structural analysis of the tower was first carried out considering a 

transient downburst passage for a downburst scenario defined by parameters Djet = 500 m and 

r/Djet = 1.3. These parameters were selected as to reflect what is believed to be a common 

downburst size, along with the position r/Djet at which the outflow exerts the most wind load on 

the structure (see Fig. 8). Downburst wind speeds were simulated for a range of Vjet and the tower 

was loaded in the longitudinal and transverse directions. The obtained time history of the response 

in each direction was used to construct the force-deformation curves shown in Fig. 9, where the 

ordinate represents the total applied horizontal force (wind load) and the abscissa denotes the 

displacement at the tip of the tower. The figures show the linear behaviour in the elastic range, the 

incipient yield, and the post-yield behaviour. The response during unloading is shown following 

the downburst gust front, provided the tower did not fail. The jaggedness on the unloading branch 

is due to both the vibration of the tower and oscillation of the applied wind force. The fact that the 

unloading does not result in the total applied force being equal to zero is because of the sustained 

wind load following the passage of the downburst gust front, a consequence of the downburst 

model (as shown in Fig. 7). Fig. 9 shows that for some of the selected Vjet, the downburst passage 

did not initiate collapse, but was strong enough to result in a significant amount of permanent 

deflection. For the downburst parameters illustrated in Fig. 9, it was found that yield occurs for a 

Vjet of approximately 86 m/s and 61 m/s in the longitudinal and transverse directions, respectively, 

and that collapse occurred for a Vjet of approximately 100 m/s and 75 m/s in the longitudinal and 

transverse directions, respectively. 

Rather than carrying out the transient analysis, which requires the knowledge of the 

time-varying wind speed profile, it is advantageous to carry out the NSP analysis for a single fixed 

wind profile if the obtained capacity curve for the latter approximates the force-deformation curve 

of the former. For such a purpose, the wind profile corresponding to the peak total applied 

horizontal force was considered, and the obtained capacity curves are compared for various 

downburst parameters in Fig. 9. The last point on the curves represents the analysis result obtained 

before non-convergence was observed in the NSP analysis. Comparison of the results shows that 

the use of the NSP analysis with the selected wind speed profile to evaluate the capacity curve 
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provides a good approximation for each direction of loading. Based on the comparison in Fig. 9, it 

was deemed acceptable to proceed using the NSP method to carry out a parametric investigation of 

downburst parameters and their influence on the capacity curve of the tower. 

 
4.2 Sensitivity of the capacity curve to downburst parameters 

 

Capacity curves, such as those shown in Fig. 9, are a convenient way of comparing the effects 

of various downburst outflow scenarios on the tower. Wind speeds are traditionally referenced to a 

height of 10 m, which is an appropriate method when the mean wind profile is constant throughout 

the duration of an event. However, as was shown in Fig. 6, the wind profile and duration in a 

downburst depends on both the size of the event, Djet, and the distance between the structure and 

the downburst touchdown, r/Djet. Thus, reference to a wind speed at a single height is insufficient 

to characterize its potential effect on a structure. 

The same procedure used to evaluate the capacity curves for the ABL and rectangular wind 

profiles was used for the downburst profiles shown in Figs. 6(a) and 6(b); the resulting capacity 

curves for the longitudinal direction for combinations downburst parameters (Djet, r/Djet) were 

evaluated and are shown in Figs. 10(a) and 10(b). The capacity curves for the ABL and rectangular 

wind profiles are also included in the figure for comparison. It is shown in Fig. 10(a) that the tower 

experiences yield at similar values of deflection for each Djet examined. However, the amount of 

deformation which the tower undergoes in the post-yield range is much more dependent on the 

loading profile. As Djet increases, the loading profile increases in curvature over the lower half of 

the tower (recall Fig. 6(a)). That is, outflow profiles characterized by smaller downbursts tend to 

load the tower in a more uniform fashion at this distance from downburst touchdown. The low 

amount of post-yield deformation observed in Fig. 10(a) for Djet = 250 m is due to the reduction in 

wind speed in the upper portion of the tower, as illustrated in Fig. 6(a). Similar comparisons are 

made between the capacity curves in Fig. 10(b) and the downburst outflow profiles in Fig. 6(b), 

although the loading profiles shown for different r/Djet do not vary as much in shape as those for 

Djet. It is shown that for the range of downburst scenarios considered, with the exception of Djet = 

1500 m, that the downburst capacity curves in the longitudinal direction are enveloped by those 

estimated using the ABL and rectangular wind profiles. Generally, the results shown in Figs. 10(a) 

and 10(b) indicate that as the wind loading profile becomes increasingly uniform in shape, the 

yield capacity of the tower increases although the post-yield deformation decreases significantly. 

This implies that although the maximum capacity of the tower is relatively consistent (within 4% 

among all the considered downburst scenarios), the post-yield behaviour of the tower is sensitive 

to wind load distribution. 

Using the same combinations of downburst parameters as for Figs. 10(a) and 10(b), the 

estimation of the capacity curves in the transverse direction was carried out. The obtained curves 

are shown in Figs. 10(c) and 10(d), compared to those for the ABL and rectangular wind profiles. 

Much like the longitudinal direction, the tower experiences yield at similar values of displacement 

in the transverse direction for each Djet examined (see Fig. 10(c)), with the case of Djet = 250 m 

standing out due to the low wind speed at wire height (recall Fig. 6(a)). The deflection at 

maximum capacity for the transverse direction is much less dependent on the shape of the wind 

load distribution than for the longitudinal direction, and this is again due to the large loading 

contribution from the wires. That is, due to the loading contribution from the wires, the transverse 

direction is characterized by large loads in the upper portion of the tower regardless of profile.  
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(a) (b) 

Fig. 9 Force-deformation curves for transient downburst passage with varying Vjet and results from NSP 

method for (a) longitudinal direction and (b) transverse direction 

 

 

  
(a) (b) 

  
(c) (d) 

Fig. 10 Capacity curve showing the (a) effect of Djet in the longitudinal direction, (b) effect of r/Djet in the 

longitudinal direction, (c) effect of Djet in the transverse direction, (d) effect of r/Djet in the 

transverse direction 
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This load distribution results in a greater amount of deformation in the post-yield range 

observed in Figs. 10(c) and 10(d). It is shown, for the range of downburst scenarios considered, 

that the downburst capacity curves in the transverse direction are enveloped by those estimated 

using the ABL and rectangular wind profiles. 

To better appreciate the characteristics of tower capacity at the incipient yield and collapse, 

their values are estimated based on the capacity curves shown in Fig. 10. The calculated capacities 

were used to estimate the ratios of the yield and maximum capacities under downburst loading to 

the rectangular and ABL wind profiles which are shown in Table 5. The values suggest that the 

ABL wind profile provides a conservative (or very close) estimate of the yield capacity of the 

tower under downburst loading, while the maximum capacity in the longitudinal and transverse 

directions are slightly underestimated (within 5%) and overestimated (within 6%), respectively. 

The rectangular wind profile provides good estimates of the yield and maximum capacity under 

smaller downburst events, as well as the maximum capacity in the longitudinal direction for each 

downburst scenario. A conservative estimate of the yield capacity under larger downburst events, 

and capacity in the transverse direction in general, is made using the ABL wind profile. 

 

 

 
Table 5 Ratios of yield and maximum capacities (kN) under downburst wind loading to those associated 

ABL and rectangular wind profiles 

 

r/Djet = 1.3 

 

Capacity Ratio: 

Downburst to ABL 

Capacity Ratio: 

Downburst to Rectangular 

 

Longitudinal Transverse Longitudinal Transverse 

Djet (m) Yield Maximum Yield Maximum Yield Maximum Yield Maximum 

250 1.05 0.95 1.12 1.06 0.96 0.99 1.02 0.98 

500 0.97 0.96 1.05 1.02 0.90 1.01 0.96 0.95 

750 1.02 0.96 1.05 1.02 0.94 1.00 0.95 0.94 

1000 1.00 0.97 1.02 1.02 0.92 1.01 0.93 0.95 

1500 0.98 0.99 1.00 0.99 0.90 1.03 0.90 0.92 

 
Djet = 500 m 

  Longitudinal Transverse Longitudinal Transverse 

r/Djet Yield Maximum Yield Maximum Yield Maximum Yield Maximum 

1.1 1.02 0.96 1.08 1.04 0.94 1.00 0.98 0.97 

1.2 1.00 0.96 1.04 1.02 0.92 1.00 0.94 0.94 

1.4 1.03 0.96 1.04 1.00 0.94 1.00 0.94 0.93 

1.5 0.99 0.98 1.01 1.01 0.91 1.02 0.92 0.94 
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5. Conclusions 
 

Analyses have been carried out to estimate the nonlinear inelastic response of a self-supported 

lattice transmission tower under different types of wind loading. For the analysis, the tower was 

represented by a 3-D numerical model which considers both material and geometric nonlinearity. 

The NSP method, which is most commonly used for earthquake loading, was used to assess the 

tower capacity under ABL, rectangular and downburst wind load profiles. Also, the transient 

analysis linear and nonlinear dynamic analysis was carried out for modeled downburst wind load.  

The analysis results were used to develop the capacity curve of the tower, which is represented 

using the base shear versus the displacement at the tip of the tower. The following conclusions are 

drawn from the analysis: 

1. The capacities of the tower at incipient yield and at incipient collapse depend on the wind 

loading profile. Generally, the capacities to sustain wind load for the ABL wind profile are lower 

than those for the rectangular wind profile. The uncertainty in the capacity estimation due to 

material properties and geometric variables is not very significant; the coefficient of variation of 

the capacity was found to be less than 10%, which is significantly smaller than that associated with 

the total wind load effect. 

2. The wind load on the conductors and ground wire significantly affect the capacity curves in 

the transverse direction (as compared to the longitudinal direction). The critical wind speed for the 

considered tower is associated with the transverse direction. 

3. The capacity curves obtained for the ABL and rectangular wind profiles can be used as 

approximate lower and upper bounds for the capacity curve resulting from important downburst 

wind profiles. The use of capacity curves avoids the difficulty associated with defining a 

representative reference height for wind speeds in downburst conditions. 

4. Downbursts which are smaller in size result in the tower experiencing yield at a higher base 

shear, as well as less deformation with increasing wind speed. Downbursts which are greater in 

size initiate yield at a lower horizontal wind load, but allow for more deformation in the post-yield 

range leading up to collapse. The characteristics (yield and maximum capacity) of the capacity 

curve for the ABL wind load distribution resembles that for a downburst characterized by a Djet 

between 1000 m and 1500 m. As the size of the downburst increases, the capacity curve becomes 

steeper in both the elastic and inelastic range.  

5. Based on the above observations, it is recommended that the capacity curve estimated under 

the rectangular wind profile can be used as a proxy for the capacity curve associated with small 

downburst events, and that the capacity curve estimated under the ABL wind profile can be used as 

a proxy for the capacity curve if the downburst size is large. The consideration of these conditions 

in practice simplifies the performance assessment of towers under downburst wind loading, as well 

as provides advice on the capacity required for towers to resist downburst winds at the design 

stage. 
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