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ABSTRACT 

 
     Overhead transmission line conductors are subjected to different types of unsteady wind-
induced loading and related motions. The common feature of these mechanisms is the 
significant increase of their severity when ice or wet snow accrete on the conductor. The 
dynamic behavior of such structures is not only affected by Aeolian vibrations and wake-
induced oscillations but even by a third mechanism, galloping. When dealing with galloping 
the need to consider the combined effect of wind and atmospheric icing becomes of primary 
importance. 
A case-study of a Canadian transmission line is taken into account and an uncoupled fluid-
structure interaction model is built characterized by a CFD sub-model (for determining the 
aerodynamic coefficients) together with a non-linear F.E. model (for evaluating the structural 
cable response), particularly focusing on galloping scenarios, treating it as a pure instability 
phenomenon in agreement with the theory by Den Hartog. 
A series of analyses are developed showing that 60% of all the possible load combinations 
lead to material yield and/or unacceptable large deformations, so indicating the possible 
adoption of control methods and innovative technologies for limiting or preventing the 
galloping of the line. 
 
 
1. INTRODUCTION 
 
     Among all the wind-induced motions of overhead transmission line conductors or other 
suspended cable systems, galloping is the most significant one due to its economic and social 
relevance. Galloping is a low frequency, high amplitude wind induced vibration in both the 
horizontal and vertical directions of single and bundle conductors, with a single or a few loops 
of standing waves per span (Task Force B2, 2005). Frequencies can range from 0.1 to 3 Hz 
and amplitudes from ± 5 to ± 300 multiples of the conductor’s diameter (Desai, 1991). It is not 
a forced oscillation, but a self-excited vibration phenomenon and it occurs when wind flow hits 
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an asymmetric transverse profile, leading to a significant alteration in stream conditions such 
that a swinging pressure load is generated on the whole line. The loss of symmetry for 
transverse sections of wires, although they are always designed as circular cables, is due to 
ice or wet snow covering overhead power lines in winter. Most cases demonstrate that the 
presence of ice accretion on the conductor yields to make it aerodynamically unstable. The 
damages associated with galloping events can deal with power interruptions, loss of revenue, 
system reliability and quality of service, social impacts, impact on hospitals, on production 
industry and on population confidence and safety.  
 
     1.1 Mechanism of Galloping 
     Galloping motions, as said, require an asymmetric cross section of the body, which 
exposes this one to aerodynamic instability. In conductors of transmission line systems, this 
type of section is usually obtained due to atmospheric icing, since as ice builds up, mainly on 
the top and windward side of the wire, the circular shape in modified yielding to 
aerodynamically unstable structure.  
    Complex interactions of aerodynamic instability and iced overhead transmission lines can 
produce lift and drag forces on conductors, as Fig. 1 highlights, with consequently changes in 
the flow pattern and pressure distribution along the wire. The aerodynamic forces and mass 
effects also increase with the thickness of the ice layer. This gives birth to vary the structure’s 
natural frequency, which may be not acceptable for its design characteristics.  
 

            
Fig. 1 – Aerodynamic forces acting on an iced conductor  

 
     From a hydraulic and aerodynamic point of view, if a steady stream current hits an 
obstacle that is not a classic building but a cylindrical one, representing the transverse section 
of cables in transmission lines, several considerations can be made. Fig. 2 shows what 
happens to isobars in this case of hitting (A and B are a point on the undisturbed zone and a 
point lying on the obstacle, respectively).  
 

 
Fig. 2 – Development of isobars in case of wind current hitting a cylindrical obstacle  

 
     The Bernoulli Theorem introduces the pressure coefficient depending on time and space, 
in particular with swirling areas, which can assume both positive and negative values, in 
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particular for the cases of vortex shedding. Its value depends actually on the aerodynamics of 
the body around which the steady flow runs. In other words, it deals with body shape and the 
position of the studied reference point. 
When a vortex breaks off, an orthogonal force on the wind direction is created. This fluid 
forcing has the characteristic to be pseudo-harmonic and changes depending on the body 
orientation (Borri and Pastò, 2006). If the structural body swings, then its position changes in 
time and thus also the fluid forcing as well. If this development tends to increase the 
amplitude of oscillations, the structural behaviour becomes unstable and up to divergence. 
The bigger the flow velocity, the bigger the frequency of vortex shedding is, which gradually 
approaches the natural frequency of the structure leading to resonance instability. In these 
terms, due to the cyclic arrangement of the mutual interactions between fluid motions and 
structural vibrations, the problem is strongly non-linear and dynamic. 
 

2. THEORETICAL APPROACH 

     3.1 Den Hartog’s criterion 
     The first model of galloping phenomenon was established by Den Hartog in 1932 (Den 
Hartog, 1932; Nikitas and Macdonald, 2013), whose approach is just briefly recalled here. 
According to his analysis, the system could be modelled as a single-degree-of-freedom 
(SDOF) one simply capable of vertical motions. The hypothesis on which this theory is based 
on is that the flow is considered as quasi-steady, that means that the force acting on the body 
is only linked to the airflow velocity and to the  angle of attack. This one is the angle formed 
by the wind direction velocity and a reference line of the body. The reason behind this 
assumption is that the frequency of the transmission line under galloping is quite lower than 
the wind speed one. This simplified hypothesis is widely applied when a single line conductor 
is subjected by the phenomenon, while it doesn’t deal with bundled ones, as it is not possible 
to take into account the dynamic effect of the whole system. The oscillation that the 
transmission line system experiences is major caused by the ice accretion and aerodynamics 
features of the resulting profile section, other than its dynamic characteristics. As usually 
happens in aerodynamic analyses, the resulting wind force is split into two components, 
called Drag and Lift. Fig. 3 gives a graphic illustration of these components. 
 

 
Fig. 3 – Geometry of a bluff section indicating lift and drag forces (L, D), relative angle of 

attack (α) and principal structural axes (x, y) 
 

     Den Hartog’s criterion highlights the ranges of values of the angle of attack where 
galloping instability may occur, but it doesn’t explain its development, finally reaching to 
obtain a critical wind velocity for galloping but neglecting wire’s torsional capacity and 
stiffness. On the other hand, even though Den Hartog analysis has clear limits on the field of 
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application, experimental observations underline that the most important and the most 
frequent galloping events occurring on single wire follow this theory and instability conditions. 
In fact, frequently the conductor does not require to be rigid about rotations, as it follows just 
vertical displacements.  
 
     2.2   Linear theory of cable free vibrations -  Static Model 
     Irvine and Caughey gave a huge contribute on studies about cables, due to their linear 
approach developed in 1974. Certainly the validity of this model has several limits, since it is 
based on a case of study which is a uniform suspended cable with dead-end spans rigidly 
constrained at each support and the ratio of sag to span is about 1:8, or less (Irvine and 
Caughey, 1974). Both in-plane and out-of-plane motions are considered, thus a 2 degrees-of-
freedom model (2DOF) is established.  
     Fig. 4 shows a uniform cable which hangs in a static equilibrium in a vertical plane through 
supports which are at the same level. 
 

 
Fig. 4 – Definition diagram for cable vibrations 

 
     From the static equilibrium equation, a second-grade solution is obtained which is valid 
even with supports not lying on the same level. Hence, the model is named sagging cable 
model, also known as elastic catenary model.  
 
     2.3   Linear theory of cable free vibrations -  Dynamic Model 
     If small displacements are accounted for, the standard dynamic equilibrium for a generic 
infinitesimal element leads to a linearized cable equation and to transverse and in-plane 
displacement components that are uncoupled because, at the first order, the transverse 
horizontal motion is not linked to additional tension in cable. Moreover, the analysis of the 
conductor in-plane oscillations has to be split into other two components, which are symmetric 
and antisymmetric modes. Basically, such a separation is explained by the fact that to the first 
order, no additional tension is induced to the cable by the motion for the antisymmetric modes. 
On the other hand, it does for symmetric ones. Thus it is clear that the analysis induces two 
different levels of solution. 
 
     2.4   Non-Linear Analysis 
     Since galloping problem involves conductors of aerial lines, the system is affected by 
highly non-linearity, generally in terms of geometry and material. The former deals with 
cancelling the key hypothesis for which the balance of the system is written on the 
undeformed configuration, while the latter concerns mechanical material features and allows 
for taking into account possible plastic behaviors.  
     Basically, the non-linear geometry bases its validity on the circumstance related to 
changes in geometry of the structure during the analysis. In this case, displacements affect 
the whole solution in terms of structural response to applied loads. It is mainly caused by 
large deflections leading to a different shape of the model in relation to the initial one.  
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Such a situation is typical for cable elements, since the deformed shape is extremely far from 
the unloaded one. Moreover the registered deflections, particularly during the dynamic 
oscillation response, are large and a linear approach would not justify the real 
characterization of the structure. 
     Differently, the assumption of a non-linear material model could represent a limit state for 
the transmission line, possibly suggesting that a structural re-design would be needed. 
 

3. CASE STUDY 

     The considered scenario deals with the power network designed of a 138 kV transmission 
line near Stewart in British Columbia, Canada. This line connects the Long Lake hydroelectric 
generating station to the BC Hydro network (Maranda et al., 2019). The structure has been 
operating since 2013 and it crosses an 800-metre-wide river, a mountainous terrain from 50 
m to 1500 m and several valleys, for a total length of 10 km. The span studied is 160 m long, 
with a static sag of 2.27 m due to self-weight. 
     Since it consists of the unique power line transmission for a local mine site and being the 
only energy source for the BC Hydro (Rossi, 2018), it has a significant importance in terms of  
both social and economic terms. The line develops thanks to 37 towers composed by singe 
pole Y-frame steel structure and variable height, placed at different altitudes and with relative 
spans of variable length. Eventually, the conductor is composed by a single aluminium clad 
steel wire and it is characterized by a diameter of 23.55 mm. An optical ground wire (OPGW) 
cable was used, then replaced by the innovative optical phase conductor (OPPC) technology, 
which permitted to reduce structural loads in a significant way thanks to its properties.  
Evidently, on the base of its position and physical development, the transmission line system 
is highly exposed to critic atmospheric and climatic conditions, due to strong wind flows and 
significant magnitude of icing accumulation in the site.  
 
     2.1  Dataset 
     Climatic data used for the project were provided by the Norwegian company Kjeller 
Vindteknikk (Skamarock et al., 2008). According to the company, both wind and ice loadings 
are obtained with the approach of WRF model (Weather Research and Forecasting), which is 
a numerical weather prediction (NWP) and an atmospheric simulation system designed for 
both research and operational applications. Along the reference of the observation period of 
20 years a separated frequency analysis was carried out, then combined in order to give a 
complete information about the frequency occurrence of a particular load combination in 
terms of both wind and ice. 
     There are several conditions that lead to different types of ice and snow deposits. Icing 
and snow accretion are apparently quite similar, but there are several differences between 
them in terms of temperature, forms and meteorological conditions that make the natural 
precipitation possible. A classification of icing forms has been proposed in (Task Force 
22.06.01, 2001), and Fig. 5 gives a graphical distinction of classification. They divided icing 
into the following six different types: 
Precipitation icing 

• Glaze (Freezing rain) 
• Wet snow 
• Dry snow 

In-cloud icing 
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• Glaze due to super cooled cloud/fog droplets 
• Hard rime 
• Soft rime 

 

 
Fig. 5 – Difference between Soft rime (left), Glaze (center) and Hard rime (right) 

 
     By studying joint frequency occurrence of icing events in both terms of ice eccentricity and 
wind speed, it can be clearly highlighted how the main responsible of galloping events is wet 
snow. Moreover, this consideration is in line with field observations about the kind of icing 
event that mainly leads to galloping instability. 
     Wet snow occurs when snowflakes get through a layer characterized by warm air, with a 
variation of temperature between -2°C and +5°C (Wagner, 2010). Obviously, the water 
content in wet snow is quite high, thus its capacity to adhere on an object is significant, even 
though it is closely linked to meteorological conditions and temperature. Density of wet snow 
can range between 200 and 990 kg/m3, thus it can exceed the density of pure glaze ice.  
About ice shape profiles, in relation to conductor sections it is considered by the two 
combination of ice shape and its eccentricity, defined as the ratio between the maximum ice 
thickness to the diameter of the wire conductor. It is important to highlight that, according to 
International Standards, during the design phase of the transmission line system a simplified 
ice-shape section is considered as the result of a constant radial ice formation. The 
theoretical model for growing ice shape profiles was adopted as semi-elliptical, in agreement 
with experimental evidences, Fig. 6. 
 

  
Fig. 6 – Typical growing shape; Wing shape; Wing shape and eccentric circle 

 
     Hence, section profiles grow in line with the statements of “Snow accretion on overhead 
wires” (Sakamoto, 2000), according to which a development of ice accretion is given and 
reported in Fig. 7. 
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Fig. 7 – Accretion on a torsionally rigid stranded wire (axial growth) 

 
     Five cases of section thickness were considered, with a magnitude of 25%-50%-100%-
150%-200% times the conductor’s diameter, giving rise to the profile names used respectively 
e025, e050, e100, e150 and e200. 
     As the State of the art of conductor Galloping (Task Force B2, 2005) records, all the 
galloping instabilities occurred did not exceed an eccentricity of 2 times the diameter of the 
conductor (e200). This evidence may be expressed and explained by two reasons. First of all, 
the more ice grows on the wire section, the more the adhesion of snow and ice itself 
decreases and thus it leads to breaking the mass involved, not only due to gravity but also 
because of the wind pressure. Moreover, a thicker accretion on one slide of the wire leads to 
a section rotation and correspondingly creation of a new snow or ice layer on another slide, 
which makes the whole section seeming to a cylindrical profile and thus not being exposed to 
galloping instability anymore.  
Fig. 8 highlights the considered geometric profiles. 
 

 
Fig. 8 – Crescent profile for wet snow and rime ice accretion 

 
     By assuming an ice-load density equal to the value of 916.80 kg/m3, corresponding to the 
general case of wet snow freezing after settled on the conductor, the calculation of its weight 
is immediate. 
     In terms of wind load, a first statistical analysis allowed to achieve the set of values below 
and beyond which galloping phenomenon generally does not occur. The nature of this kind of 
analysis is parametric, since it is strictly dependent on the variables choice. Hence, it was 
needed to maintain the wind speed value constant and observe the phenomenon by varying 
all the other factors.  
     The reference value for wind flow velocity was chosen as 10 m/s, since it sums up a big 
part of wind speed distribution according to the hourly event, as Fig. 9 shows, associated to 
the case of wet snow and eccentricity within e050 and e100. 
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Fig. 9 – Wind speed distribution for wet snow 

 
     Eventually, a set of angles of attack α were considered as the orientation between wind 
direction and transverse section’s axis. In Wind Tunnel Test it usually ranges as Fig. 10 
shows. In this work, an angle step increment of 15°-20° was used in a global variation range 
of 0°-180°. 

 
Fig. 10 - Set of increasing angle of attack adopted in the experiment 

 
 
4. NUMERICAL ANALYSES 
 
     A series of numerical analyses was conducted via two different commercial Finite Element 
modeling softwares, Straus7 and ANSYS. The first objective was to point out the correct way 
to represent and model the wire in its parabolic geometry and rheological characteristics, as it 
is a kind of structural member that reacts to traction only.  
     In order to study the aerodynamics features of the conductor and the possible creations of 
vortex shedding that may cause vibrations amplification, a CFD analysis was carried out and 
then compared with Wind Tunnel Test results. 
     Finally, the results obtained via the CFD model were used to estimate the aerodynamic 
loads to be applied to the structural model; in this way the fluid-structure analysis was 
decoupled. 1D and 2D models were developed to perform a panoramic overview of the 
galloping phenomenon and its unstable effects on the considered transmission line system.   
  
     4.1 Validation models 
     A first 1D structural model was built in order to validate the theoretical solution of the static 
condition of the wire due to self-weight. Table 1 reports geometric and material input data for 
the analysis. 
     The reference theoretical solution is the one by Irvine and Caughey; the results (Fig. 11)  
shows the comparison of the several numerical methods. 



The 2022                 World Congress on 
Advances in Civil, Environmental, & Materials Research (ACEM22) 
16-19, August, 2022, GECE, Seoul, Korea

     As Fig. 11 highlights, the modified-beam solution is the best together with the cable one. 
Both elements were used, since the latter has recorded several computational problems that 
could be solved through beam’s contribute. 
     Then, a series of CFD analyses were conducted recreating a flow domain so to reproduce 
the real conditions of undisturbed wind velocity gradually encountering the transverse section 
of the wire, with variable shape. Hence, starting from a simple circular section (Fig. 12), the 
analyses were repeated by introducing the icing load, as previously stated. Clearly, the 
boundary conditions remained constant whereas profiles, orientation and eccentricity were 
varied.  
     The theoretical solution for a circular shape was taken as reference (Hoerner, 1965), 
together with a drag coefficient characterized by a Reynolds’ number included between 
104<Re<106. Thus, the needed value of velocity had to be such to verify this hypothesis; a 
mean value of U = 10 m/s was considered optimal, since the Reynolds number derived by the 
dataset (D = 0.02355 m ; = 1.225 kg/m3 ; μ = 1.81x10-5 Pa s) correctly respected the 
required conditions. A value of time for a single cycle in vortex-shedding was calculated as T= 
1/f = 0.01 s, so a time step of 0.001 s was chosen and a final time of 1 s, since it was 
observed that 1 second is sufficient to achieve convergence and stable mean values for 
aerodynamics coefficients like cD, cL, cM. 
 

Table 1 – Data-set  
Data Values 

Span length     160 m 

Sag      2.27 m 

Conductor Diameter      0.02355 m 

Transverse section Area  4.35·10-4 m2 

Density   2.7·103  kg/m3 

Mass per unit length   1.35 kg/m 

Elasticity Modulus  70 000 MPa 

Ultimate tensile strength  220 MPa 

Yield deformation  0.2 % 

Ultimate deformation  8.0 % 

Fusion temperature  643 °C 

Electrical resistance  0.0285 Ω/mm2m 
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Fig. 11 – Validation model for cable FEM 

 
 

   
 

Fig. 12 – Overview of the typical adopted air-domain mesh and detail of the mesh-refinement 
around the wire region 

 
     Fig. 13 shows the achieved convergence plots, in terms of residuals between different 
iterations; as it can be seen, the precision of the numerical model goes around 10-6 and 10-7. 
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Fig. 13 – Model convergence 
 

     4.2 Results 
     By varying the angle of attack, the results in terms of aerodynamics coefficients are 
reported in Fig. 14, compared with those coming from available wind tunnel tests; for sake of 
brevity, just one eccentricity is here considered. For the structural simulations, the lift 
coefficient is the most important parameter for both variation and amplitude. 
     The contour maps of Fig. 15 show the domain distribution for velocity, pressure and kinetic 
energy, considering e.g. e100 and e200 profiles; correspondingly, the dynamic structural 
forces were calculated, considering a typical sinusoidal function for expressing their temporal 
variation. The amplitude of such a wave was assumed as the maximum registered lift force, 
while the frequency was interpreted as the vortex shedding frequency (Fig. 16) whose trend, 
as expected, appeared to be symmetric to the 90° axis. 
     Hence, two types of load were applied to the span: the static self-weight of the 
transmission line, ice included, and the dynamic load coming from the combination of wind 
and snow (accounting for shape variation only, as reported above). 

 
Fig. 14 – Comparison between aerodynamics coefficients trend and wind tunnel test results 
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Fig. 15 – Aerodynamics results for CFD analyses, profiles e100 and e200 

 

 
Fig. 16 – Vortex shedding frequency vs. angle of attack 

     The span was subdivided into four parts, with the aim to simulate the progressive 
development of icing load from a supporting tower to the other one. This choice is justified by 
the fact that 160 m span is significant and the possibility to register a non-uniform ice 
accretion over the whole line is reasonable. Hence, four cases were considered, with half 
covered, alternative covered, concentrated covered at the middle and all-covered span. 
     A series of non-linear geometric and/or material analyses were developed (Fig. 17) 
considering all the listed eccentricities and different snow distributions (only a few results are 
reported here); in nearly all situations the cable evidences a plastic response, being the free 
oscillations around an equilibrium point far from the static one and the wave amplitude 
decreased (some damping percentage was included for comparison purposes only). As 
expected, no resonance phenomena occur being the cable-wind frequency ratio far from 1. 
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Fig. 17 – Sag vibrations from global FEM model 

     If the Dynamic Amplification Factor (DAF; ratio between the dynamic response and the 
equivalent static solution) is taken into account (Fig. 18), the minimum (1.09) and maximum 
(1.59) values are representative of the smallest and largest eccentricity, respectively.  
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Fig. 18 – DAF trend 
 

     Table 2 summarizes the main structural results; particularly, green cells are related to an 
elastic cable behaviour, whereas orange and red ones refer to non-linear and yield situations, 
respectively. Correspondingly, intervention measures should be planned for ensuring a proper 
structural behaviour: so, e.g. thermal devices and/or stockbridges should be adopted, 
consequently reconsidering snow loads and damping features for the line. 
 

Table 2 – Results coming from different load combinations  

 
 

5. CONCLUSIONS 
 
     Galloping phenomenon has been analized for a case-study considering a transmission line 
affected by different snow loads. Both fluid and structural dynamic analyses have been 
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developed, the former allowing for fixing the aerodynamic coefficients to be applied on the 
latter in terms of wave amplitudes. No resonance phenomena have been encountered, but 
the conductor has shown a pretty non-linear geometric and material behaviour, so leading to 
propose intervention measures and a re-design of the line. 
     A cable damage due to fatigue phenomena as well as supporting towers instability will be 
objective of a future study. 
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