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Abstract

A worldwide survey carried out by CIGRE on transmission line
(TL) failures showed that cascades, i.e., progressive collapse of
line supports, play a pivotal role in the majority of TL structure
collapses. Cascade triggering events can considerably magnify
localized TL member failures, especially under wind and ice ac-
tions, resulting in the collapse of a large number of TL supports
in many cases.

Phase conductor breakage is credited as the most severe cas-
cade triggering event. These breakages generate a shock wave
that propagates through the conductor, inducing large unbal-
anced longitudinal loads on TL supports. This article inves-
tigates the response of a TL section to a conductor breakage
event, by means of a mechanical model developed to tackle
such a problem, which employs nonlinear time-history dy-
namic analysis. Four different scenarios are considered, two
of them isolating the effects of the triggering event and wind
loading and the other two combining them.

Introduction

Electrical energy outages caused by failure of transmission line
supports are of concern to utilities worldwide. Support col-
lapse, even partial, leads to prolonged and expensive energy
disruptions, particularly in regions where the power grid lacks
redundancy.

CIGRE (1996) carried out a survey of TL failures, focusing on
supports and foundation failures, collecting data from 42 elec-
trical utilities worldwide for failures that occurred over a pe-
riod of 15 years (1981 to 1996). In total, 299 events encompass-
ing the damage of 1731 structures were reported by the respon-
dents, who also indicated the occurrence of cascades in many
cases. Moreover, the survey data showed that a few events
account for the majority of failed structures, clearly indicat-
ing the occurrence of cascades. More recent cascading events
were reported by CIGRE (2012), where two events drew par-
ticular attention because of their calamitous aftermaths. These
took place in Canada (1998) and France (1999), where a series
of cascades were registered during severe storm events.

TL cascades are commonly classified in one of three categories
(longitudinal, transverse and vertical), according to the direc-
tion of the damages. However, longitudinal cascades are the
most severe and frequent type. They can be triggered by the
failure of any of the components responsible for keeping the
tension of conductors, or more frequently by the conductor it-
self, inducing large imbalanced loads in the adjacent structures.

The determination of the response of a TL section in a con-
ductor breakage scenario is relatively challenging, because an
abrupt change in the boundary conditions is introduced in the
severed span. This generates singularities on the global stiff-
ness matrix, and makes this type of problem difficult to solve
by conventional finite element method (FEM). As a result, the
use of an explicit direct integration method is required.

A mechanical model to numerically simulate coupled transmis-
sion line systems - supports, conductors, shield wires and insu-
lators - subjected to a cable breakage event is presented in this
article. The core of the model is the equations of motion solved
through a central finite difference (CFD) scheme. This incorpo-
rates member nonlinearities and boundary condition changes.
Additionally, an accurate cable element was introduced to sim-
ulate cable substructures, based on precise catenary relation-
ships.

The model developed was employed to investigate the response
of a transmission line section subjected to four different load
cases (LCs): (i) ultimate limit state wind loading, (ii) conductor
breakage only, (iii) serviceability limit state wind loading and
conductor breakage, and (iv) ultimate limit state wind loading
and conductor breakage.

A simplified wind loading model, following the code IEC60826
- IEC (2003), was employed to determine the wind effects on
all components of the line section. This simplified approach
is considered adequate because the investigation primarily fo-
cusses on the assessment of the response amplification caused
by conductor breakage, not on the accurate prediction of wind
loading.

Mechanical model

The mechanical model deals with the transmission line system
as a set of substructures: conductor and shield wire spans, sup-
ports and insulators. Each substructure is composed of an as-
sembly of basic members, namely cable and truss elements.

Cable elements based on exact catenary relationships were in-
troduced to deal with conductors and shield wire spans. Their
formulation was deduced by applying equilibrium conditions
to a cable span and incorporating linear elastic material rela-
tionships in a Lagrangian frame of reference (figure 1), result-
ing in the system of transcendental equations indicated in (1).

Figure 1: Catenary unstretched (s) and stretched (p) profiles.
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where Fiy, F1y, Fax, F2y are the reactions at supports 1 and 2,
in the directions x and y, respectively; 7 and 7> are the axial
cable forces at the supports; w is the uniformly distributed load
applied over the cable length; L, is the unstretched length of
the cable; E is the elasticity modulus of the cable material; A is
the cable cross-sectional area; vg and v?, are the components of
the chord vector V.

All the force and tension terms contained in equations (1) can
be expanded employing static equilibrium conditions, resulting
in a system of transcendental equations depending only on the
unknowns Fi, and Fiy. This system can not be solved explic-
itly, requiring an iterative strategy to achieve the solution. An
incremental algorithm derived from Newton-Rapson’s method
is employed, as discussed below.

The process starts with an initial approximation for Fi, and
Fiy, resulting in misclosure components (AV) of the chord vec-
tor V, obtained by differencing the left and right sides of each
equation in (1). If the misclosure components are greater than
arequired tolerance (1x 1079), corrections (AF,) for the values
of Fi, and Fj, are calculated through the system represented
by the vectorial equation:

AV = JyAF, @)

where Jy is the Jacobian matrix of the system, composed by
the partial derivatives of the left side of equation 1, in rela-
tion to the variables Fi, and Fiy. The system in (2) is algebraic
(rank 2x2) and can be easily solved. The correction terms AF
are applied to F1, and F}y , and the misclosures are determined.
The process is repeated until the tolerance limited is achieved.

In the procedure described, the member end forces vector F
are determined locally, in the plane of the catenary, which
is spatially oriented according to the resultant vector of the
wind and weight actions, and is coupled into the global three-
dimensional system of reference by proper transformations.

Support structures and insulators are subassemblies of truss el-
ements: two-node straight bars with three degrees-of-freedom
(DOF) per joint, as indicated in figure 2. Each element is capa-
ble of resisting tension and compression axial forces, following
a linear elastic constitutive relationship according to Hooke’s
law.

Figure 2: Three-dimensional truss element.

The dynamic response of the structural systems is determined
by solving the equations of motion. In the case of linear elas-
tic multi-degree-of-freedom (MDF) systems, assuming viscous
damping, these equations are well-known and can written in a

convenient matrix form:
Mii+ Ca+Ku=P 3)

where: M, C and K are the matrices of mass, viscous damping
and stiffness of the structure, respectively; i, u and u are the
time-depending vectors of acceleration, velocity and displace-
ments; and P is the vector of applied forces, also time depen-
dent.

Because of nonlinearities, the global stiffness matrix (K) is de-
pendent on the time history of displacement. Additionally, an
abrupt change occurs in the boundary conditions as a result of
element breakage, introducing singularities in K, since part of
the system becomes a mechanism. These changes in the stiff-
ness matrix make the application of modal analysis not suited
so a time-stepping scheme (direct integration) is more appro-
priate. This is done by employing a central finite difference
(CFD) scheme. Succinctly, the CFD approach solves the equa-
tions of motion at discrete time intervals At apart, by replacing
the velocity u and acceleration ii vectors in equation (3) by ap-
proximations based on finite differences of displacements in
three time steps (two knowns and one unknown).

A lumped-mass approach, i.e., the distributed mass of the mem-
bers is applied at the nodes, is adopted, resulting in a diagonal-
ized matrix M. A damping proportional to mass is assumed so
the matrix C also become diagonal. These two artifices uncou-
ple equation (3), since the stiffness matrix multiplies the known
vector of displacements u;.

Consequently, the system can be solved independently for each
DOF, depending only on the latest known responses of the
structure. In fact, it is not even necessary to assemble (or up-
date) the global stiffness matrix of the structure so the ma-
trix equation (3) can be reduced to a more convenient single-
degree-of-freedom (SDF) form, resulting in the following re-
curring formula:
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where u; 1, u; and u;_; are the displacements at time steps
(i4+1),iand (i— 1), of a given DOF; m is the nodal mass; ¢y, is
the proportionality constant between damping coefficient and
nodal mass; r; is resultant force acting on the DOF, obtained
by the difference between the applied external load (p;) and

the sum of the forces (le\’:l fl/ ) of the N members connected
the node. The constant ¢, = C/m combines the effects of the
different sources of damping and is determined by assuming a
damping ratio (§) according to the type of member. Because
the structural response is determined using the system config-
uration of the previous time step as reference, the geometric

nonlinearities are automatically accounted at each time step.

The central finite difference method is conditionally stable,
producing meaningless results if the time step adopted is not
short enough. According to Chopra (1995), the convergence
and precision of the solution can be assured only if the time
step At is less than a critical time step At.i; = T, /7, where T,
is the smallest natural period of vibration of the system. This
period must be determined, requiring modal dynamic analysis
to calculate the eigenvalues of the system.

In order to overcome this difficulty, the approximated expres-
sion for Aty given by Groehs (2001) is employed,
T, Lyin

At S Alcrit == = — (5)
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Figure 3: Perspective of the transmission line section.

where L,y is the shortest truss member length in the structure
and ¢ = \/E/p is the speed of sound in the medium, calculated
as the squared root of elastic modulus (E) divided by the den-
sity of the material (p).

Case study

The transmission line section investigated in this case study is a
single circuit section, composed of three conductor phases and
two shield wires attached to seven supports (S1 to S7), equally
spaced by 550m spans, as depicted in figure 3. In order to re-
duce the computational effort, the dead-end towers were re-
placed by rigid supports. Return periods adopted for the orig-
inal TL design were T = 50years for the design of the com-
ponents in serviceability limit state (SLS) and 7' = 250 years in
ultimate limit state (ULS).

Suspension supports are freestanding steel latticed towers
(named CGA47) with total hight of 54.5m a 14 x 14m squared
base. All members are structural steel angle sections, grades
345MPa or 413 MPa. The self-weight of the tower is approxi-
mately 108kN.

Each conductor phase is composed of a bundle of four Alu-
minium Cable Steel Reinforced (ACSR) type conductors, com-
mercial name Rail. All phases were sagged according to a cate-
nary parameter of C = 1900m with an average environmental
temperature (20°C) and no wind. Such a weather case is typi-
cally referred to as everyday stress (EDS) in standard TL design
practice. The horizontal axial tension component in each cable
is H = 29.82kN. In the analysis, the bundle was replaced by
an equivalent cable with cross-sectional area, dead weight and
ultimate tension capacity (UTC) four times the respective pa-
rameters for the single cable.

The shield wires are single cables, also ACSR type, with com-
mercial name Dotterel. A catenary parameter of C = 2073 m
was adopted for sagging, also in EDS weather condition, equiv-
alent to H = 13.61kN. The mesh of cable elements for both
conductors and shield wires was automatically generated by
dividing the total length of each span into a number of ele-
ments with length closest to 25m.

The suspension insulators of the transmission line section are
I-string type on the external phases and V-string type in the
internal phase.

A mass-proportional constant of ¢, = 2s~! was adopted for
the towers and ¢, = 0.5 s~ ! for cables, equivalent to a criti-
cal damping ratio of { = 0.08 (towers) and { = 0.16 (cables),
approximately.

The critical time-step interval was calculated for the shortest
element of the towers CGA47 (0.5 m) by means of equation (5),

resulting in Aty =2 1.0 X 10~4s, adopted for the analyses.

The response of transmission line section was determined for
the following loading cases:

LC1 A simplified wind load is applied transversally to the line
section, using a generic wind profile defined by IEC60826.
The return period of the wind is T = 250years (ULS). No
conductor breakage is simulated.

LC2 The conductor breakage is simulated under EDS condi-
tion. No wind load is applied.

LC3 A wind load is applied to the line section, as described for
LC1. The return period of the wind is T = 50years (SLS).
The conductor breakage is simulated.

LC4 As for LC3, but with ULS winds (T = 250years).

In LC2, LC3 and LC4 the conductor breakage is simulated sev-
ering the conductor bundle in right phase of the 1* span, by
equalling to zero the rigidity of the cable element attached on
the insulator of support S2.

The case study site is assumed to be in north-east Brazil,
and the meteorological and topographical parameters were
adopted accordingly. The roughness of the terrain is category
B. The design values of wind speeds (V;) and wind pressures
(qq), calculated according to IEC60826, are listed in table 1. In
the case of conductors and shield wires, the design values in-
dicated are assumed as constant along the spans. For the sup-
ports, they are referred to a hight of 10m, but adjusted accord-
ing to the hight of the panel of interest.

T = 50years T =250years
Component | Vd(m/s)| gd(Pa)| Vd(m/s)| gd(Pa)
Shield Wire 30.62 577.3 36.37 810.7
Conductor 29.61 546.9 35.40 768.0
Supports 29.34 538.0 35.28 762.9

Table 1: Design wind speed and pressure on TL components.

In all load cases, the dead weight is applied gradually for all
components of the system, increasing from weightless to the
actual weight, over the interval t = Os to t = 5s, remaining
constant after that. The wind loads in LC1, LC3 and LC4 are
also applied in a similar fashion, from ¢ =5stos = 10s. At time
t = 20s the conductor bundle is severed, and the interval from
t =20s to t = 50s is used in all cases to analyse the dynamic
response of the line section.



Results

For all load cases, the dynamic response of the TL section was
determined at each integration time step and recorded at 5 x
10~2s apart.

The safety of the supports was estimated by calculating the us-
age factor (UF) of each member, i.e., the relation between the
peak dynamic load (PDL) and the respective mechanical ca-
pacity (CAP) of the member. A usage factor greater than one
indicates that the member was overloaded during the loading
event and is unsafe. Note that the unsafe member are kept in
the analysis as intact.

The mechanical capacity of the angle section members of tow-
ers were calculated according to the methodology of the stan-
dard ASCE10-97 - ASCE (2000). It was assumed that the mem-
bers could only fail due (i) buckling of the gross cross-sectional
area or (ii) excessive tension in the net cross-sectional, there-
fore dismissing any kind of connection failure.

The percentage of unsafe members (UF > 1) in supports S2 to
S6 obtained in each simulation is listed in table 2, according to
the load cases.

SUPPORT | LC1 | LC2 | LC3 | LC4
S2 0 11 26 34
S3 0 0 2 9
S4 0 0 0 3
S5 0 0 0 4
S6 0 0 0 6

Table 2: Percentage of unsafe members of supports S2 to Sé.

Similarly, table 3 indicates the maximum usage factor of the
members of supports S2 to Sé.

SUPPORT | LC1 | LC2 | LC3 | LC4
S2 098 | 2.18 | 3.17 | 3.57
S3 0.99 | 0.80 | 1.60 | 1.65
S4 098 | 0.49 | 0.88 | 1.16
S5 0.99 | 058 | 0.91 | 1.16
S6 098 | 059 | 099 | 1.24

Table 3: Maximum usage factors of supports S2 to Sé6.

The LC1 is the response of the system to the design conditions
(ULS), and no member failure is evident in the supports, as ex-
pected. In LC2, 11% of the members in the support closest to
the failure point (S2) are unsafe (figure 4), but the remaining
supports are undamaged. In LC3, where a SLS wind is applied,
the support S2 (26%) is compromised, while S3 (2%) is slightly
affected. In the last case, support S2 (34%) is critically compro-
mised, and the all other supports display some unsafe mem-
bers.

Conclusions

This paper describes a mechanical model developed to numeri-
cally analyse coupled TL sections, employing time-history dy-
namic analysis to deal with member nonlinearities and changes
in boundary condition. The components of the line section are
fully simulated, and precise cable elements were adopted for
conductors and shield wires. Further enhancements, such as
more accurate material constitutive relationships and realistic
wind models, can be easily incorporated.
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Figure 4: Unsafe members (red) of support S2 for LC2.

The dynamic response of a TL section under four different load-
ing conditions combining conductor failure and wind was ob-
tained. The results clearly indicate that conductor breakage
greatly amplifies the response of the system, and the line sec-
tion become unsafe even under everyday stress condition. In a
wind scenario, the TL section is further overloaded, the num-
ber of supports affected is expanded and the maximum usage
factor is considerably increased.

Therefore, dynamic analysis including conductor breakage is
essential in cases where the protection of a line section is im-
perative, such as large river crossings, for example.
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