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Abstract

The collapse of the Transmission Line System (TLS) caused by a natural disaster can have
serious consequences on the power grid, leading to challenges in the construction or recon-
struction of critical infrastructure, reduced quality of community living, compromised disaster
response, and potential secondary disasters resulting from interconnected infrastructure. This
paper presents a methodology for assessing the seismic collapse risk of a transmission tower
(TT) and transmission line system in Northern Portugal. A high-fidelity Finite Element Model
of both the isolated tower and the remaining line components (i.e. TLS) was created using the
OpenSees framework, and the seismic collapse fragility functions were derived through imple-
menting Incremental Dynamic Analysis. The record-to-record variability of earthquake input
is investigated with a set of 40 ground motions records (GMR), using the conditional spectrum
for a specific site in Portugal as the target spectrum. The results showed that both the isolated
TT and the TLS have acceptable seismic risk of collapse, but the latter system exhibiting a
higher seismic collapse risk.
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1 INTRODUCTION

Transmission lines system (TLS), or overhead power-lines, is a critical lifeline in modern
societies. The electrical grid enables developed countries to sustain high standards of living;
however, the risk of local line faults resulting in large-area power outages exists and is growing
[1]. Transmission line collapse during a natural disaster may induce cascade failure, which
could affect tremendously the local/global economy, and society lifestyle [2]. Seismic waves
can transfer an excessive amount of energy in the TLS, which can lead to critical limit states
being exceeded, potentially causing local member failures or even the collapse of the transmis-
sion tower in the worst-case scenario. However, other earthquake-induced hazards such as
ground failure or soil liquefaction are often the primary cause of such collapses, as noted in
studies by [3.4].

Assessing the ultimate seismic capacity of the TLS, which is a complex and large-scale elec-
trical and mechanical system, is considered to be one of the most challenging tasks for analysts.
To assist in the effort, a high fidelity numerical model of the isolated TT and TLS (three towers
and four spans) case study were developed in OpenSees [5]. The isolated TT acts as a baseline
for the subsequent TLS (a segment). The main TT has received considerable attention, as the
numerical model can capture different member failures modes (yielding, buckling and post-
buckling), gusset-plate flexural resistance, in addition to specific lattice tower characteristics
joint effects as bolt slippage, joint eccentricities and semi-rigid behaviour at leg-diagonal con-
nection. The IDA is a well-known approach for evaluating the overall collapse condition of a
structure and is part of the methodology for generating the collapse fragility function (FF) [6].
To achieve the prior goal, a set of forty multi-component (with two horizontal components)
properly selected ground motion records (GMR), based on the conditional spectrum (CS) is
employed. The mean annual frequency of collapse (more details in [7]) may be calculated by
performing the convolution of the collapse FF and the derivative of the hazard curve (a product
of a probabilistic seismic hazard analysis). This allows the analysist to compare with acceptable
risk (i.e. empirical approach or code based reliability index) in the TT industry [4].

2 TRANSMISSION LINE DESCRIPTION AND MODELLING ASPECTS

Seismic risk analysis requires a realistic and practical modelling approach that can incorpo-
rate various aspects such as tower member/joint ultimate behaviour, tower-line structural cou-
pling and account demand and capacity uncertainties at several stages in the evaluation of the
TLS collapse process. This section includes a summary of the TLS case study as well as a
concise discussion of the modelling approach that was employed.

2.1 Transmission Line System description

The main TT under investigation is a component of an Overhead High Voltage Line, specif-
ically the Sub-transmission 60 kV Line from EDP, Distribui¢do (Energias de Portugal). The
power line's general layout is illustrated in Fig. 1a), and it “begins” (i.e. main segment repre-
sented in figure) in tower 1 and finishes in tower 10, with two significant angle line deviations
(i.e. at tower 4 and 6). The TLS case study spans (i.e. segment) are also depicted in the same
figure (dashed polygon). As shown in Fig. 1.b), tower 4 (a type F165CD in the operator termi-
nology) was chosen as the critical component for the site-specific risk analysis. Furthermore,
because of the substantial horizontal line angle deviation, this TT can be classified as a strain
tower type (also known as tension towers in some works) [8].
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TLS
case study

Figure. 1: a) 60 KV Overhead Power-line; b) Tower 4 —-F165/CD Strain Tower

The TLS case study consists of four spans of transmission lines (line segment between tower 2
to 6), which are 234.48 m, 215.61 m, 304.05 and 191.83 m, respectively. Additionally, it con-
sists of three towers (38.8-m height) designated as Towers 3 (F95CD/30), Tower 4 (165CD/30)
and Tower 5 (F95CD/30) shown in Fig. 2. Despite the fact that tower 4 is less flexible than the
adjacent towers, it has a substantial line angle deviation, a line condition that has received less
attention.

Tower 3

ower 5 Ground wire
uCtor
Span 4=

Vertical
% Longitudinal

Transverse
Figure. 2: 3D sketch of the TLS case study

The model's X, Y, and Z axes correspond to the transverse, longitudinal, and vertical
directions of the transmission tower-line system, respectively. The line spans are variable,
as indicated in the figure. Several significant deviations occur along the power line's path in
this segment. The maximum line angle deviation, corresponds to A = 59.19°. The overhead
power line is supported on three cross-arms, each carrying two conductors (i.e. a double
vertical three-phase electric circuit), while the top of the tower is reserved for the
ground/shield wire (also known as earth wire).

A recent article by the authors [9] offers an in - depth description of the main TT 4 (cross-
sections, main geometry, joint details, material characteristics), which is excluded in this
work for brevity. In summary, the lattice tower is made up of steel angles from the S275
class.

For the transmission lines, the conductor (type: ASCR 325 (Bear)) is supported by the
top, middle and bottom cross arms, while the ground wire (type: OPGW-AA/ACS/ST
157/60) hang from the top of the lattice tower. Strain insulators (U100 BLP) in toughened
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glass L=1.2 m attach the conductor to the TT. Further information about the conductor lines
and ground wires is presented in Table 1.

Description Conductor Ground wire Insulator
Designation ASCR 325 OPGW-AA/ACS/ST U100 BLP
157/60
Outside Diameter (mm) 23,45 19,60 -
Modulus of Elasticity (GPa) 79,5 84,5 76,5
Cross-sectional area (mm?) 325 219,66 -
Mass per unit length (kg/km) 1260 868 30 (total mass)
Nominal breaking load (kN) 109,38 112,6 100

Table 1. Mechanical properties of conductor, ground wire and insulator

2.2 A high fidelity Transmission tower numerical model

It is widely acknowledged that the inclusion the full TLS (for example, from tower 1 to tower
10) in the computer model is impracticable and computationally costly. Furthermore, because
the coupling action between a tower and a line is confined to a certain extension (usually two-
three spans is ideal) from a specific TT, only a sub-system consisting of four transmission line
spans and three supporting TT was considered in this study. This TLS dimension is expected
to provide sufficient accuracy at an acceptable computation cost.

Typical modelling strategies (e.g., linear analysis of 3D truss models) have major limitations
in replicating TT's complex nonlinear behaviour [10]. Damage assessment close to the system
ultimate capacity frequently involves the application of algorithms to track the deterioration
process throughout the TT brace components (i.e. yielding, buckling, and post-buckling) as well
as other nonlinear effects at the joint. Regardless of the fact that the TT should have sufficient
strength, stiffness, and ductility to endure large earthquakes events, earlier research has shown
a brittle collapse mechanism [11]. When analysing such a complex system, a number of as-
sumptions are made, each of which may have a different influence on seismic capacity assess-
ment and subsequent risk analysis. Examples include component input of the seismic action,
numerical models capabilities and neglecting aspect as: ground motion spatial variability ef-
fects, material spatial variability in the TT (member and bolts), fabrication errors and improper
detailing [12].

In OpenSees, a Fiber-FEM modeling approach was used to mimic the behaviour of steel TT 4
to the collapse state ([13]; [14]; [15]). Member buckling, gusset plate yielding, and joint effects
(e.g. slippage, eccentricities and semi-rigid behaviour) may all be simulated with developed
numerical model. Paiva and Barros [9] provide detailed information about the development of
the TT 4 numerical model in OpenSees.

2.3. Other TLS components

Despite the focus on the high-fidelity TT 4, the remaining transmission line components
were modelled to evaluate their impact on the overall risk. This featured two adjacent towers
(as simplified elastic models) to the main TT 4, conductors and wire shields, resulting in a
system with three towers and four spans. To represent the curved geometry of cables (consid-
ered parabolic for small curvatures), a sequence of straight elastic beam-column elements with
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a sag equal to 5% of the span is utilized (assumed at serviceability conditions) [16]. Each trans-
mission line was modelled with 30 elastic beam-column. An overview of OpenSees TLS nu-
merical model is given in Fig. 3.

Figure. 3 —Overview of OpenSees TLS numerical model

The remote ends spans of the TLS, were controlled at the relevant heights with zero-length
elements in the longitudinal direction and restrained from translational motion in the other di-
rections. These elements were utilized to simulate the tensile restraints imposed by the remain-
ing TT placed beyond the virtual system's two ends. The zero-length element longitudinal
stiffness was first computed using equation (35) in [17], and then calibrated to meet the exper-
imental data (identification of TLS fundamental vibration modes in the horizontal directions)
[18]. The final remote longitudinal spring stiffness of span 5 (extreme left span) and span 2
(extreme right span), were determined as 50.4 kN/m and 39.78 kN/m, respectively.

2.4. Other modelling considerations

The mass of the TTs has been approximated as lumped at the main joints (leg-braces). This
only occurred on TT lowest sections, with the remaining tower having a more realistic distri-
bution. The mass densities of the transmission line materials and the line cross-section were
utilized to define the line mass (e.g. kg/km), which was then assigned to the line nodes. In
addition, the mass of the strain insulator was added as lumped mass to cross-arm tips.

The damping model in the Rayleigh form, proportional to the mass and to the initial stiffness
matrix (C=aM+KO0) is adopted [19]. The parameters a and § are grounded on the fundamental
frequency f1 and a second frequency equal to 5*f;. The f1 frequency corresponds to the funda-
mental frequency of each subsystem (i.e. towers or transmission lines). Damping ratios of 5%
and 1% were applied in the supporting steel towers and transmission lines, respectively. The
dynamic properties of the transmission tower-line system of the OpenSees model are evaluated
in terms of natural frequencies and compared to experimental data [18]. The first flexural vi-
bration mode in the transversal direction was 2.47 Hz, while in the longitudinal direction the
value was 2.23 Hz. As can be noted, the frequencies of the TLS were observed to be lower than
those of the isolated TT (3.3 Hz).

3 SITE HAZARD AND SELECTION OF GROUND MOTION RECORDS UNDER
SELEQ APPLICATION

An optimal IM is crucial in the seismic risk evaluation process [20]. TT seismic fragility
studies have recognized the significance of using the spectral acceleration Sa(T1,5%) at the fun-
damental period of the structure as having significant properties of an optimal IM [21]. Typi-
cally, the Sa reveals adequate properties for first dominated structures, which exhibit a brittle
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or poor ductility behaviour [22]. With this in account, Saem, as defined by earth scientists (geo-
metric mean of spectral acceleration of two orthogonal horizontal components), is used as the
IM in the current study [23].

3.1. Site hazard characterization

PSHA was carried out at the site of interest with the use of the open source program OpenQuake
[24]. This was made possible with SelEQ software [25], and the seismic hazard models delivered
in the SHARE project. In addition to the model supplied by the SHARE project, other hazards
sources for the Portuguese territory were incorporated into PSHA [26].

At the TLS location (i.e. TT4), the site-specific median hazard curve is shown in terms of the IM=
Sagm(Teq,5%) in Figure 4. The ground type C was assumed at the site location. All computations
assume a 5% damping and are thus omitted. The IM=Sagm= \/ Sax(Teq) * Say(Teq) is denoted as
Sa(Teq,5%) in this work, where Sy, is the spectral acceleration of x horizontal component and S,
is the spectral acceleration of y horizontal component. The IM adopted is computed at the equiva-
lent period T, for the TLS and T,,=T: for the isolated TT. This equivalent period is defined as
the geometric mean of the two periods of vibration, Ty, and Ty,,, where Ty, is fundamental period
in the x direction (transversal direction in this work), and T;,, fundamental period in the y direction
(longitudinal direction), resulting in Tgq = m as the option selected in this work [23]. For

TLS this value is equal to T,,=0.42 s and for isolated tower corresponds to T1=0.30s

Annual rate of exceedance ’\Sa [1/year]
> >
IS &

S,
&

10° :
107 10
S, (T,5%) [a]

Figure. 4 - Seismic Hazard curve (median) for Teq= 0.42 and 0.30 s for a soil type C
3.2. Selection of Ground motion records

The importance of the spectral shape has been noted by several researchers, as a critical element
improve the quality of ground motion set [7], [27]. Conditional Spectrum (CS) is one of the most
important methods for selecting GMR developed in the last decades [25]. Unlike traditional code-
based spectrum or Uniform Hazard Spectrum (UHS), a CS-based target spectrum selection explic-
itly considers for spectral shape.
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The CS-based record selection comprises the use of SelEQ framework to compute the target CS for
the case study site of interest (in the north of Portugal). The CS at the site was computed using a
hazard level associated with a 475-year mean return period. The preliminary seismological criteria
(e.g. magnitudes, epicentre distance and ground type) were established using PSHA disaggregation
data. The record selection method consisted of minimizing the determined record set's mean and
variance mismatches with regard to the CS target mean and standard deviation [25]. The set of forty
GMR selected and scaled according to the aforementioned criteria is shown in Fig. 5-6. The set of
records' mean and variance response spectrum closely follows the target spectrum. The response

spectra of the GMR studied in this paper demonstrate the inherent uncertainty that they entail.

Period [s]

a)

Figure. 5 - Application of SelEQ to a CS-based record selection case, Isolated TT (T;=0.30s), 10% in 50y a)

mean; b) variance
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Figure. 6 - Application of SelEQ to a CS-based record selection case, TLS (Teq=0.425), 10% in 50y a) mean; b)

The two horizontal components of each GMR are applied to the numerical model in both the trans-

variance

versal and longitudinal directions.

4 TT/TLS SEISMIC COLLAPSE RISK

The results here presented constitute an updated more detailed and justified version, of those pre-

sented earlier [28]-[29].
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IDA will serve as the foundation of the applied seismic collapse risk framework in this study. Using
the IDA approach, the GMR are scaled up (IM=Sa(Teq,5%)) until collapse is achieved. Structural
collapse is defined as a non-numerical convergence.

4.1. Seismic Collapse Fragility analysis of isolated TT and TLS

The plot of IM versus maximum Inter Section Drift Ratio (ISDR) ([11] provides further infor-
mation) is calculated for each GMR, hence describing the evolution of the IDA curves. Figure 7
shows the IDA curves of the isolated TT for the ISDR. It is possible to verify that some degree of
nonlinearity exists in multiple IDA curves, despite the fact that it does not appear to be particularly
significant. This clearly suggest a fragile failure mode developed by the TT.

3 3
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a) b

Figure. 7 - IDA curves of isolated TT in terms of S,(T1) and the maximum ISDR a) all IDA curves b) IDA
curves summarized in fractiles

As can be observed in Fig. 8, the IDA curve's initial behaviour for TLS is somewhat unexpected;
however, the explanation is connected to the influence of gravity action on the transmission lines
(i.e. unbalance tension imposed to the TT). Following that, the curve exhibits a linear trend in nearly
every GMR until it reaches the ultimate state. This suggests that the TT4 has developed a brittle
failure mode.

The S, capacities range within the 0.56g to 1.94g. It is possible to observe ISDR capacities associ-
ated with the collapse state in the 0.25-0.95% range.
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Figure. 8 - IDA curves of TLS in terms of Sa(Teq) and the maximum ISDR a) all IDA curves b) IDA curves sum-
marized in fractiles
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The collapse FF of the isolated TT and TLS is plotted in Fig. 9. The resulting function (i.e. lognor-
mal distribution [30]) of the isolated TT has a median capacity of 8,=2.28g and dispersion of
B,=0.139. In the case of the TLS the generated FF has a median capacity of 8,=1.08g and a dis-
persion of B,=0.226 .
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Fig. 6 - Collapse fragility function of the TT and TLS under multi-component ground motion records

The TLS collapse probability under a very rare earthquake scenario (Sa(Teq)=0.64g, mean return
period of 2475 years) is close to 1%. This satisfies the 10 % collapse probability limit proposed in
FEMA — P695 [31] under the Maximum Credible Earthquake (MCE). The isolated TT's collapse
probability under a Maximum Credible Earthquake scenario (Sa(T1) =0.90g) is near zero, satisfying
the guideline collapse probability limit by a large margin.

When an extremely rare earthquake scenario (exceedance probability of 1%/ in 50y) is considered,
the probability of collapse approaches 0.002% for the isolated TT and 24 % for the TLS. The last
scenario in the TLS, because of its magnitude, depicts a situation that may necessitate some atten-
tion for important structures. The collapse margin ratio (CMR) is another metric used to assess
structural collapse resistance capacity [31]. In the case of the isolated TT the CMR translates to a
value of around 2.5, indicating a moderate/high CMR, implying that the current TT is not suscepti-
ble to collapse. For the TLS, a CMR of about 1.69 suggests a low to moderate vulnerability to
collapse.

4.2. Seismic Risk Analysis

The annual frequency of collapse 4. is main metric for assessing risk of collapse of the TT in this
study. The 4. IM-based approach (more details in [7] and [30]), and involves integrating the struc-
ture specific seismic FF with the ground motion hazard curve. Because these two ingredients have
previously been identified, the computation is accomplished by numerical integration [7]. The pre-
dicted annual frequency of collapse and other equivalent risk metrics (i.e. probability of collapse in
50y and reliability index in 1y or 50 y) for the two system under analysis are shown in Table 2.

Model A (1/year) Pc,50y(%) L1y S50y
Isolated TT 2.41%10 0.012% 457 3.67
TLS 6.91%10-6 0.034% 434 3.39

Table 2. Summary of the seismic collapse risk analysis in equivalent metrics
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Additional efforts have been made to characterize the 1, estimation uncertainty, owing to the
response variability from record to record ground motion [32]. Since a point estimate of the
annual frequency, defined as the mean, has already been obtained, the aim now is to evaluate
the expected value and variance of the risk estimator. To better characterize this risk metric, the
bootstrap method (random sampling with replacement) is used [33]. This calculation employs
1000 parametric simulation extractions, under the assumption that FF has a parametric repre-
sentation (i.e. lognormal model), and the main statistics generated are included in table 3.

Model E[A.] (1/year) Var[A.] C.o0.v[1/]
Isolated TT- Parametric Bootstrap 2.39%10%° 2.14*10°1 6%
TLS-Parametric Bootstrap 6.95%10-6 3.86*10-14 9%

Table 3. Quantification of collapse seismic risk uncertainty due to record to record variability

With this information, the annual frequency of collapse associated with 2 standard deviations,
for example, yields A.= 2.09*10- 2.68*10¢ for the isolated TT and A.,= 5.71*10 - 8.19*10°
for the TLS. This translates to a roughly threefold increase in the likelihood of collapse of the
TLS compared to the isolated TT. The determined probability of failure for TT is significantly
lower (almost a magnitude lower) than the suggested acceptable values in the literature, such
as Kempner [4], which “proposed” an acceptable target of 0.15 % in 50 y (risk category III
according to the American code practice). This demonstrates that the both examples examined
have a more than satisfactory seismic risk of collapse.

CONCLUSIONS

In the OpenSees framework a complex TLS numerical model was built. In addition to taking
into account critical system components (e.g. TTs and transmission lines), the emphasis was on
a particular high-fidelity TT model. For an accurate collapse evaluation, many nonlinear phe-
nomena were accounted for in the study. The isolated TT model was also compared throughout
all the study to the TLS, as a mean to address the effect of tower-line coupling in the seismic
response. The IDA approach forms the backbone of the collapse seismic fragility study. In order
to undertake a robust analysis of the system's ultimate dynamic behaviour, forty GMR were
chosen based on the CS target spectrum at the site of interest. This, together with PSHA and
one of its outputs, the hazard curve, enabled the determination of the annual frequency of col-
lapse (A.) of the TT (with and without the line effects).

Aside from the collapse seismic fragility function, the A, was another notable contribution of
this risk study. Its relevance may assist transmission line operators to manage the seismic risk
revealed by their infrastructures more effectively. According to the conclusions of this study,
the TLS has a minimal risk of collapse (a mean of 0.034% in 50 years). This was found to be
three times larger than the seismic collapse risk displayed by isolated TT. In both situations, the
seismic collapse risk achieved was considered acceptable.
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