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Abstract

Aim: It is necessary to study the resilience of transmission lines under typhoon disasters
considering multi-effect, because typhoon disasters pose a great threat to coastal transmis-
sion lines and existing research ignored multi-effect and obtained conservative results.

Method: This paper proposes a method to predict the damage of transmission towers under
typhoon disasters considering the multi-effect of tower-line coupling, aging, corrosion, guy
wire reinforcement, etc. The tower-line coupling effect uses a two-step reliability model. The
first step calculates the damage probability of transmission lines. Then, we couple the wind
load of transmission lines to towers through binomial distribution. The second step calcu-
lates the damage probability of transmission towers. The aging effect uses two-parameter
Weibull distribution to calculate the aging failure probability. The corrosion effect uses the
uniform corrosion theory to calculate the corrosion failure probability. The guy wire rein-
forcement is realized by increasing the mean value of design wind load for strength curves.
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Next, this paper uses probability addition equation to integrate multi-effect and obtained the final damage prediction
results. Finally, we used the 110-kV THJ (TieHailia) line in Guangdong province, China under Typhoon “Mangkhut” in
2018 as an example to check the accuracy of proposed method.

Results: The results show that the comprehensive failure probability is close to 1, and the reinforcement effect can only
reduce the failure probability by 0.003.

Conclusion: It is concluded that considering the tower-line coupling effect to improve failure probability is closer to
practice, but the reinforcement effect should not be blindly improved.

INTRODUCTION

In recent years, typhoons have caused huge damage to coastal power system in China. On the one hand, a
typhoon may damage a large number of electrical equipment and cause difficulties for the stable and reliable
operation in power sectors. On the other hand, it can result in power outage for many users and have serious
impact on industrial production and citizens’s lives. For the purpose of improving the ability to withstand risks
in power system, there is a need to study the damage risk of transmission lines under typhoon disasters.

The neighbor of La in the periodic table, Ba, has been thought to be one of the promising host elements for the
synthesis of superconducting hydrides 3. At ambient pressure, the Pnma BaH, (BaH,-I) is the thermodynamical
stable phase of barium hydride. Heating at ambient pressure can drive a structural transition of BaH, from
the low-symmetry Pnma to the high-symmetry NiyIn-type structure with the space group P63 /mme (BaH,-II).
This structure transition makes BaH, be one of the prominent ionic conductors with potential applications in
energy storage because the high-symmetry phase exhibits a hydrogen ion conductivity of 0.2 S-.cm-! at 630°C
that is an order of magnitude larger than that of state-of-the-art oxide ion conductors[22]. However, both BaH,-
I and BaH,-II are not good candidates for superconductivity because they are semiconductors with a wide
band gap around 1.9~2.9 eV [1¢]. The high-pressure experiments[131°] suggest that BaH, undergoes successive
phase transformations: BaH,-I first converts to BaH»-II at around 2.5 GPa, then transforms to AlB,-type simple
hexagonal BaH,-III accompanied by a closure of the band gap at around 57 GPa. Although BaH,-III is metallic,
superconductivity has not been observed.

Chen et al studied barium hydrides at higher pressures ranging from 75 to 173 GPa and reported several
hydrogen-rich barium hydrides[3]. In particular, their transport measurements revealed the onset of supercon-
ductivity at 20 K and 140 GPa in BaH,, with a pseudocubic face-centered cubic Ba sublattice. This supercon-
ducting hydride is suggested to be a unique molecular hydride because it contains H; and H3! molecular units,
forming separate flat H, chains, which are rarely observed in the high-symmetry clathrate superhyrdies at high
pressures. In hydrides with Hy and H3-! molecular units, the H-H bond disrupts the delocalized metallic bond-
ing network, and their covalent nature may reduce the interaction between the vibrational modes of hydrogen
atoms and the electronic states of the host lattice, which can lead to weaker electron-phonon coupling. Several
recent studies have shown that the presence of hydrogen molecules generally form more insulating states than
metallic states[67]. Therefore, the molecular hydrogen units are generally not beneficial for superconductivity
and high 7c.

Based on the networking value model and the statistics of hundreds of superconducting hydrides, an earlier
study by one of the authors suggests that stretching the H-H bond or elimination of the hydrogen molecular units
can favor superconductivity2l. Guided by this quantitative rule, in our study, we design new ternary barium
hydrides that show higher 7. than BaH;, at lower pressures. Aiming at eliminating or reducing the number of
H; and H;3-! molecular units in barium hydride, we introduce four elements with light atomic mass (Li, Be, B
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and C) to barium hydride and perform high-throughput crystal structure screening to locate the low-enthalpy
structures up to 200 GPa. By studying the structural and electronic properties of a series of low-lying ternary
barium hydride, we find that H, molecular units remain widely observed in these ternary barium hydrides, while
Hj-! is almost absent. Due to the universal existence of molecular units in the studied ternary hydrides, more
insulating states than metallic states are found in the low-enthalpy structure space. Although metallic states
were much fewer than the semiconducting or insulating phases, there are several metallic molecular hydrides
showing interesting properties. In particular, BeBaH4 with tetragonal structure is nearly thermodynamically
stable at 100 GPa and can be still dynamically stable at 50 GPa. In addition, by combining the quick estimator
of superconducting 7. based on the networking value model[>17] with the ab initio methods, BeBaHs with
orthorhombic structure has been predicted to be superconducting with a 7 of 49 K at 100 GPa. The value of 7,
can be further boosted by improving the pressure, reaching 107 K at 200 GPa. This BeBaHs remains dynamically
stable down to 15 GPa although it is not superconducting due to the substantial reduction of the electron-phonon
coupling constant.

This paper proposes a method to predict the damage of transmission towers under typhoon disasters considering
multi-effect. The highlights of this paper are:

» We propose a theoretical solution to the tower-line coupling effect from the perspective of probability. Com-
pared with wind tunnel experiment, the obtained probability is close to complete failure.

o We consider the effects of aging, corrosion and guy wire reinforcement to improve calculation accuracy closer
to the engineering practice.

o We verify the significant contribution of the tower-line coupling effect to the comprehensive damage proba-
bility, and the improvement of reinforcement effect has little impact on reducing the former.

The rest of this paper is organized as follows. Section 2 uses a two-step reliability model to calculate the wind
load of transmission lines. Section 3 discusses the damage calculation principles under three effects of corrosion,
aging and guy wire reinforcement. Finally, in Section 4, we draw a conclusion.

PHYSICAL MODEL FOR WIND LOAD OF TRANSMISSION LINES

Figure 1 is the structure diagram of damage prediction method considering multi-effect. It shows the calculation
principle in this and the next section. In Section 2, we first calculate the wind load of conductors and towers
and calculate the failure probability of conductors through interference area method in structural reliability
theory[18]. Then, we use binomial distribution to couple the wind load of conductors to towers and calculate
the damage probability of towers. In Section 3, we use probability addition equation[19] to integrate multi-effect
and tower-line coupling effect.

METHODS

Crystal structure prediction

The crystal structure prediction methods, i.e., the particle swarm algorithm implemented in CALYPSO [23.24]
and the evolutionary algorithm implemented in CrySPY [26], were used to predict the crystal structures of 4-Ba-
H (4 =Li, Be, B and C) at pressures up to 200 GPa. The crystal structure prediction was performed with a fixed
composition, and cell sizes were explored up to 32 atoms per cell. A total of around 100,000 structures were
screened during the crystal structure prediction. The enthalpy and forces of the predicted crystal structures were
calculated by first-principles density functional theory (DFT) methods. The DFT calculations were carried out
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Figure 1. The structure diagram of damage prediction method considering multi-effect.

using the Vienna Ab initio Simulation Package (VASP)[1415] employing the projector-augmented wave (PAW)
method. The exchange-correlation functional was treated in the generalized gradient approximation within
the parameterization of Perdew, Burke, and Ernzerhof[!8]. To generate k-points for different crystal structures
during structure screening, we employed the k-point generation scheme in Pymatgen ('], using a grid density
of 100 k-points per A-3 of reciprocal cell volume. An energy cutoff of 450 eV was used in the crystal structure
prediction. To construct the convex hull phase diagram, we considered all materials available in our crystal
structure prediction, as well as those we could find from the Materials Project!'2l. The structures were fully
optimized until the energy convergence criterion of 10-8 eV and force criterion of 10-3 eV-A-1 were satisfied.

Electronic structure calculations

In high-throughput DFT calculations of the density of states (DOS), we used the Gaussian smearing method
in VASP. To ensure accurate results, we used a narrow smearing width of 0.05 eV accompanied by a dense «
point grid with 200 points per A-3 of reciprocal cell volume. To extract the total DOS and the element/orbital
projected DOS, we used the Sumo (8! code. In both band and phonon dispersion calculations, the special k-path
were generated using Sumo [8]. To estimate the superconducting critical temperature 7. based on the networking
value model, we used the TcESTIME code 2171, The value of 7. with an error of 60 K is correlated to @pg:

7. = (7500p g - 85) K, (1)

Dpos = ¢HfH1‘)3E)S (2)
where ¢ is the networking value based on the electron localization function, H, is the hydrogen fraction, and
Hpog is the hydrogen fraction of the total DOS at the Fermi energy.

Phonon and electron-phonon coupling calculations
The phonon, and electron-phonon coupling properties were investigated using density-functional perturbation
theory (DFPT) method implemented in Quantum Espresso [199]. The dynamical stability was also cross-checked
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by the supercell and finite displacement methods implemented in Phonopy (20, The Quantum Espresso calcula-
tions were performed using norm-conserving pseudopotentials from the strict set of PseudoDojo[2!]. In Quan-
tum Espresso calculations, geometry optimizations were carried out using uniform r-centered &-point grids
with a density of 3000 x-points. In the electron-phonon coupling calculations, the k-grid from the structure
relaxation was doubled in each direction as the coarse grid. In addition, and it was further quadrupled in each
direction as the fine grid. In the particular case of BeBaHs, the results converged well with a k-grid of 42 x 42 x 42.
The critical temperature for superconductivity was calculated using the Allen-Dynes formula:

. 120108 « ( -1.04(1+2) ) (3)

120 PliTed+oen
. 3/2,1/3
a1+ (omriass) | (4)
12(ﬂ—1)
fo=|1+ : (5)

224+ [1.82(1+ 6.3/1*)(%;)]2

where £ and s, are correction factor depending on the electron-coupling constant 1, Coulomb pseudopotential
parameter x, average logarithm frequency wy,, and w». The frequencies o, are the nth root of the »th moment
of the normalized distribution g(w) = 2 o2 F(w) [25]. In our study, the Coulomb pseudopotential parameter (u*) of
0.1 was used.

RESULTS

A,BaH,, at 200 GPa where 4 = Li, Be, B, and C

Chen et al. reported the molecular hydride BaH;, exhibited a 7. of 20 K at 140 GPa experimentally3l. To
investigate the effect of the introduced light-mass elements (4 = Li, Be, B, and C) on BaH;, at high pressures,
we first performed crystal structure prediction of 2 formula units A,BaH;, (i.e. 30-atom AsBaHas4) at 200
GPa. In each crystal structure prediction, we carried out around 20-50 generations for each fixed stoichiometry,
with each generation including 100 crystal structures. For each stoichiometry of A;BaH;5, the structural and
electronic properties of the twenty low-lying states are studied. The space group and enthalpy of the low-lying
structures for LiBaH1,, BeBaHi,, BBaH;, and CBaH;; are shown in Supplementary Table 1, Table 2, Table 3 and
Table 4, respectively. The crystal structures of the lowest-enthalpy states at 200 GPa, as predicted by our crystal
structure calculations, are shown in.

Because the 2 fu. A;BaH;, is a large cell and most predicted structures show low symmetry (most of them
being P1 without any symmetry operation except identity operation), it is computationally demanding to carry
out an high-throughput calculation of 7. using DFPT methods implemented in Quantum Espresso. Alterna-
tively, we note that the networking value model(217] has been widely recognized and used in many recent
studies to predict superconducting critical temperatures(>14l. Because the networking value model is based
on electron localization functions that can be obtained in standard ab initio calculations, it makes the estima-
tion of 7. much computationally cheaper compared to the direct computation from solving Eliashberg spectral
functions in DFPT calculations. Previously, the networking value model was applied into the high-throughput
calculation of 7. and guided the theoretical discovery of the 100 K superconductivity in LusH1;N and the near-
room-temperature superconductivity in binary LuHs and LuH;,[6].

By using the networking value model method implemented in TcESTIME[2], we calculated the critical tempera-
tures for the low-lying metallic structures of the 30-atom A;BaH ;5 at 200 GPa. The values obtained are shown in
the Supplementary Tables 1~4. The highest 7. for Li,BaH;, is 56 K while no superconducting phase is observed
in C,BaH .. Both BeBaH,, and BBaH, show critical temperatures above 70 K which approach the boiling point
of liquid nitrogen.
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Figure 2. The track of strong typhoon “Mangkhut” and distribution of THJ line.

In examining BoBaH;, and CyBaH;j5, we note from Supplementary Tables 1-4 that more than half of the struc-
tures among the twenty low-enthalpy states exhibit insulating character. Relatively, more low-lying structures
of LipBaH, and Be,BaH;5 show metallic conductivity. The analysis of these low-lying structures of ABaH;, at
200 GPa demonstrates that the introduction of Li and Be into the barium hydrides has more possibilities to form
metallic properties than B and C. In particular, the lowest-lying structures of p4bm BoBaH;5 and 1 CyBaH 5,
illustrated in in are both insulating, whereas the lowest-lying states of cc LisBaH; 5 and cmmm BeoBaH ;5 are both
metallic. Although the lowest-lying structures of Li,BaHi> and Be,BaH,, are metals, the minimal interatomic
distances in show that their minimal H-H bond lengths are 0.830 and 0.756 A, respectively, which is just slightly
larger than the minimal H-H bond lengths in B,BaH;, and C,BaHi,. Therefore, the Hy molecule units are
present in all the ground-state structures of ABaH;5. However, unlike the other three cases but like the cmc2;
BaH.. reported by Chen et al[?], the H-H-H (H3-!) chain is only observed in Li.BaH 1>, as illustrated in(a).

PREDICTION RESULTS OF FAILURE PROBABILITY CONSIDERING MULTI-EFFECT

Overview of typhoon “Mangkhut”

On the afternoon of 7 September 2018, No. 22 Typhoon “Mangkhut” was generated in the Northwest Pacific
Ocean. After shifting into the northeastern corner of the South China Sea on the morning of 15 September, it
suddenly shifted westward, hitting the Pearl River Delta head-on and seriously affecting Guangdong province.
“Mangkhut” had the widest impact area on land, the longest impact time of strong wind and the maximum
gust speed among all typhoons that have landed in Guangdong province in history. This case studied selected
the 110-kV THJ line, a typical line with a running time of 12 years. Figure 2 shows the typhoon path and the
location of the THJ line.

Prediction result

When calculating wind load, the uneven coeflicient of wind pressure takes 0.75; the adjustment coefficient of
wind load on towers is 1; the windward area of towers is 5 m2; the outer diameter of lines is 0.0096 m; the span
is 250 m. The height variation coefficient of wind pressure is 1; and the shape coeflicient of wind load is 1.2.
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Table 1. Probability definition considering multi-effect

Multi-effect Reinforcement effect Tower-line coupling effect Aging effect (P;) Corrosion effect (Pg)

Reinforcement effect
Tower-line coupling effect
Aging effect (P5)
Corrosion effect (Pg)

Figure 3. Damage probability of THJ line in 10 cases.

Both two-step reliability calculations use the 3-s average instantaneous wind speed, which makes the predicted
results more conservative and is conducive to more comprehensive prevention work.

Figure 3 shows the trend of predicted damage probability from 61 towers of THJ line under typhoon “Mangkhut”,
while Supplementary Table 2 shows the specific damage probability value.

BeBaH, at pressures

Given that the analysis at 200 GPa indicates that the incorporation of Be and Li into Ba-H promotes the forma-
tion of more metallic states compared to B and C, and that 7. is expected to be higher for Be than for Li, we
further investigated BeBaH, (x = 21, n e {1,2,3,...,12}). However, we shifted our focus to explore the struc-
tures at 100 GPa to identify potential superconducting Be-Ba-H compounds that could be stabilized at pressures
lower than those experimentally reported for barium hydrides.3]. Figure shows the phase diagram at 100 GPa
based on the crystal structures from our crystal structure prediction and Materials Project database[2]. We
find the BeBaHg and BeBaH;g are on the convex hull, which implies that they are thermodynamically stable.
However, they are both semiconductors.

Although we did not find any thermodynamically stable BeBaH, compounds that are metallic, we identified
several metallic stoichiometries lying within 100 meV/atom from the convex hull. In particular, by estimating
T using the networking value model, we find that two hydrides, BeBaH, and BeBaHg, may be superconducting
with 7¢ higher than 25 K (= 60 K). These two hydrides BeBaH, and BeBaHg are 11 meV/atom and 36 meV/atom
above the convex hull, respectively at 100 GPa. Since these two compounds are not far from the convex hull, im-
plying the feasibility of experimental synthesis, the electron-phonon coupling properties of these two structures
were further investigated using DFPT method.
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Figure 4. Four cases with the highest damage probability of THJ line.

Figure 5. Failure probability without considering the tower-line coupling effect.

The hydride BeBaH, has a tetragonal crystal structure and a space group of P4/mmm (No. 123) at 100 GPa, in
which a=2.91 Aand ¢ = 3.87 A. The crystal structure is shown in. At 100 GPa, the phonon spectrum in shows that
this P4/mmm BeBaH, is dynamically stable. However, because of the small electron-phonon coupling constant
1 0f 0.15, the Allen-Dynes formula predicts that it is not a superconductor at 100 GPa. We find that a higher
pressure of 200 GPa does not help to develop superconductivity because the value of 1 is only slightly increased
to 0.16. Despite the absence of superconductivity, this tetragonal BeBaH4 can be stabilized at a lower pressure
of 50 GPa. By comparing the phonon spectra at 50 and 100 GPa, we can find that the decreased pressure only
has a small effect on the low-energy phonon modes consisting of heavy atoms Be and Ba, but in the meantime
it softens the high-energy hydrogen modes significantly.

The crystal structure of BeBaHs has an orthorhombic Bravais lattice and a space group of cme2; (No. 36). There
are two formula units in the primitive cell, resulting in 20 atoms in the primitive cell. The primitive cell of
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BeBaHs is shown schematically in. At 100 GPa, the electronic band structure and the density of sates in suggest
that BeBaHs is metallically conductive. There are two bands crossing the Fermi level, forming one electron
pocket at Y and one hole pocket at r. More importantly, the electronic states at the Fermi level are dominated
by hydrogen atoms with minor contributions from the heavy host metals Ba and Be, signaling that BeBaHs may
be a hydride superconductor. The phonon dispersions and phonon density of states (PDOS) do not show any
imaginary mode, indicating that BeBaHs is dynamically stable at 100 GPa. Furthermore, we find that BeBaHs
remains dynamically stable in the harmonic approximation at pressures down to only 15 GPa, as evidenced by
the phonon bands and PDOS shown in (b). However, the electronic band structure and DOS in (b) show that
BeBaHjs enters into the semiconducting state, exhibiting an indirect band gap of 1.5 eV.

By solving the Eliashberg spectral function «?F(w), the electron-phonon coupling constant of BeBaHy is calcu-
lated to be around 0.8 at 100 GPa. The corresponding Eliashberg spectral function «?F(w) and the cumulative
frequency-dependent electron-phonon function A(w) are shown in. By comparing the ¢?F(w) and the phonon
density of states in, we find that the electron-phonon coupling is dominated by the phonon modes of H and Be
character ranging from 10 THz to 40 THz, followed by the minor contribution of phonon modes of Ba below
10 THz. Using Allen-Dynes equation with Coulomb pseudopotential parameter (x*) of a typical value 0.1, the
value of 7 is around 49 K. Upon increasing pressure, we find that the electron-phonon coupling can be enhanced
significantly. The Eliashberg spectral functions o?F(w) of 150 GPa and 200 GPa are compared to that at 100 GPa
in. Due to the overall softening of the high-frequency pure H modes, these modes join to contribute additional
electron-phonon coupling at 150 and 200 GPa, compared to the case of 100 GPa in which the high-frequency
pure H modes almost have negligible contributions to 1. As a result, the values of 7¢ are increased to 73 K and
107 K at 150 GPa and 200 GPa, respectively.

CONCLUSIONS

This study took the wind load model of transmission conductors and towers as the research object and simulated
the tower-line coupling effect through the two-step reliability model. This model can reflect the physical essence
of tower-line coupling effect in principle. This paper establishes an aging failure model based on two-parameter
Weibull distribution, a corrosion failure model based on uniform corrosion theory and a guy wire reinforcement
model based on reliability theory. Finally, this paper uses probability addition equation to integrate multi-effect
and establishes a damage prediction model for transmission lines under typhoon disasters. The prediction
model was verified by taking the 110-kV TH] line, a typical line in Guangdong province, China, under Typhoon
“Mangkhut” in 2018, as an example.

However, this paper buildes the damage prediction model of transmission tower-line system considering multi-
effect under typhoon disasters only through the physical strength-stress interference model and does not use
data mining or intelligent algorithms to analyze historical data for probability prediction. In addition, since the
reinforcement effect does not significantly inhibit the tower-line coupling effect, this paper does not explore the
design wind speed standard that should be achieved after guy wire reinforcement. The results show that tower-
line coupling effects, aging effects, corrosion effects and the influence of guy wire reinforcement play important
roles in the failure probability calculation of transmission equipment under typhoon disasters. The method with
four effects considered can effectively improve the prediction accuracy.
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