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Abstract: In order to ensure the safety of the train, the reliability of the catenary system
in icy weather must be analyzed. The Kriging model was used to predict and analyze the
reliability changes of the catenary system under three different icing conditions: rime, mixed,
rime and rime. The change in icing thickness of the contact line of a high-speed railway
was selected as a representative of the icing change of the catenary, and the actual icing
cross-section was converted into an ice-covered cross-section under the ideal state that was
easy to calculate, and the relationship between icing quality and thickness was discussed.
The catenary components that are more affected by ice and snow weather are selected, the
reliability of the catenary system is quantified, and the fault tree is used to analyze and
construct the relevant model parameters. Compared with other catenary system reliability
analysis methods, the prediction function of the Kriging model can meet the requirements of
the analysis and study of catenary reliability. Comparing the simulation results of the models
under the three icing conditions, it is found that the change rate of catenary reliability in the
hoarfrost, mixed rime and glaze ice states increases sequentially, and the catenary reliability
changes the least and causes the least harm in the hoarfrost state. The catenary reliability
changes the most in the glace ice state, and the harm caused is also the most serious. The
research results can further provide a reference for the selection of catenary maintenance
and de-icing methods in icy weather.
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1. Introduction

High-speed railways are developing rapidly due to their advantages of high speed, low
energy consumption, high safety, and comfortable rides [1]. Currently, the total length of China’s
high-speed railway network has exceeded 42 000 kilometers, with 3 200 kilometers operating
at a normalized speed of 350 kilometers per hour [2]. However, the “eight vertical and eight
horizontal” high-speed railway network in China is widely fragmented. The use of integrated night
skylight maintenance, combined with temperature fluctuations around 0°C and high humidity,
makes the contact conductor susceptible to ice formation [3]. In recent years, various changes
in the natural environment have led to the frequent occurrence of ice-covered contact networks,
resulting in train delays, stranded passengers, and significant economic losses. According to
statistics from the China Meteorological Administration in 2023, southern regions such as Hubei,
Hunan, and Guizhou have experienced a notable increase in freezing rain during winter, making
the phenomenon of ice-covered contact networks particularly prominent. For instance, in Guizhou
Province, the average annual number of days with ice cover can reach 15 to 20 days, with freezing
rain accounting for approximately 40% of these occurrences. The duration of a single ice cover
event can last up to 48 hours or more. In Hubei Province, the mountainous areas of the Exi
region experience an average annual ice cover duration of about 200 hours, with ice thickness
often exceeding 10 mm. In contrast, northern regions such as Heilongjiang and Jilin primarily
experience hoarfrost, resulting in an average of 10 to 15 days of ice cover annually. However, due
to the lower density of ice cover in these areas, the associated damage is relatively minor.

Contact network failures caused by ice cover demonstrate a significant upward trend. According
to the China Railway Lanzhou Bureau Group Company Limited, from 2020 to 2023, the number of
repairs related to the contact network ice overlay in the northwestern region is expected to increase
by an average of 12 percent per annum. Additionally, the cost of these repairs is projected to rise
from Euro 30.18 million to Euro 49.87 million. This increase is closely linked to the growing
frequency of extreme weather events and the expansion of high-speed railway lines into regions
characterized by low temperatures and high humidity.

The contact network is a vital component of high-speed electrified railway systems [4]. In
high-speed railways, the contact network serves as the power supply line that delivers electricity
from the main line to the train [5]. High-speed trains typically utilize electric traction, with
pantographs drawing power from the contact network [6]. As the sole direct power source for
electric locomotives, the operational reliability of the contact network is essential for ensuring the
safe, reliable, and efficient operation of electrified railways [7]. However, the contact network is
entirely exposed to outdoor conditions and lacks backup equipment [8]. Therefore, it is crucial to
monitor the actual status of the contact network in order to enhance its operational reliability [9].
Research on the reliability changes of the contact network following ice accumulation in high-speed
railways has also become increasingly important.

The primary methods employed in research on contact network reliability include Dynamic
Bayesian Networks (DBN), Monte Carlo Simulation (MCS), Fault Tree Analysis (FTA), and
Markov Analysis. Jiao Zhixiu et al. applied DBN theory to the reliability modeling and analysis of
contact network systems, effectively capturing the dynamic characteristics and maintainability
of these systems [10]. However, their study did not address the impact of extreme weather on
the reliability of contact network systems. Chen Ziwen et al. focused on the contact network as
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their research subject and demonstrated that MCS is well-suited for analyzing the reliability of
contact network systems in high-wind areas [11]. Nonetheless, their analysis did not adequately
consider the reliability of contact network systems under ice-covered conditions. Liu Runkai et al.
proposed an evaluation model based on the Analytic Hierarchy Process (AHP) combined with the
entropy weight method. This model exhibits high validity, comprehensive functionality, and is
more effective in distinguishing the credibility states of contact networks [12].

The impact of contact network ice cover on the operation of high-speed railways can be
categorized based on the thickness of the ice cover into four levels: general, more serious, serious,
and especially serious. General ice cover primarily affects the flow quality of high-speed trains.
However, when the ice cover exceeds the general level, it not only compromises the flow quality of
the trains but also significantly impacts the structural reliability of the contact network.

In terms of ice cover thickness prediction calculation, Huang Xinbo et al. applied the
fuzzy system modelling method to establish the ice cover growth prediction formula, and the
maximum error between the actual ice cover thickness value and the predicted value of ice cover
thickness obtained through the fuzzy system ice cover thickness prediction formula is less than
5 mm [13]. Due to the large error, the accuracy of the reliability prediction of the contact network
under the relevant ice cover thickness will be reduced. Li Xianchu et al. proposed a kind of
artificial intelligence ice cover thickness prediction model based on an adaptive mutation particle
swarm optimization (AMPSO) algorithm in an optimization BP neural network, which has good
engineering applicability [14], but the weather conditions and other factors rely on the larger,
complex data collection, and the data collection is complicated. Weather conditions and other
factors render the collected data complex, making it non-applicable for calculating the ice cover
thickness of contact networks. At present, the microwave-based online ice cover monitoring system
is more commonly used in the observation of contact network ice cover thickness, which has
the advantages of high accuracy and sensitivity. Wu Lei er al. developed a straightforward chain
suspension contact network finite element model using ANSYS finite element analysis software.
They employed the negative chi method to analyze the static initial configuration of the contact
network model, which served as the foundation for establishing the contact network ice-covering
model [15]. However, they did not conduct an analysis of the reliability changes in the contact
network following ice coverage. Li Junbo er al. focused solely on reviewing the analysis and
preventive measures related to railway contact network ice overlay [16], but they did not propose
an effective method for analyzing and studying the contact network ice overlay. Ling Fei et al.
introduced a contact network ice-covering prediction method based on the Radial Basis Function
(RBF) neural network. This method incorporates real-time data on air temperature, humidity, wind
speed, wind direction, air pressure, and other factors to predict contact network ice coverage. In
practice, this approach demonstrates faster training speed and improved robustness, generalization
ability, and accuracy. However, it requires consideration of numerous factors, complicating its
application in contact network analysis [17]. Wang Zhen et al. proposed a reliability assessment
method for high-speed railway contact network systems that accounts for the influence of weather
conditions. This method establishes failure rate and repair rate correction models for various
components of the contact network system under three different weather states, following IEEE
standard guidelines. It derives the failure and repair rates of components under varying weather
conditions [18]. Nevertheless, the reliability assessment of the contact network under ice-covered
conditions was not addressed.
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Fritjof Nilsson et al. analyzed the damage to contact wires caused by ice accumulation,
a common contributor to train delays in Northern Europe during the winter months. They also
investigated how resistive heating can be employed to prevent ice formation on uninsulated
metallic cables during this season [19]. Skrzyniarz Marek et al. presented a model for calculating
current fluctuations and resistance values of the elements involved in the contact network under
ice-covered conditions [20]. Lotfi Arefeh er al. investigated the impacts of ice cover on contact
network systems and summarized the existing solutions to these challenges. They explored the most
effective de-icing methods to minimize the effects of icing on railway operations and safety [21].
References [19-21] focus on the impact of ice overlay on the contact network system and the
de-icing methods employed. However, they do not adequately explain how the reliability of the
contact network system is affected by ice overlay.

Since the contact network structure becomes more complex after icing, this paper employs the
Kriging model for the structural reliability prediction analysis of the contact network post-icing.
The Kriging model is characterized by a small and unbiased estimation variance, making it suitable
for highly nonlinear, high-dimensional complex structural systems. It has garnered significant
attention in the field of reliability [22]. The thickness and weight of ice cover generated by the
contact network under various weather conditions, including hoarfrost, mixed rime, and glaze ice,
are utilized as variables to predict and analyze changes in the reliability of the contact network.

2. Introduction to the Kriging model

The Kriging model is an accurate and stochastic interpolation method that not only provides
predicted values for unsampled points but also estimates the prediction variance. As a result, this
method has been widely used in structural reliability analysis [23].

The Kriging model consists of two components: the stochastic part and the polynomial
regression [24]. Its mathematical expression is as follows

G(X) = f1(X)B +z(X). (1)

In the context of the Kriging model, let G (X) represent the predicted value, and X denote
any input variable. Assuming there are m sample points, labeled as (X1, X2, X3,...,X,,), the
true value can be represented as (G (X1), G(X2), G(X3),...G(X,,)). The mean of the Gaussian
process is denoted by z(X), which constitutes a component of the regression function. The basis
function of the Kriging model is represented by f7 (X), and it serves as the regression coefficient
for the basis function f7 (X). Additionally, z(X) denotes the Gaussian stochastic process of the
Kriging model, which has a mean value of 0 and a variance of o2.

The covariance of the stochastic process z(X) can be expressed as:

Cov [2(X:), 2(X;)] = o*R(X:, X}, 6), )

where R(X;, X, ) represents the correlation function between z(X;) and z(X ), while 6 denotes
the correlation parameter of R(X;, X, ), which can be estimated using maximum likelihood
estimation.
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In this paper, the Gaussian function is chosen as the correlation function of the Kriging model.
Its expression is:

R(X:,X;,0) =exp (-0 (X; - X)°), 0<0<2. 3)

Based on the relationships outlined above, the expressions for the predicted response value
and its variance are as follows:

e = fTX)B+r(X)"' R (G - Fp), )

&é 0 = o [1+uX)"(F'R'F) 'u(X) - r(X)"R™'r(X)], 5)

where: F represents the regression matrix, R denotes the correlation matrix, and #(X) and r(X)
are defined as follows:

u(X)=F'R'r-f, (6)
r(X) = [R(6,X1,X),R(6,X2,X), - ,R(6,Xr,X)] . (7)

The value of the prediction variance &> indicates the magnitude of uncertainty in the predicted
value of the Kriging model at the prediction point X. It serves as a crucial basis for active learning
reliability methods that utilize the Kriging model [25]. When &2 for an input variable X is small, it
signifies that the model’s prediction uncertainty for that variable is low, resulting in high reliability
of the prediction results. Conversely, when &2 for an input variable X is large, it indicates that the
model’s prediction uncertainty for that variable is high, leading to low reliability of the prediction
results.

When the data from the Kriging model exhibit a non-normal distribution, the Box—Cox
transformation method and the quantile normalization method can be employed to adjust the
data, bringing it closer to a normal distribution. The Box—Cox transformation optimizes the data
distribution using the parameter ¢, and its expression is as follows:

X¢ -1

E

Y = 1%
In(X)p=0

; ®)

where Y represents the transformed data and ¢ denotes the transformation parameter.

The quantile normalization method, on the other hand, maps the data to the quantiles of the
standard normal distribution and is suitable for multi-source data fusion scenarios. A Shapiro—Wilk
test is required after transformation to ensure data normality. If normality is still not achieved, the
model parameters can be adjusted in conjunction with kernel density estimation.

When the data are non-stationary, they can be processed using spatial detrending with universal
Kriging. Spatial detrending employs polynomial regression or locally weighted scatterplot
smoothing to identify trend terms, which are then removed from the original data. Universal
Kriging incorporates the trend term directly into the Kriging model using the following expression:

p
Z@) =) fi0)Bi+5(x), ©)
i=1

where f; (x) represents the basis function and ¢ (x) denotes a smooth random field.
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When the data exhibit a trend, time series decomposition can be employed to separate the data
into three components: trend (77 ), seasonal (S;), and random term (7}). Subsequently, the random
term is modeled using Kriging, represented by the following expression:

Zt:Tt+St+Rt$ (10)

where Z, represents the observed value at time point ¢.

3. Analysis of the contact network system after ice cover

3.1. Experimental contact line selection

Each component of the contact network has varying requirements for ice cover. Contact wires
have the highest requirements, followed by bearing cables, while hanging chords and electrical
connections have the lowest [26]. In this paper, the thickness of the ice cover on the contact line is
chosen as a representative measure. The mass of ice cover per unit length is calculated to analyze
the impact of different ice cover thicknesses on the reliability of the contact network.

The design speed of the contact line is 300 km/h to 350 km/h. It is constructed from a high-
strength copper alloy, and the specific model of the contact line examined in this paper is designated
as CTMH150. This model has a standard cross-sectional area of 150 mm?, a radius of » = 7.2 mm,
and its cross-sectional shape is illustrated in Fig. 1.

«—C
l«—FE—»
H
\ﬁe
<
- B >

Fig. 1. CTMH150 cross-section shape: A — section diameter (height); B — section width; C — head width;
E — (trench) slot tip distance; G — downward sloping angle; H — upward sloping angle

In power grid transmission lines, the hazards associated with ice accumulation primarily
manifest as the collapse of power towers, insulator flashover tripping, wire breakage, and
conductor-induced oscillations [27]. Once the extent of icing surpasses the anti-icing capacity of
the transmission lines, the insulation performance of power equipment is significantly compromised,
leading to incidents such as tripping and circuit breakage [28]. The dangers posed by icing on



Vol. 74 (2025) Reliability prediction analysis of catenary after icing based on Kriging model 573

contact networks are similar to those of grid icing; they not only increase the stress points and
enlarge the arc of the contact network but also exacerbate the wear and tear on the pantograph
sliding plate, resulting in a higher frequency of accidents such as bow scraping. Additionally,
ice accumulation on the contact network can lead to insulator flashovers caused by short circuits
within the network. In cases of severe icing, especially when accompanied by high winds, the
contact network is at a heightened risk of oscillation, which can result in accidents such as downed
poles and collapsed bows.

The types of ice that form on the railway contact network include hoarfrost, mixed rime, and
glaze ice. Their densities range from 0.1 to 0.3 g/cm? for hoarfrost, 0.2 to 0.6 g/cm? for mixed
rime, and 0.7 to 0.9 g/cm? for glaze ice [29]. Hoarfrost is characterized by dry ice growth, resulting
in a small bonding point and low density, which leads to minimal harm. Mixed rime represents
a transition between dry and wet growth; it has a larger bonding point, higher density, and a stronger
structure, resulting in significant harm. Glaze ice, classified as wet growth, has the largest bonding
point, the highest density, and the strongest structure, leading to the greatest degree of harm.

3.2. Calculation of contact line ice cover parameters

The icing process of the contact network is complex, influenced by numerous factors and
requiring a multidisciplinary approach [30]. The calculation of the ice cover thickness at the
contact line involves several variables, including ice cover density, shape factor, short diameter,
long diameter, radius, and attachment radius. Currently, the measurement of actual ice cover
thickness utilizes an online monitoring device developed based on microwave technology. This
device calculates ice cover thickness by measuring the transmission time of microwave signals
sent and received. The thickness is determined by comparing the time difference between the
transmission time and the time required for the microwave signal to travel through air without ice
cover [29]. The actual ice cover at the contact line of high-speed railway networks exhibits varying
cross-sectional shapes and uneven thickness. To facilitate computational studies, it is essential
to convert the actual ice cover cross-section into an idealized form with a uniform thickness and
a circular cross-section, as illustrated in Fig. 2.

Fig. 2. Ideal icing cross-section of the contact line



574 Jingjing Tian et al. Arch. Elect. Eng.

According to the method for calculating the thickness of conductor ice cover described in
Reference [31], the standard ice thickness is determined by examining or measuring the diameter
of the ice cover, which can be expressed as follows:

bz\/%(Kst—rz)+r2—r, (11)

where: b represents the standard thickness of the ice cover in millimeters (mm); p denotes the
density of ice cover, measured in grams per cubic centimeter (g/cm’); R denotes the radius of the
ice cover at the contact wire, including the attachment of the ice cover, measured in millimeters
(mm); r denotes the contact wire radius in millimeters (mm); and K signifies the ice cover shape
factor, defined as the ratio of the short diameter of the ice cover to its long diameter.

The cross-sectional area of the ice-covered portion of the contact line, i.e., the area of the
shaded portion S, can be calculated from Fig. 2 as follows:

S=n(r+b)*—nr’ +AS, (12)

where r represents the radius of the contact line CTMH150 in millimeters (mm), and AS denotes
the area of the grooved portion of the contact line, measured in square millimeters (mm?) with
a value of AS = 7r2 — 150 = 12.86.

The mass of ice cover, m(kg), per unit length / (I = 1 meter) of the contact line can be calculated
using Eq. (12) with the following expression:

m = Slp, (13)

where p is the density of ice cover.
After analyzing the statistics of parameters such as ice cover density under various weather
conditions [27], the details are presented in Table 1.

Table 1. Relevant parameters for different forms of icing

Type of ice cover Hoarfrost Mixed rime Glaze ice
Densities/(g/cm?) 0.1~0.3 0.2~0.6 0.7~0.9
Temperature/°C -25~-10 -10~-2 -3~0
Air velocity/(m/s) 1~3 2~8 3~15
Radius of a droplet/(mm) 1~10 2~16 5~20
Degree of harm Low Moderate High

In order to facilitate the analysis presented in this paper, we define the following ranges for ice
thickness based on different weather conditions: hoarfrost with an ice thickness of 0 to 10 mm,
mixed rime with an ice thickness of 5 to 15 mm, and glaze ice with an ice thickness of 10 to 25 mm.
According to Table 1, the density parameters for the various forms of ice cover are established.
These parameters will be incorporated into Formulas (12) and (13), resulting in the relationship
between ice thickness and the quality of the ice cover, as illustrated in Fig. 3.
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Fig. 3. Relationship curve between ice thickness and ice weight: minimum density of ice cover for each state
(a); taking the highest density of ice cover for each state (b)

From Fig. 3, it is evident that as ice thickness increases, the quality of the ice cover also rises
significantly. The growth rate of ice cover quality is slow during hoarfrost conditions, while the
growth rate is higher in mixed rime conditions. The highest growth rate occurs during glaze ice,
indicating that glaze ice poses the greatest hazard to the contact network from this perspective.

In this paper, we focus on the maximum value of ice cover density under various ice cover
conditions. The subsequent data extraction stage is conducted based on the following ice cover
densities: p; = 0.3 g/lem?, p> = 0.6 g/em?, p3 = 0.9 g/cm?.

4. Quantification of reliability after contact network ice coverage

According to the fundamental structure of the contact network system, it can be viewed as
a system composed of four subsystems arranged in series: the strut and foundation, the support
device, the contact suspension, and the positioning device. Various components are connected in
series to form the corresponding subsystems. It is assumed that the contact network system and
its components can exist in two states: 'normal’ and ’failure’. Since this is a series system, the
failure of any single component will result in the entire contact network system losing its ability to
function properly [14].

When modeling the reliability prediction of contact network icing, considering all components
in the contact network significantly increases the complexity of the modeling process. Therefore,
it is advisable to focus on selecting the components within each subsystem that are most affected
by icing. For the time being, pillars and foundations can be excluded from consideration due to
their high design standards and minimal impact on the stable operation of the contact network
during snow and ice conditions. Support insulators will be chosen for the support devices, while
additional conductors, contact wires, bearing cables, and suspension strings will be selected for
the contact suspension system. Positioners will be designated for the positioning devices.
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There is a close relationship between ice cover at contact lines and the failure rates of contact
network components, with each factor exacerbating equipment losses or triggering mechanical and
electrical failures through various physical mechanisms. When ice cover forms at low temperatures,
the weight of the ice exerts additional mechanical loads on the conductor, leading to increased
wire sag and excessive tension, which can result in wire breakage or insulator fractures. Low
temperatures can also cause a decrease in the tensile strength of metals, thereby increasing the
likelihood of component failures. Additionally, when humidity rises, metal surfaces can easily
develop an electrolyte film, which induces galvanic corrosion and further elevates the failure rates
of components. Wind speeds can cause ice-covered wires to sway, resulting in fatigue breakage of
positioners, wear and tear on suspension strings, and other faults. Increased intensity of rain and
snow can thicken the ice on contact wires, triggering offline discharges in the bow network and
causing abnormal wear of the pantograph carbon slide plates, which leads to a higher failure rate of
the contact network system. An increased current load will cause the wire to heat up; although this
can inhibit ice formation, prolonged high temperatures will accelerate the creep of the lead. Conse-
quently, the annual elongation of the contact line will increase, leading to the failure of the anchor
segment joint compensation and further raising the failure rate of the contact network components.

After querying statistics and historical fault records, we obtained data on the failure rates of
each component in a section of the high-speed railway contact network affected by snow and ice
conditions, as shown in Table 2.

Table 2. The failure rate of each component in ice and snow weather

Serial number Type of component Failure rate A(%)

X1 Catenary wire 2.3
X, Auxiliary wire 0.4
X3 Support insulator 1.15
Xy Dropper 0.7
X5 Contact wire 2

X6 Steady arm 0.5
X7 Trip/Power outage 1.5

For quantifying the reliability of the contact network, the fault tree method can be employed
for analysis, significantly simplifying the modeling process. The seven components listed in
Table 2 are in an ice-covered state, which has a substantial impact on the reliability of the contact
network. The effects of other components, which are less significant, can be temporarily disregarded.
Consequently, the fault tree for the ice-covered contact network is established, as illustrated in Fig. 4.

Without accounting for the aging of the contact network components over time or the damage
caused by the intrusion of foreign objects, the reliability of each component in the contact network
is assumed to be 1. For the purpose of analysis, the component failure rate presented in Table 2 is
based on statistical calculations conducted under an ice cover thickness of 5 mm. Assuming that the
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Fig. 4. Vertical acceleration of ballastless track structure with short sleeper

failure rate of various components in the contact network is linearly related to the quality of the ice
cover per unit length, the reliability of each component, denoted as R;, can be expressed as follows:
A:
Ri=1-m—, (14)
mo
where m represents the initial ice cover mass and m denotes the actual ice cover mass.

After calculating the reliability of each component using Eq. (14), it can be observed from
the fault tree in Fig. 4 that there is a series relationship among the reliabilities of the individual
components. Consequently, the overall reliability R of the contact network can be determined
using the following expression:

R =

i

7
R;. (15)
=1

5. Kriging model predictive analysis

Based on the relationship between ice cover thickness and ice cover quality illustrated in Fig. 3,
along with the corresponding contact network reliability derived from Eq. (15), the correlation
matrix can be established as follows:

B = (b17b23 b3s'--,bn)T
M= (ml’m2’m3»"'smn)T ’ (16)
R= (r]7r2,r3,"-7rn)T

where: B represents the ice cover thickness matrix, M denotes the ice cover weight matrix, and R
signifies the contact network ice cover reliability matrix.

In this study, we analyze three distinct ice cover states corresponding to the ice cover thickness,
ice cover quality, and ice cover reliability data, each uniformly selected with n = 40 parameters as
the elements of the matrices. We employed MATLAB to develop the Kriging model program,
utilizing the DACE toolbox, which is a commonly used tool for this purpose. The zero-order
polynomial regression and Gaussian correlation function available in DACE were applied to fit
the Kriging model. The matrices B, M, and R, obtained under conditions of hoarfrost, mixed
rime, and glaze ice, were substituted into the Kriging model, and the procedure was executed. The
results of the analysis are presented in Figs. 5-7.
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The shape of the surface in Fig. 5(a) illustrates the model’s fit to the data. The reliability exhibits
a decreasing trend as both the thickness and quality of the ice cover increase under hoarfrost
conditions. When the ice cover thickness rises from 0 to 10 mm, the reliability of the contact
network declines from 1 to 0.8, while the surface smoothing aligns closely with expectations,
indicating a good model fit. At this point, appropriate de-icing measures can be implemented to
enhance the reliability of the contact network in response to the observed changes in reliability. The
area with low prediction variance, as shown in the surface of Fig. 5(b), corresponds to the region of
reliable predictions in Fig. 5(a). This indicates that the prediction uncertainty of the Kriging model
in this area is low, resulting in high reliability of the prediction outcomes. Conversely, the area
with high prediction variance in the surface corresponds to the region of unreliable predictions
in Fig. 5(c), suggesting that the prediction uncertainty of the Kriging model in this area is high,
leading to low reliability of the prediction results.

The predicted value surface in Fig. 6(a) indicates that the reliability of the contact network
decreases from 0.91 to 0.66 as the ice cover thickness increases from 5 mm to 15 mm under mixed
rime conditions. The surface smoothing aligns closely with expectations, demonstrating a strong
model fit. Additionally, the results of the analysis of the predicted variance surface in Fig. 6(b) are
consistent with those presented in Fig. 6(b).

The predicted value surface in Fig. 7(a) indicates that the reliability of the contact network
decreases from 0.8 to 0.38 as the thickness of the ice cover under glaze ice conditions increases
from 10 mm to 25 mm. The surface smoothing aligns closely with expectations, demonstrating
a strong model fit. Additionally, the analysis results of the prediction variance surface in Fig. 7(b)
are consistent with those presented in Fig. 5(b).

Reliability for traction vehicle operators and contact network operators refers to the overall
capability of the contact network to sustain power transmission and mechanical stability in
ice-covered environments. The reliability of the contact network, as assessed by the Kriging model,
can offer operators scientific support for risk warnings, operational and maintenance strategies,
and de-icing methods. Ultimately, this ensures the safe and timely operation of trains.

According to the classification of contact network reliability in Reference [12], the reliability
threshold value for the contact network system of high-speed railways can be established at 0.9
under ice-covered conditions. When R is in the range of 0.9 to 1, the thickness of the contact line
ice cover during hoarfrost conditions varies from 0 to 5.6 mm, whereas in mixed rime conditions, it
ranges from 5 to 5.5 mm. In these situations, it is recommended that high-speed trains reduce their
speed. Additionally, copper-based powder carbon sliding plate pantographs should be installed
on the moving train sets to scrape off the ice. The railway department should also enhance daily
monitoring and testing efforts [12]. When R falls below 0.9, to ensure passenger safety, it is
advised that high-speed trains cease operations, and the railway department should implement
appropriate de-icing measures for the high-speed railway contact network.

6. Conclusions

Applying the Kriging model to predict the reliability of contact networks after ice overlay
effectively utilizes the model’s low variance and unbiased estimation capabilities. This approach is
well-suited for the complex structural systems inherent in contact networks and introduces a novel
method for assessing the reliability of these systems.
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Based on the prediction model for the reliability of contact network icing, the predictive
capability of the Kriging model is employed to analyze the trend of reliability in the contact network
system concerning the thickness and quality of icing. It was observed that the change in contact
network reliability during hoarfrost conditions is minimal, ultimately stabilizing at a reliability
level of 0.8. This suggests that the impact of freezing weather on the reliability of the contact
network system is relatively minor. In contrast, the reliability of the contact network during glaze
ice experiences significant fluctuations, ultimately decreasing to 0.38. This indicates that freezing
rain has a considerably more severe impact on the reliability of the contact network system.

According to the Kriging model, the prediction results for the reliability of the contact network
under ice conditions can inform subsequent de-icing methods. For instance, when the monitored
ice thickness is minimal, the reliability of the contact network system is not significantly affected,
allowing for the use of copper-based powder for skateboard pantograph de-icing. Conversely, when
the monitored ice thickness is substantial, it severely impacts the reliability of the contact network
system. In such cases, artificial de-icing or thermodynamic de-icing methods should be employed.
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