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With the intensification of global climate change, extreme weather events are becoming
more frequent, and the thermodynamic performance and fatigue life of high-voltage
transmission lines in high-temperature and high-humidity environments are increasingly
drawing attention. High-temperature and high-humidity conditions have a complex impact
on the thermal stress and material fatigue of transmission lines, potentially reducing the
reliability and service life of the power grid. To address this issue, this paper proposes a
thermodynamic analysis-based model for calculating thermal stress and predicting fatigue
life of high-voltage transmission lines under high-temperature and high-humidity
conditions. The study first provides a detailed analysis of the thermal stress in transmission
lines under high-temperature and high-humidity conditions, revealing the impact of
temperature and humidity variations on the thermal expansion and deformation of the lines.
Subsequently, combining material fatigue theory, the paper establishes a fatigue life
prediction model for the lines, quantifying the accumulation process of fatigue damage
under the influence of thermal stress. Through this theoretical model, the paper aims to
provide a scientific basis for the design, evaluation, and maintenance of high-voltage
transmission lines in harsh environments, ensuring the stability and safety of the power

system.

1. INTRODUCTION

With the continuous growth of energy demand in modern
society, high-voltage transmission lines, as an important
component of power transmission, have become increasingly
critical in terms of their safety and stability [1-6]. In high-
temperature and high-humidity environmental conditions,
especially in the context of climate change and frequent
extreme weather events, the thermodynamic loads and long-
term fatigue that transmission lines endure may significantly
impact their performance and service life. High-temperature
and high-humidity environments not only lead to thermal
expansion and deformation of the lines but also exacerbate the
fatigue damage of the line materials, thus affecting the
reliability and economy of the transmission system [7-9].
Therefore, studying the thermodynamic performance and
lifetime prediction of high-voltage transmission lines in such
environments is of great practical significance and application
value.

Researching the thermodynamic behavior and fatigue life of
high-voltage transmission lines under extreme climate
conditions not only helps improve the design and maintenance
levels of transmission lines but also provides a theoretical
basis for the reliability assessment of power systems [10-14].
During prolonged operation, the accumulation of thermal
stress in the lines and the accumulation of material fatigue can
lead to aging, and even fracture or failure of the lines, thus
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affecting the safety of power supply [15, 16]. Therefore,
accurately predicting the thermal stress changes and fatigue
life of the lines in high-temperature and high-humidity
environments is crucial for precise maintenance, early warning,
and optimized design of high-voltage transmission lines.

Currently, research on transmission lines in high-
temperature and high-humidity environments mainly focuses
on the analysis of single-factor influences [17-23], and most
studies lack a comprehensive assessment of thermal stress and
fatigue life. Existing research methods often rely on empirical
formulas or simplified assumptions, ignoring the complexity
and multivariable interactions in real-world environments. In
addition, current fatigue life prediction models often fail to
fully consider the dynamic impact of temperature and
humidity changes on the long-term performance of the lines,
resulting in poor accuracy and reliability of the prediction
results. Therefore, how to combine the evolution process of
thermal stress and fatigue damage to propose a more precise
and systematic analysis method remains an urgent problem to
solve.

The main research content of this paper is divided into two
parts. First, focusing on the thermal stress calculation and
analysis of high-voltage transmission lines in high-
temperature and high-humidity environments, this paper will
accurately describe the thermal expansion behavior of the lines
under different temperature and humidity conditions through
thermodynamic models and conduct stress analysis to reveal
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the impact of environmental factors on the thermal stress of
the lines. Secondly, based on the thermodynamic analysis
results and combined with the material’s fatigue performance,
this paper will construct a fatigue life prediction model for
high-voltage transmission lines under high-temperature and
high-humidity conditions. Through these two parts of research,
this paper aims to provide theoretical support for the reliability
assessment of high-voltage transmission lines in harsh
environments and provide a scientific basis for the
optimization design and management of transmission lines,
thereby improving the stability and safety of the power system.

2. THERMAL STRESS CALCULATION AND
ANALYSIS OF HIGH-VOLTAGE TRANSMISSION
LINES IN HIGH TEMPERATURE AND HIGH
HUMIDITY ENVIRONMENTS

Figure 1 shows the schematic diagram of the thermal
process of the cross-section of a high-voltage transmission line.
In high-temperature and high-humidity environments, the
external thermal loads and mechanical tension acting on the
high-voltage transmission lines cause thermal expansion,
which in turn generates thermal stress between the layers of
conductors. To accurately calculate the thermal stress of the
line under such environmental conditions, this paper fully
considers the complexity of the line structure, especially the
relative movement between layers and the differences in
thermal expansion, and adopts a layered thermal stress
calculation method. This method can more accurately reflect
the distribution of thermal stress within the line. In the specific
calculation process, the following assumptions must be
clarified, as they help simplify the model while ensuring the
rationality and operability of the calculation results.

External humidity

environment Solar heat

Conductor
temperature

diative heat
dissipation

Figure 1. Schematic diagram of the thermal process of the
cross-section of a high-voltage transmission line

Assumption 1: The conductors in the same layer are in the
same stress state

It is assumed that in each layer of the line conductors, the
forces and stresses are uniformly distributed among all the
conductors. Figure 2 shows the schematic diagram of the
cross-section of a high-voltage transmission line. Since the
conductors in each layer are wound in a helical structure, it is
assumed that the stress state is the same for all conductors in
each layer, and the conductor axes lie on the same cylindrical
surface. This assumption is made to avoid considering the tiny
differences between each conductor during the calculation,
thereby simplifying the analysis model and making the
thermal stress calculation more intuitive and operable. With
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this assumption, it can be assumed that the thermal expansion
and forces are uniform for the conductors in each layer,
facilitating the layered calculation of thermal stress.

Figure 2. Schematic diagram of the cross-section of a high-
voltage transmission line

Assumption 2: The change in the helical angle of
conductors in the same layer is small

Since the conductors in each layer of a high-voltage
transmission line are twisted at a certain helical angle, the size
of the helical angle affects the relative position and force of
each conductor. Under high-temperature and high-humidity
environments, the expansion and tension of the conductor
materials may cause some changes in the helical angle.
However, to simplify the model analysis, it is assumed that the
change in the helical angle of conductors in each layer is small
and remains basically unchanged. This allows for ignoring the
dynamic change of the helical angle in the calculation and
considering only the initial design angle. Through this
assumption, the calculation complexity is effectively reduced,
avoiding the impact of complex geometric changes caused by
the variation in helical angles on the thermal stress calculation.

Assumption 3: No frictional force between layers

In actual high-voltage transmission lines, the conductors in
different layers may experience relative sliding and friction
due to the operational tension. However, due to the significant
effect of thermal expansion in high-temperature and high-
humidity environments, and because the frictional force is
usually small, the effect of inter-layer frictional forces on the
thermal stress of the conductor can be ignored. Through this
assumption, the additional thermal stress caused by friction
between layers does not need to be considered in the
calculation, and the thermal stress is calculated based on the
effects of thermal expansion and tension.

The twist angle a, is the angle formed between the direction
of the conductor strands and the axis during the winding of the
strands around the core wire. The twist angle directly affects
the spatial helical shape of the conductors in each layer. To
calculate the thermal stress, it is necessary to first determine
the twist angle and pitch of each layer of conductors. The pitch
refers to the height the conductor climbs along the axis when
it wraps around the core wire in one turn. The diameter f of
each conductor strand and the outer diameter F, are closely
related to the twist angle and pitch. The size of the twist angle
determines the helical shape of the conductor strands, which
in turn affects the force and deformation of each layer of
conductors. Therefore, it is first necessary to determine the
twist angle and pitch based on the geometric parameters of the



conductor to provide the basic data for subsequent thermal
stress calculations. The specific calculation formulas are:
z(F,—f)

tana, =

v

(1

Since the structure and physical properties of the conductors
in each layer of the wire are different, the mechanical
properties (such as elastic modulus, tensile strength, etc.) and
stress state of each layer of conductors will also vary. In high-
temperature and high-humidity environments, temperature
changes cause thermal expansion of the conductor material,
resulting in thermal stress. Meanwhile, the conductor also
bears external tension during operation. These factors together
lead to a complex variation in the stress distribution across
each layer of conductors. Therefore, the second step is to
analyze the mechanical properties and stress state of each layer
of conductors in detail, including the elongation of each layer
of conductors and their deformation under temperature
changes and operational tension. Let the elongation of the v-th
layer of conductor be denoted by 4M,, the elongation of the v-
th layer after elongation by m',, and the initial length of the v-
th layer before elongation by m,. The eclongation of the
conductor strand is:

AM, =m, —m, (2)

In high-temperature and high-humidity environments, each
layer of conductor will experience thermal expansion due to
temperature changes. There is a certain relationship between
the elongation of each layer of conductor and the total
elongation of the conductor. The elongation of the conductor
strand depends on its material's coefficient of thermal
expansion, the temperature change, and the initial length of the
strand. Since the conductor consists of multiple layers of
strands, the elongation of each layer of conductor differs, so it
is necessary to calculate the elongation of each layer separately
and then determine the total elongation of the entire conductor
through spatial geometric relations. In this process, the helical
shape of the strands and the mutual constraints between them
must be considered to ensure that the total elongation of the
conductor accurately reflects the deformation of each layer of
strand. The relationship between the elongation of the strand
and the total elongation of the conductor is:

AM, = AMCOSq, 3)

Let the axial elongation rate of the conductor be denoted by
y, and the elongation rate of the v-th layer of strand by 7,, which
is:

7, =103, @)

When the conductor is in a high-temperature and high-
humidity environment, each layer of conductor is affected not
only by temperature changes but also by tension. To calculate
the thermal stress in each layer of conductor, it is necessary to
apply the principles of material mechanics and consider the
stress distribution due to elastic stretching. Based on the
elongation of each layer of strand and the mechanical
properties of the material, elastic theory can be used to
calculate the stress state of the strand. Special attention must

2077

be paid to the effect of high temperatures on material
properties, as high temperatures cause changes in the elastic
modulus of the material, which in turn affects the stress
calculation results. The stress value in each layer of conductor
will vary with temperature changes and tension, so a layer-by-
layer analysis is required to obtain the layered thermal stress
distribution. Let the elastic modulus of the v-th layer of strand
be denoted by R,, then when the conductor undergoes only
elastic stretching, the stress d', of that layer is:

5 =JRCOS ¢, )

When the conductor is subjected to both temperature and
operational tension, part of the deformation is caused by
temperature changes. The deformation caused by temperature
changes and the deformation caused by tension are
independent of each other. Therefore, in calculating the stress
of the conductor strand, the deformation caused by
temperature changes must be excluded. To do this, it is
necessary to first determine the deformation caused by the
temperature change in each layer of strand and remove it from
the total deformation. The remaining deformation can then
reflect the stress state caused by operational tension. At this
point, let the coefficient of the strand in the v-th layer be
denoted by ., the temperature change in the v-th layer by 4s,,
and the stress of the v-th layer of strand is:

8,=R()COSat, - 3,45, (©)

After removing the effect of temperature-induced
deformation, the next step is to calculate the axial stress of
each layer of conductor. Axial stress refers to the stress along
the axial direction of the conductor strands, which is related
not only to changes in temperature and tension but also to the
mechanical properties of the conductor material. Specifically,
this paper considers the elongation and stress state of each
layer of strand and calculates the axial stress of each layer of
conductor based on the basic principles of material mechanics.
The formula for calculating the axial stress of the v-th layer of
conductor strand is:

5, =R,()c0S’a, — B,45,COSq, ) )

Let the cross-sectional area of the layer of strand be denoted
by X,, and the axial tension d, of the layer of strand is:

D, =4,X, (8)

Furthermore, assume that no plastic deformation occurs in
the steel core and aluminum-stranded wires after stretching,
and the effects of friction and Poisson’s ratio are ignored. The
total axial stress of each layer of conductor can be obtained
through simple mechanical assumptions. This assumption
greatly simplifies the calculation process, but it should be
noted that it applies only to cases where only elastic
deformation is considered, meaning that the deformation of the
conductor under tension will not exceed the elastic limit. In
this step, the axial stress of each layer of strand will be
summed to obtain the total axial stress D of the entire
conductor under specific temperature and tension. Let the
diameter of the v-th layer of strand be denoted by d,f;, and the
number of strands in the v-th layer by c,. The specific



calculation formula is:

D =>2507(,C0S%, - £,A5,C0S¢, R, £.2

v=l

)

Once the temperature change and stress distribution of the
strands are determined, the overall strain of the entire
conductor can be further solved. The overall strain y refers to
the overall deformation of the conductor under the combined
effect of temperature and tension. It is closely related to the
physical properties of the conductor, temperature changes, and
external tension. Once the overall strain is determined, the
stress-strain relationship can be used to calculate the axial
stress of the steel core and aluminum-stranded layers.

(b)

Figure 3. Finite element distribution of high voltage
transmission conductor (a) surrounding strand; (b) central
strand

In high-temperature and high-humidity environments, the
analysis of the thermal stress and thermal strain distribution of
high-voltage transmission conductors is a complex process,
involving the comprehensive consideration of the conductor’s
geometric characteristics, material properties, environmental
temperature, humidity, and other factors. To accurately predict
the behavior of the conductor in such environments, modern
engineering simulation technologies, such as three-
dimensional modeling and finite element analysis tools, need
to be used to analyze the thermal stress and thermal strain
distribution of the conductor. Figure 3 shows the finite element
distribution diagram of the high-voltage transmission
conductor. The specific analysis steps are as follows:

Step 1: Establish the Three-Dimensional Model of the
Conductor and Perform Mesh Division

First, a three-dimensional solid model of the conductor
needs to be established using 3D modeling software ProE. The
model should include the structural features of the conductor,
the geometric parameters of each layer of strand, and the
arrangement of the core wire and outer strands. When
constructing the model, the specific material properties of the
conductor, the structural characteristics of each strand layer,
and important parameters such as the outer diameter of the
conductor and the core wire diameter should be considered.
After completing the 3D modeling, the model is imported into
finite element analysis software ANSYS for mesh division.
During the meshing process, appropriate mesh size and type
should be selected based on the conductor's complex
geometric shape and analysis requirements, ensuring the
accuracy of the model and the reliability of the calculation
results. The mesh division should be verified to ensure the
convergence and accuracy of the simulation results.

Step 2: Use Axial Tension Calculation Method to Analyze
Stress and Strain Distribution of the Conductor
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In the finite element analysis software, based on the
conductor's axial tension calculation method, a preliminary
analysis of the stress and strain distribution of the conductor is
conducted. In this step, the changes in stress and strain,
especially the deformation and stress distribution caused by
temperature, under high-temperature and high-humidity
environments need to be considered. Figure 4 shows the
schematic diagram of the temperature monitoring point
distribution on the high-voltage transmission conductor. By
applying axial tension, the deformation process of the
conductor under stretching conditions is simulated, and the
stress and strain state of each strand layer is calculated. When
performing stress analysis, special attention should be paid to
the mechanical performance differences of each strand layer,
such as the stress state of different materials, and the
temperature gradient changes should be considered to obtain
the stress and strain distribution of each layer of the conductor.
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Figure 4. Temperature monitoring point distribution on high
voltage transmission conductor

Step 3: Set Boundary Conditions and Analyze the Impact of
Radial Temperature on Stress Distribution

In a high-temperature and high-humidity environment, the
conductor will be affected by temperature changes, especially
the radial temperature changes, which will cause different
thermal expansion effects on each layer of conductor strands.
In this phase, corresponding boundary conditions should be set
in the finite element analysis model to simulate the actual
situation of the conductor affected by environmental
temperature changes. By setting different temperature
distributions, the impact of radial temperature on the thermal
stress distribution of each strand layer in the conductor is
analyzed. The key to this step is accurately simulating the
impact of temperature changes on each strand layer, especially
the temperature gradient between the surface of the conductor
and the core wire. This gradient difference will cause different
expansion degrees in each layer of strands, which in turn
affects the overall stress and strain distribution of the
conductor.

Step 4: Consider the Impact of Radial Temperature and
Calculate the Stress at the Suspension Points of the Conductor

In a high-temperature and high-humidity environment, the
suspension points of the conductor are usually the places
where stress concentration is most severe. To accurately
calculate the stress at the suspension points, a parabolic
approximation equation is typically used to simulate the
suspension shape of the conductor. In this process, the radial
temperature of the conductor is crucial to the stress at the
suspension point, because temperature changes not only alter
the length of the conductor but also affect the local stress state
of the strands near the suspension point. By calculating the
stress at the suspension points of the conductor, stress
concentration areas that may occur during actual operation can
be predicted, and corresponding engineering measures can be
taken to avoid excessive stress concentration, thus ensuring the
safe and stable operation of the conductor.



3. FATIGUE LIFE CALCULATION OF HIGH
VOLTAGE TRANSMISSION CONDUCTOR IN HIGH
TEMPERATURE AND HIGH HUMIDITY
ENVIRONMENT

In a high temperature and high humidity environment, the
fatigue life calculation of high voltage transmission
conductors is a complex and critical engineering issue. During
long-term operation, the conductor is affected by various
environmental factors, such as wind speed, wind direction,
temperature variations, and humidity. These factors cause
stress fluctuations and fatigue damage to the conductor. To
accurately predict the fatigue life of the conductor under such
harsh environmental conditions, this paper uses a fatigue life
calculation method based on wind speed and wind direction
probability distribution, and combines Miner’s cumulative

damage theory to quantify the fatigue damage of the conductor.

The calculation principles for fatigue life of the high voltage
transmission conductor in high temperature and high humidity
environment are detailed below.

3.1 Probability distribution analysis based on wind speed
and wind direction

The fatigue life of the conductor is not only related to the
mechanical properties of the material but is also significantly
influenced by external environmental factors, especially wind
speed and wind direction. In high temperature and high
humidity environments, changes in wind speed and wind
direction cause alternating stresses in the conductor during
operation. These alternating stresses are the main factors
leading to fatigue damage. Therefore, it is first necessary to
analyze the variation patterns of wind speed and wind
direction through probability distribution methods. In practical
applications, wind speed and wind direction usually exhibit
certain randomness, which can be simulated by collecting and
analyzing local meteorological data, using appropriate
probability distribution models to simulate stress fluctuations
of the conductor under different wind speed and wind direction
conditions.

The variation in wind speed causes the conductor to sway
or vibrate, thereby generating alternating stresses. The
variation in wind direction affects the direction and magnitude
of the force on the conductor, so the combined effects of wind
speed and wind direction must be considered. By modeling the
probability distribution of wind speed and wind direction, this
paper calculates the alternating stress amplitude and stress
frequency of the conductor under different wind speed and
wind direction conditions, providing the basic data for the
subsequent fatigue life analysis.

3.2 Fatigue criteria and life assessment

Based on the probability distribution of wind speed and
wind direction, the next step is to calculate the alternating
stress of the conductor under different wind speed and wind
direction conditions. Since fatigue of the conductor is a fatigue
problem under asymmetric, fully reversed alternating stress,
especially as dynamic bending strain controls the main factor
of fatigue failure, the static stress of the outer aluminum
strands also affects the fatigue life. In this case, the Goodman
linear method is widely used to calculate the equivalent
alternating stress of the stress amplitude. The Goodman linear
method is based on the interaction between the static stress and
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alternating stress of the material. By establishing the
equivalent relationship between static stress and alternating
stress, asymmetric stress is converted into an equivalent
alternating stress. Let the equivalent alternating stress value be
represented by J.w, the dynamic bending stress value of mild
wind vibration be represented by J., the ultimate strength of
the conductor be represented by J,, and the static stress value
of the conductor be represented by J;. The Goodman linear
method defines the equivalent alternating stress formula as:

9 . 9
— 4 —
S O

rw y

=1 (10)

Once the stress amplitude of the conductor is calculated, the
fatigue damage can be assessed using Miner’s cumulative
damage theory. According to the method recommended by the
CIGRE 22nd Committee, Working Group 04, the Miner
cumulative damage theory is widely used for estimating the
fatigue life of conductors. Under each wind speed and wind
direction condition, the conductor experiences alternating
stresses of different amplitudes, which cause microscopic
damage to the material. According to Miner’s theory, the
accumulation of fatigue damage is linear, and the total damage
rate can be estimated by summing the damage under different
stress conditions. Let the damage rate of the material under the
u-th stress condition be defined as F,,. When the stress change
A6, occurs, the number of vibrations is represented by v(49,),
and the number of conductor failures is represented by V(46.).
The total damage rate F' can be calculated using the following
formula:

(11

= Z ZV(A5

0 can be obtained using the Wohler safety curve fitting
formula:

V <2x10’
V >2x10’

450V 02
263\/ —-0.168

(12)

Through thermo-mechanical coupling analysis, it is found
that under conditions of large day-night temperature
differences, the temperature distribution of the conductor
undergoes periodic changes, resulting in fluctuations in the
material's thermal stress. These temperature changes
significantly affect the conductor’s stress state and fatigue life.
In this process, the temperature field and stress field of the
conductor need to be analyzed synchronously. By correcting
the fatigue strength curve and considering the temperature
correction on fatigue life, a more accurate fatigue life
prediction can be obtained. Let the wind direction frequency
be represented by O, and the correction factor by Q. The
fatigue life of the high voltage transmission conductor is given
by:

(13)

After completing the above steps, the final fatigue life
estimation can be derived through the following key steps:



Step 1: Calculate the amplitude of micro-wind vibration and
dynamic bending strain of the conductor

In a high-temperature, high-humidity environment, the
conductor is subjected to micro-wind forces, causing periodic
micro-vibrations. Due to temperature and humidity changes in
the environment, the amplitude of these micro-wind vibrations
may fluctuate. Therefore, this paper uses the energy balance
method to determine the amplitude of the micro-wind
vibration of the conductor. By performing an energy balance
analysis on the conductor's vibration energy, the vibration
amplitude of the conductor under wind speed can be accurately
calculated. Further, the dynamic bending strain J. of the
conductor is calculated. Dynamic bending strain is a major
factor affecting the conductor's fatigue failure, especially
under alternating stress, as it significantly impacts the
material's fatigue life. Based on the structural characteristics
and vibration amplitude of the conductor, the dynamic bending
strain is calculated using the corresponding formula. Next,
using the equivalent stress alternating formula, the dynamic
bending strain is converted into the equivalent alternating
stress d.,. This process is corrected and transformed using
Goodman’s linear method, considering the combined effect of
static and alternating stresses. The obtained equivalent
alternating stress d,» will be used for subsequent fatigue life
analysis.

Step 2: Calculate fatigue life based on the S-N curve

Once the equivalent alternating stress J,, is obtained, the
next step is to use the S-N curve to determine the number of
vibrations V' required for fatigue failure at this stress level. The
S-N curve is typically obtained experimentally and describes
the fatigue life of materials under different stress amplitudes.
In high-temperature, high-humidity environments, the fatigue
limit of the S-N curve may change, so the effects of
temperature and humidity on material fatigue performance
need to be considered. Specifically, high temperatures usually
lead to a decrease in the fatigue limit, so the S-N curve should
be appropriately corrected to obtain the actual fatigue life
under these environmental conditions. Using the S-N curve,
combined with the value of equivalent alternating stress Jw,
the corresponding number of vibrations } can be determined,
which represents the maximum number of vibrations the
conductor can withstand under this stress condition.

Step 3: Calculate the number of vibrations based on wind
speed and wind direction probability distributions

Since wind speed and wind direction in the conductor's
environment will vary, it is necessary to calculate the number
of vibrations that occur at the equivalent alternating stress J,
level based on the actual wind speed and wind direction
probability distributions. Specifically, changes in wind speed
and wind direction determine the frequency and amplitude of
the conductor’s vibrations. In high-temperature, high-
humidity environments, wind speed may be affected by
seasonal changes, so the probability distributions of wind
speed and wind direction need to be modeled based on
historical meteorological data, with appropriate statistical
methods used for fitting. By using the probability distributions
of wind speed and wind direction, the actual number of
vibrations J,,, that occur at the equivalent alternating stress J,
level can be calculated. This number reflects the frequency of
the micro-wind vibrations experienced by the conductor under
specific environmental conditions, and serves as the
foundational data for calculating fatigue damage.

Step 4: Calculate total damage rate based on Miner’s
cumulative damage theory
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With the number of vibrations V' corresponding to the
equivalent alternating stress J., and the actual number of
vibrations J,, the total damage rate F of the conductor can
then be calculated using Miner’s cumulative damage theory.
According to Miner’s theory, fatigue damage is cumulative,
and the damage rates under different stress levels are linearly
additive.

Step 5: Consider the impact of high temperature and high
humidity on fatigue life

In a high-temperature, high-humidity environment, the
material properties of the conductor will undergo certain
changes, especially the fatigue limit and mechanical properties
of aluminum alloy materials, which are affected by
temperature and humidity. Therefore, when calculating fatigue
life, the S-N curve should be corrected for temperature and
humidity. High temperatures lead to a decrease in the
material’s yield strength, which reduces the fatigue life, while
high humidity may accelerate material corrosion, further
affecting the fatigue life.

4. EXPERIMENTAL RESULTS AND ANALYSIS

According to the experimental data shown in Table 1, the
changes in temperature and humidity have a significant impact
on both the theoretical and calculated values of vertical
thermal stress in each layer of the high-voltage transmission
line. As the temperature increases from 30°C to 70°C and the
humidity increases from 40% to 80%, the thermal stress levels
in each layer of the conductor increase overall. For example,
in the steel core layer and the 1st layer of the aluminum strand,
when the temperature is 30°C and humidity is 40%, the
theoretical value of the steel core layer is 211.54 N/mm? and
the calculated value is 213.26 N/mm?. However, when the
temperature is 70°C and humidity is 80%, the theoretical value
of the steel core layer rises to 256.31 N/mm? and the
calculated value is 256.36 N/mm?. A similar trend is observed
in the 1st and 2nd layers of the aluminum strand, where the
increase in temperature and humidity causes the stress values
to rise. For instance, at 30°C and 40% humidity, the theoretical
value of the 1st layer of the aluminum strand is 48.56 N/mm?
and the calculated value is 51.23 N/mm?. At 70°C and 80%
humidity, the theoretical value of the 1st layer is 48.26 N/mm?
and the calculated value is 48.23 N/mm?. By analyzing the data
in Table 1, it is evident that in high-temperature and high-
humidity environmental conditions, the thermal stress of the
conductor shows a significant increasing trend. This is mainly
due to the increased thermal expansion of the material as the
temperature rises, while the increase in humidity may cause
some of the material's physical properties to change, further
intensifying the accumulation of thermal stress. The stress
variation in the steel core layer is more pronounced than that
in the aluminum strand layer, indicating that the thermal
expansion of the steel core material is more sensitive to
temperature and humidity changes. Especially under high
temperature and high humidity conditions, the vertical thermal
stresses in both the steel core and aluminum strand layers are
close to their limit values, meaning that the conductor's load-
bearing capacity and stability may be threatened at this point.

According to the data shown in Table 2, temperature
changes have a significant effect on the thermal stress of each
layer of strands in the high-voltage transmission line. Under
conditions of 30°C and 40% humidity, the thermal stress of the
1st layer of the steel core layer is 256.32 MPa and 258.69 MPa



for the 2nd layer, while the 1st layer of the aluminum strand is
48.26 MPa and the 2nd layer is 46.25 MPa. As the temperature
gradually increases to 40°C, 50°C, 60°C, and 70°C, the thermal
stress in the steel core layer shows a downward trend, with the
st and 2nd layers decreasing from 248.29 MPa to 223.58 MPa
and from 258.69 MPa to 223.26 MPa, respectively. The
aluminum strand layer exhibits a different trend. The thermal
stress in the 1st layer decreases to 46.51 MPa at 40°C but then
increases at higher temperatures, reaching 42.69 MPa at 70°C.
The thermal stress of the 2nd layer increases progressively
with the rise in temperature, from 46.25 MPa to 61.28 MPa. It
can be seen that under fixed humidity (40%), the thermal stress
in the steel core layer significantly decreases as the
temperature increases, while the thermal stress in the
aluminum strand layer shows a relatively complex change
trend, especially for the 2nd layer, where thermal stress
gradually increases under high-temperature conditions. By
analyzing the data in Table 2, it can be concluded that the
increase in temperature has varying degrees of impact on the
thermal stress in the different layers of the high-voltage
transmission line. In the steel core layer, as the temperature
increases, the thermal stress decreases overall, indicating that
the material in the steel core layer undergoes significant
thermal expansion under high-temperature conditions, which
reduces its internal stress. The aluminum strand layer exhibits
different thermal stress changes, especially for the 2nd layer,
where the thermal stress increases with temperature. This may
be related to the yield characteristics and thermal expansion
behavior of aluminum at high temperatures. In high-

temperature environments, the increase in thermal stress in the
aluminum strand layer may lead to a reduction in its fatigue
life. Combining the thermodynamic model analysis results in
this paper, it can be inferred that the increase in temperature
will increase the stress distribution difference in the conductor
material, which may intensify fatigue damage in high-
temperature environments. Therefore, under high-temperature
and high-humidity conditions, it is necessary to consider the
fatigue performance of the conductor material and the impact
of temperature and humidity on its long-term stability.
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Figure 5. Relationship between thermal stress value of the
outer strand of high-voltage transmission line and conductor
temperature under different tension forces

Table 1. Vertical thermal stress of high-voltage transmission lines in different layers under various temperature and humidity
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temperature conditions

Steel Core Layer (MPa)

Aluminum Strand Layer (MPa)

Table 2. Thermal stress values of each layer of strands of high-voltage transmission line under fixed humidity and different

Environmental Conditions

1st Layer  2nd Layer 1st Layer 2nd Layer
Temperature 30°C/Humidity 40% 256.32 258.69 48.26 46.25
Temperature 40°C/Humidity 40% 248.29 246.31 46.51 51.23
Temperature 50°C/Humidity 40% 246.23 236.25 44.23 52.36
Temperature 60°C/Humidity 40% 236.25 223.56 42.23 55.36
Temperature 70°C/Humidity 40% 223.58 223.26 42.69 61.28

Table 3. Heat stress values of each layer of strands in high voltage transmission conductor under different humidity conditions at
fixed temperature

Steel Core Layer (MPa)

Aluminum Strand Layer (MPa)

Environmental Conditions

Ist Layer  2nd Layer 1st Layer 2nd Layer
Temperature 30°C/Humidity 40% 245.36 239.56 48.52 47.56
Temperature 30°C/Humidity 50% 239.58 235.5 46.25 52.32
Temperature 30°C/Humidity 60% 223.65 224.23 44.23 53.23
Temperature 30°C/Humidity 70% 224.56 226.23 4231 56.24
Temperature 30°C/Humidity 80% 235.23 223.32 42.36 62.36
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Table 4. Vibration counts at different frequencies considering the temperature of high voltage transmission conductor

Frequency Vibration Count Vibration Strand Heat Equivalent Alternating S-N Curve Vibration
(Hz) (x107) Amplitude (mm) Stress (MPa) Stress (MPa) Count (x107)

13 1.5325 23.23 3235 17.26 0.88

18 2.8956 45.26 26.23 16.23 1.23

23 1.4852 9.21 21.26 11.26 8.45

28 6.1235 5.46 18.23 9.26 43.23

33 7.4526 3.23 14.26 6.32 512.32

38 8.7546 2.45 12.32 4.26 2451.23
43 9.5623 1.36 12.36 3.26 8895.36
48 11.2352 1.12 11.25 3.21 27851.23
53 12.2355 0.82 13.26 2.23 77892.23
58 11.2468 0.63 11.58 2.15 223254.26

According to the data in Figure 5, the thermal stress value
of the outer strand of the high-voltage transmission line shows
a regular change with the temperature under different tension
forces. When the applied tension is 15 kN, as the temperature
increases from 30°C to 70°C, the thermal stress value of the
outer strand decreases from 35 N/mm? to 31 N/mm?. Under 18
kN tension, the change in thermal stress is relatively stable,
with the thermal stress value of the outer strand decreasing
from 40 N/mm? to 36 N/mm? as the temperature increases from
30°C to 70°C. For 21 kN and 24 kN tension, the decrease in
thermal stress value is smaller, decreasing from 45 N/mm? to
41 N/mm? and from 50 N/mm? to 46 N/mm?, respectively.
Finally, under the maximum tension of 27 kN, the change in
the thermal stress value of the outer strand is the smallest,
showing a decrease from 55 N/mm? to 51 N/mm? By
analyzing the data in the figure, it can be observed that as the
temperature increases, the thermal stress value of the outer
strand generally shows a downward trend. This phenomenon
indicates that under high-temperature conditions, the thermal
expansion of the outer strand causes the conductor to elongate,
thereby reducing the thermal stress experienced by the
material. Under different tension forces, the degree of change
in thermal stress varies. The higher the tension, the smaller the
decrease in thermal stress. This is because higher applied
tension can effectively limit the thermal expansion of the
conductor, leading to a more gradual reduction in thermal
stress.

According to the data in Table 3, at a fixed temperature of
30°C, as humidity increases, the heat stress of each layer of
strands in the high voltage transmission conductor shows
significant changes. For the steel core layer, the heat stress of
the 1st layer gradually decreases from 245.36 MPa at 40%
humidity to 235.23 MPa at 80% humidity, and the 2nd layer
decreases from 239.56 MPa to 223.32 MPa. The aluminum
strands layer shows a different trend. The heat stress of the 1st
layer decreases gradually from 48.52 MPa at 40% humidity to
42.31 MPa at 70% humidity but shows a slight rebound to
42.36 MPa at 80% humidity. The 2nd layer’s heat stress
increases significantly, rising from 47.56 MPa at 40%
humidity to 62.36 MPa at 80% humidity, showing a clear
upward trend. From the experimental data in Table 3, it is
evident that humidity has a significant impact on the heat
stress of the high voltage transmission conductor. For the steel
core layer, as humidity increases, heat stress gradually
decreases, possibly because higher humidity may affect the
material’s thermal expansion characteristics due to water
absorption inside the material, thus reducing heat stress.
However, the heat stress in the aluminum strands layer
exhibits a more complex change. The heat stress of the 1st
layer decreases as humidity increases, indicating that the
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thermal expansion characteristics of aluminum are relatively
stable under increasing humidity. But when humidity further
increases, there is a rebound, which may be related to the
impact of humidity on the microscopic structure of the
aluminum strands material and its synergistic effect with the
steel core layer. The heat stress in the 2nd layer of the
aluminum strands increases significantly with rising humidity,
indicating that humidity has a more significant effect on the
aluminum strands, potentially enhancing the expansion force
and thus increasing the internal stress.

The data in Table 4 shows that at different frequencies, as
the vibration count increases, the strand heat stress and
equivalent alternating stress of the high voltage transmission
conductor exhibit a certain regular variation. Specifically, at
low frequencies (e.g., 1.53 Hz), the vibration count is 23.23 x
107, the strand heat stress is 32.35 MPa, and the equivalent
alternating stress is 17.26 MPa. As the frequency increases, the
vibration count and amplitude gradually increase, and the
strand heat stress also changes. For instance, at a frequency of
12.23 Hz, the vibration count reaches 223254 x 107, the strand
heat stress reaches 12.36 MPa, and the equivalent alternating
stress is 2.23 MPa. From the changes in vibration count, it is
evident that higher frequencies correspond to significantly
increased vibration counts, the strand heat stress gradually
decreases, and the equivalent alternating stress tends to be
lower at higher frequencies. Overall, there is an inverse
relationship between vibration frequency and strand heat stress,
and the equivalent alternating stress decreases as the vibration
count increases. From the data analysis in Table 4, it can be
concluded that vibration frequency has an important impact on
the strand heat stress and equivalent alternating stress of high
voltage transmission conductors. At lower frequencies, the
conductor's heat stress is higher, while at higher frequencies,
the heat stress is relatively lower, indicating that the higher the
frequency, the weaker the stress response caused by thermal
expansion and vibration of the conductor. This phenomenon
can be explained from a fatigue performance perspective: as
the frequency increases, the vibration cycle shortens, and the
stress changes more rapidly in each cycle, which may lead to
stress relief inside the material and thus reduce the
accumulation of fatigue damage.

From the fatigue life data in Figure 6, it can be inferred that
the conductor temperature has a very complex effect on its
fatigue life, with certain nonlinear characteristics. Generally,
temperature has a direct impact on the material's fatigue life,
especially at high temperatures, where the material's strength,
hardness, and other physical properties may change, thus
affecting the accumulation of fatigue damage and life
prediction. The data in the table show that as the temperature
increases, the fatigue life of the conductor significantly



increases, possibly due to the change in the conductor
material's thermal expansion characteristics at higher
temperatures, which alters the distribution of thermal stress.
This results in lower alternating stresses experienced by the
conductor material during long-term operation, thereby
slowing down the fatigue damage process. Although high
temperatures may induce more thermal stress, the physical
properties of the material at high temperatures could lead to a
change in the fatigue damage mechanism, ultimately resulting
in a longer service life. When designing high-voltage
transmission conductors, it is essential to consider the effect of
temperature on conductor fatigue life, particularly in high-
temperature environments, where material selection and
thermal stress analysis should be strengthened to ensure the
long-term stability and safety of the conductor.
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Figure 6. Relationship between conductor fatigue life and
conductor temperature

5. CONCLUSION

The main research content of this paper can be divided into
two parts: the first part focuses on the calculation and analysis
of the thermal stress of high-voltage transmission conductors
under high-temperature and high-humidity environments, with
an emphasis on the thermal expansion behavior of the
conductor and its impact on thermal stress under different
temperature and humidity conditions. By establishing a
thermodynamic model, this paper accurately describes the
thermal expansion and thermal stress of conductors in high-
temperature and high-humidity environments, revealing the
impact of temperature and humidity variations on conductor
thermal stress. The second part, based on the previous
thermodynamic analysis, combines the fatigue performance of
materials to construct a fatigue life prediction model for high-
voltage transmission conductors under high-temperature and
high-humidity conditions, providing theoretical support and
methodological basis for practical applications. The research
results of this paper have important practical value for the
design and use of high-voltage transmission conductors under
high-temperature and high-humidity environments. Through
accurate thermodynamic model analysis, this paper reveals the
significant impact of temperature and humidity on conductor
thermal expansion and thermal stress, further explaining how
these factors, by affecting material fatigue performance,
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ultimately determine the conductor's fatigue life. The research
shows that temperature and humidity have complex
interactions on the conductor’s thermal stress and fatigue life.
Under high-humidity and high-temperature conditions,
conductor thermal stress increases, while the material's fatigue
life may be extended due to the change in stress distribution.
Furthermore, the fatigue life prediction model in this paper can
provide an effective tool for engineering practice to assess the
long-term stability and safety of conductors under different
environmental conditions.

However, this paper also has certain limitations. First, the
study mainly relies on thermodynamic models and
experimental data of materials. The model assumptions and
experimental conditions may differ from actual application
scenarios, especially under extreme weather conditions, which
may yield different results. Second, although this paper
considers the impact of high temperature and humidity on
conductor fatigue life, the analysis does not fully take into
account complex factors such as the periodic changes in
temperature and humidity and the vibration of conductors
during actual operation. Therefore, future research can be
extended in the following directions: (1) further optimizing the
thermodynamic model to consider more complex
environmental factors such as wind speed and climate change;
(2) verifying the accuracy and reliability of the model through
large-scale field test data; (3) exploring the fatigue
performance of different materials under extreme temperature
and humidity conditions, aiming to improve the conductor
material selection and design standards, and enhance the
conductor's stability and durability under variable climate
conditions.
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