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Drop-out fuses are widely used electrical devices, and their reliability directly affects the safety of power supply
systems. Porcelain insulators, as a critical component, are prone to cracking, which significantly disrupts the
order of power production. Therefore, starting from the perspective of stresses caused by mechanical external
forces, environmental temperature changes, and moisture-induced expansion of cement adhesive, the stress
distribution of porcelain insulators is analyzed to determine the causes of failure. The study reveals that the
maximum stress induced by environmental temperature rise occurs at the contact interface between the adhesive
hole in the middle of the insulator and the cement adhesive. When the temperature rises by 50 K, the porcelain
insulator still maintains relatively good strength. However, the cement adhesive is subjected to significant shear
stress, resulting in a failure zone near the adhesive hole. Consequently, the damage to the cement adhesive
caused by temperature rise is identified as the primary reason for the failure of drop-out fuses. Additionally, the
stress caused by moisture-induced expansion of the cement adhesive cannot be ignored. When the relative water
absorption of the cement adhesive exceeds 90.3%, the compressive stress acting on it surpasses its allowable
stress, leading to failure. Therefore, controlling the water absorption rate of the cement adhesive and delaying
the ingress of moisture are critical measures to enhance the operational reliability of porcelain insulators.
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1. Introduction

Drop-out fuses serve as critical components on the high-
voltage side of power supply lines within electrical grids
and are widely used across the globe [1-3]. These fuses
provide overcurrent protection and interrupting capabili-
ties on the high-voltage side, characterized by their simple
structure, clear breaking, and easy operation. They can be
generally categorized into two types based on the mate-
rial of the insulating parts: porcelain and rubber. Rubber
materials are prone to aging in strong ultraviolet environ-
ments, while porcelain materials have better insulation per-
formance [4] and thermal stability [5] compared to rubber
materials. Therefore, drop-out fuses with porcelain insula-

tors are more commonly used in the Northwest region of
China.

The drop-out fuse primarily consists of a porcelain in-
sulator, metal components, a fuse tube, and a fuse. During
operation, the insulator provides support and insulation,
featuring an umbrella-like structure on its exterior to in-
crease the creepage distance. As shown in Fig. 1, the metal
components serve as connectors and conductors. The cur-
rent flows from the wire at the upper end of the insulator,
through contacts, reaching the contact point at the top of
the fuse tube, and then through the fuse inside the tube to
the lower wire. When the current flowing through the fuse
exceeds the rated value, the fuse will break, causing the top
contact of the fuse tube to disconnect and drop down, thus
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Fig. 1. Schematic diagram of a drop-out fuse.

interrupting the circuit.

Drop-out fuses have a wide range of applications, and
power supply interruptions in the grid frequently occur
due to faults in these fuses [6]. Due to its response time of
only a few milliseconds, the drop-out fuse has an irreplace-
able role in ensuring the safety of transformers [7]. The
failure of porcelain insulators is the most common form
of failure in drop-out fuses. Some insulators experience
fractures during use due to adhesive and manufacturing
defects [8], while others break due to uneven support in-
stallation [9]. During operation, faults in drop-out fuses
often result in significant economic losses and considerable
negative impacts. To address this issue, some researchers
have designed specialized fault alarm devices for drop-out
fuses, which can promptly identify the fault location. This
facilitates the reduction of power outage duration [10].

The failure of drop-out fuses is primarily caused by the
fracture of porcelain insulators. Porcelain insulators are
subjected to gravity, wind loads, and the impact force gen-
erated during manual switching. In addition, the thermal
stress on insulators caused by temperature fluctuations can-
not be ignored. Sun’s research indicates that the heating of
porcelain induces crack propagation, leading to insulator
fractures [11]. Wu identified that harsh climatic conditions
are one of the main factors causing the rupture of post
insulators [12]. Wang's study on the stress of post insula-
tors under different temperatures revealed that significant
stress exists at the interfaces of different materials within
the insulator, and the cement adhesive is the weakest link
in post insulators [13]. Zhang’s research pointed out that
temperature changes lead to stress concentration at the in-
terface between the metal flange and the insulator, where
the difference in materials” thermal expansion coefficients
is the fundamental cause of the stress [14]. Liu highlighted

that the structural strength of the metal components in post
insulators has a significant safety margin, making such
components generally less susceptible to failure [15]. These
studies primarily analyze the potential causes of insulator
fractures but lack an in-depth investigation into the stress
distribution and failure mechanisms specific to the insu-
lators of drop-out fuses. In particular, there is insufficient
research into the fracture mechanisms of insulators under
unique environmental and climatic conditions in North-
western China, such as large temperature variations and

strong wind events.
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Fig. 2. Structures and geometric relationships of various
materials in the insulator.

A porcelain insulator is mainly composed of three parts:
metal components, cement adhesive, and an insulating
porcelain body. Each component has different mechanical
parameters and coefficients of thermal expansion due to dif-
ferences in material. Fig. 2 shows the contact relationships
among the insulator’s components. The porcelain insulator
is bonded to the metal components using cement adhesive,
and the forces on the metal components are transmitted to
the porcelain through this adhesive. Due to the differing
thermal expansion coefficients of the three materials, inter-
nal stress can develop when the temperature changes. At
the same time, the water absorption of cement adhesive
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requires special attention during outdoor use [16]. The
essence of cement adhesive is concrete, which readily ab-
sorbs moisture from the air in humid environments, such
as during rainfall, resulting in a hydration reaction and
subsequent expansion. This process generates hygroscopic
expansion stress within the cement adhesive.

In humid environments or rainy weather, hydrophilic
materials can exhibit hygroscopic expansion due to capil-
lary absorption of water in the presence of internal voids
[17]. Porcelain components are typically glazed, which
prevents humid air from permeating them, and metallic
parts are generally not susceptible to moisture absorption.
However, cement adhesive readily absorbs moisture from
the environment, leading to a hydration reaction and sub-
sequent expansion [18]. This phenomenon significantly
impacts the performance of porcelain insulators [19]. Hy-
groscopic expansion is a slow and continuous swelling
process. For disk suspension insulators commonly used in
high-voltage transmission lines, their hygroscopic expan-
sion performance is typically verified through autoclave
testing. According to the standards for disk suspension
insulators, the expansion rate is required to be no greater
than 0.1% [20]. However, there are no experimental require-
ments in the standards to test the hygroscopic expansion
rate of the cement adhesive used in drop-out fuses, and its
hygroscopic expansion is often overlooked. Studies have
shown that the hygroscopic expansion rate of cement ad-
hesive can reach up to 0.27% when it is unrestrained [18].
Therefore, it is necessary to investigate the stress state of
cement adhesive in drop-out fuses after hygroscopic expan-

sion.

In Northwestern China, the usage of porcelain insula-
tors is substantial, and their maintenance costs are high.
Existing research rarely addresses the impact of environ-
mental temperature on the performance of drop-out fuse in-
sulators, and the relevant standards for drop-out fuses have
overlooked testing their hygroscopic expansion behavior.
Considering the significant diurnal temperature variations
and frequent strong winds in Northwestern China, the fail-
ure mechanisms of porcelain insulators in drop-out fuses
become more complex. Therefore, it is necessary to investi-
gate the environmental impacts on insulators, particularly
the effects of temperature and humidity on the internal
stress of insulators. This study examines thermal stress
on insulators when subjected to an environmental tem-
perature rise of 50 K and evaluates stress under varying
relative humidity conditions. These findings are used to
analyze the underlying mechanisms of insulator failure,
providing guidance for the manufacturing and application
of insulators.

2. Basic theories and numerical methods

This study establishes a geometric model of the RW-12kV
dropout fuse and performs finite element analysis on the
insulator component using the transient thermal module
and structural static module in ANSYS software. During
the analysis, it is assumed that the insulator is subjected
to gravity, external loads, and temperature effects. The
contact surfaces of various components of the insulator
are assumed to remain bonded with no separation, the
insulator is defect-free, the material is homogeneous and
isotropic, and the deformation of the insulator is minor.
Material parameters are derived from the literature and
the material properties of porcelain, cement adhesive, and
metal components are defined in the “engineering data”
module in ANSYS. The reliability of the numerical method
used in this study is validated by comparing the results
with those from the literature. Boundary conditions for the
insulator under actual operating conditions are set, and the
effects of temperature and humidity on the internal stress
of the insulator are analyzed.

2.1. Mathematical Model

For the thermoelastic mechanics problem studied in this
papet, the stress and strain of the insulator are caused not
only by external forces but also by temperature changes.
Therefore, before conducting a structural mechanics anal-
ysis, the temperature distribution on the insulator should
first be obtained. The structural strength is then analyzed
under the combined effects of the temperature load and
external load. The temperature variation of the insulator
should satisfy the transient Fourier heat conduction law.
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In the above equation, p is the density, c is the specific
heat capacity, k represents the thermal conductivity, T de-
notes the temperature at various points, and t is the time.

At any given point within an elastic body, the require-
ments of static equilibrium must be satisfied. The equilib-
rium equation can be expressed in the following form:
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In the equation, e denotes the volumetric strain, u, v
and w represent displacements in the x, y, and z directions,
respectively. The term f refers to the body force acting
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on the elastic body, A is the Lame constant, B denotes the
thermal stress coefficient, and G is the shear modulus [21].
The volumetric strain e is given by:

Ju Jdv ow

The expression for Lamé’s constants is:

Ev
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In the above expression, E represents the elastic mod-
ulus, and v denotes Poisson’s ratio. The relationship be-
tween the thermal stress coefficient 8 and the coefficient of
thermal expansion a is given by:
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Hygroscopic expansion is typically measured through
experimental methods that assess the amount of expansion
and deformation. However, there is a lack of mature con-
stitutive models for numerically simulating hygroscopic
expansion. The simulation of the thermal expansion pro-
cess can be easily achieved using finite element software.
Since hygroscopic expansion and thermal expansion are
two analogous processes, the method for simulating ther-
mal expansion in finite element software can be used to
simulate the hygroscopic expansion of cement adhesive.
For example, Zeng et al. [22] utilized the similarities be-
tween heat conduction and pore fluid flow to simulate the
hygroscopic expansion of expansive soils using the thermal
stress module in finite element software. Fan [23] derived
the necessary thermal expansion and conductivity coeffi-
cients for the thermal stress module based on experimental
data on the hygroscopic expansion of expansive soils. This
approach verified the feasibility of using thermal expansion
modules to simulate hygroscopic expansion.

In the context of hygroscopic processes, the thermal
expansion coefficient used in thermal simulations corre-
sponds to the hygroscopic expansion coefficient, while the
thermal conductivity corresponds to the permeability co-
efficient. For the cement adhesive used in porcelain insu-
lators, due to its small volume and the slow hygroscopic
process, it may take several hundred days to reach satura-
tion. Therefore, it can be assumed that the degree of mois-
ture absorption is uniform throughout the cement adhesive,
allowing us to focus on the expansion stress under steady-
state, uniform moisture absorption conditions. Based on
the similarity between temperature fields and stress fields,
the strain due to hygroscopic expansion can be expressed
in the following form [24]:

ew = B (w—wp) (6)

In the given equations, ex represents the strain rate after
hygroscopic expansion, 8 is the hygroscopic expansion
coefficient, w is the relative humidity, and wy is the initial
relative humidity. When the initial relative humidity is 0
and the saturated relative humidity is 1, different levels
of relative humidity correspond to varying amounts of
expansion.

2.2. Material Parameters

The material of the embedded metal components in porce-
lain insulators is carbon structural steel, with a diameter
of 18 mm. The coefficient of linear elastic expansion for
the metal components is relatively larger compared to that
of the porcelain, and being embedded, it induces internal
stress upon thermal expansion. The porcelain body of the
insulator is made of porcelain material, which provides
excellent insulating properties. Porcelain have high hard-
ness and good stability, but they are also notably brittle.
They exhibit strong compressive strength but weaker ten-
sile strength. Notably, porcelains lack plastic deformation,
and when deformation reaches a certain level, brittle frac-
ture occurs [25]. Porcelain materials are classified as brittle
materials, and their analysis typically employs the maxi-
mum principal stress theory. The criterion used is whether
the maximum tensile stress is less than the tensile strength
of the material. The cement adhesive exhibits a higher
linear elastic expansion coefficient compared to porcelain.
On one hand, this allows for better adhesion between the
cement and the inner wall surface of the porcelain insulator.
On the other hand, it induces internal stress within the
porcelain. The physical properties of the materials used
for the insulator are shown in Table 1. In the structural
static analysis module of the ANSYS software, three new
materials—structural steel, porcelain, and cement adhe-
sive—were created under the "Engineering Data" section,
and their material parameters were entered according to
the data in Table 1.

The cement adhesive is primarily composed of port-
land cement and aggregate, and also includes additives
such as water-reducing agents and expanding agents. The
cement and aggregates are mixed in a certain ratio to for-
mulate a cement adhesive. The standard JB/T 4307-2004
"Cement Adhesives for Insulator Bonding" specifies the
performance parameters of cement adhesives of different
strength grades. The compressive strength of ordinary
cement adhesive is 54 MPa, medium-strength cement ad-
hesive is 64 MPa, and high-strength cement adhesive is
83.5 MPa [20]. Cement adhesives are classified as concrete,
which exhibits relatively high compressive strength but
possesses low flexural and shear strength. In this study, the
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Table 1. Physical properties of materials used in insulators.
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cement adhesive primarily withstands the pressure caused
by thermal stresses. At the same time, under the constraint

1318 of the porcelain body, the cement adhesive tends to extrude
| . .
out of the bonding hole under compression.

Additionally, it is subjected to tangential stress on the
bonding surface. For the interface between new and old
concrete or the bonding surfaces of concrete and other ma-

<lo!| o terials, the bonding strength is relatively low. It is often
o] B necessary to add special adhesives to improve the shear
strength [26]. Regarding the porcelain insulator of the drop-
out fuse, experimental results from the literature show that
the shear bonding strength of the cement adhesive used
for the insulator is approximately 2.425 MPa, which is sig-
nificantly lower than its flexural strength and compressive
6o strength [27]. When concrete is subjected to shear stress,
oo}
2 &3 it is considered to experience deformation or fracture fail-
ure if the maximum shear stress exceeds its shear strength.
Therefore, the Mohr-Coulomb theory is employed to an-
alyze the strength of the cement adhesive in this study.
The shear strength of the material can be expressed by the
following formula [28]:
0
N | =
SIEI T=c+0- tang ?)

where T represents the shear stress, ¢ is the normal stress, ¢
is the cohesion, and ¢ is the internal friction angle. Based on
experimental data from the literature [27], for high-strength
cement adhesives, c is 2.153 MPa , and ¢ is 43.8°.

2.3. Boundary Conditions and Numerical Methods
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During operation, the central iron handle of the insulator
is bolted to the cross arm, while both the incoming and
outgoing ends of the insulator are connected to electrical
wires. The loading conditions of the insulator are shown in
Fig. 3. In the structural static mechanics module of ANSYS,

(kg/m?)
7850

§ § constraints are applied based on the loading conditions of
o the insulator. The contact surface between the central iron
handle of the insulator and the crossarm is subjected to a re-

mote constraint, restricting all displacements and rotations

except those caused by temperature changes. The entire

ool — insulator is subjected to the action of gravity G, which is
SIS perpendicular to and directed downward from the contact
surface of the central iron handle. Spring forces Fy, acting

along the axis of the porcelain insulator, are applied at both

- the upper and lower end iron handles, affecting the contact
§ surfaces between the iron handles and the fuse tube base.
g ’% = é’ During operation, the upper end iron handle is subjected
g 3 3:3 é to a pulling force F directed along the pulling direction.
% clS 3 According to the production process provided by the man-
g ufacturer, the spring force F does not exceed 60 N, and the

pulling force F does not exceed 160 N. There is no relative
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sliding or separation on the contact surfaces of different
materials; therefore, the contact relationship between the
cement adhesive and the iron handle, as well as between
the cement adhesive and the porcelain insulator, is defined
as a fully bonded contact.

Fig. 3. Forces acting on the insulator.

When solving for the temperature field of the insulator,
the transient thermal analysis module is used, where the
initial temperature of the insulator is set to 20°C. A convec-
tive heat transfer coefficient (100 W/ (m? K)) is applied to
all surfaces of the insulator exposed to air, and the incom-
ing airflow temperature is set to the ambient temperature.
This setup is designed to simulate the temperature varia-
tion of the insulator under strong wind conditions. Once
the temperature field of the insulator is obtained, it is then
imported into the structural static analysis module to solve
for the resultant thermal stress.

The mesh module of ANSYS was utilized for mesh-
ing. The insulator of the drop-out fuse was modeled us-
ing SolidWorks software and imported into the geometry
module of ANSYS. Predominantly tetrahedral and free tri-
angular mesh structures are used. Mesh refinement was
applied near the interfaces of the cement adhesive, metal
components, and all different material boundaries. The
total number of mesh elements was 2.14 million, and the
mesh structure is shown in Fig. 4.

To validate the reliability of the numerical method used
in this study, the same numerical method was applied to
calculate the thermal stress on a post-type insulator in low-

Fig. 4. The mesh of the insulator.

temperature environments as described in reference [29].
When the reference temperature is set to 18°C, the thermal
stress on the post-type insulator increases as the tempera-
ture decreases. A comparison of the results obtained using
the numerical method in this study with the results calcu-
lated using the formula provided in the reference is shown
in Fig. 5. From Fig. 5, it can be observed that the results
computed using the numerical method in this study are
consistent with those in the reference, with an error margin
of less than 5%. This indicates that the method employed in
this study has good reliability in calculating thermal stress.

40
®  The results of the present method
The results of reference [29]
30
=
o]
= 20f
iy
10
0 . 1 . 1 . 1 .
-30 -20 -10 0 10

T (°C)

Fig. 5. Comparison of numerical results with results in the
literature.
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3. Results and discussion

During normal operation, the insulator is subjected to grav-
itational forces, spring forces, and tensile forces during
operation. Under the influence of these mechanical forces,
the maximum mechanical stress occurs at the bend in the
middle iron handle of the insulator. When converted to
Von Mises equivalent stress, it is approximately 278 MPa,
which meets the strength requirements of the metal com-
ponents and will not cause damage. Apart from the metal
components, the maximum principal stress on the insu-
lator is 7.78 MPa, located at the contact surface between
the central iron handle and the cement adhesive. This in-
dicates that stress is more concentrated at the joint of the
central iron handle during operation of the fuse, but it is
still less than the allowable stress of the cement adhesive.
The maximum principal stress at the bonding site between
the cement adhesive and the porcelain insulator is approxi-
mately 4.17 MPa. This stress is relatively low compared to
the mechanical strength of the insulator, and no damage
will occur at this part under normal operations.

3.1. Transient Thermal Stress during Environmental Tem-
perature Changes

In the summer, many regions in China experience high
temperatures, especially in areas such as Xinjiang, Gansu,
and Xi’an, where local surface temperatures can exceed
70°C. When the ambient temperature is high, the sudden
occurrence of strong winds or heavy rain causes the in-
sulator to undergo a cooling process. Setting the initial
temperature of the insulator at 70°C, with the convective
heat transfer coefficient of the insulator and metal com-
ponents surface being 100 W/ (m? K), and the incoming
air temperature at 20°C, the insulator’s temperature will
rapidly decrease under such strong convection conditions.
The varied temperature distribution across different areas
causes different expansion rates, leading to internal stress
within the insulator.

During the temperature drop process, the stress on the
insulator decreases as the temperature drops. The stress
on the insulator is at its maximum at the beginning of the
cooling process. The distribution of the principal stress is
shown in Fig. 6(a). The stress concentration occurs near the
cemented holes in the middle of the insulator and at the
root of the insulator shed. The maximum tensile stress is
44.35 MPa and occurs near the cemented hole of the porce-
lain insulator, while the maximum compressive stress is
20.24 MPa and appears on the cement adhesive within the
cemented hole in the middle of the insulator. The deforma-
tion of the insulator is shown in Fig. 6(b). With the central
iron handle fixed, the two ends of the insulator expand

outward when heated, with a maximum displacement of

1.11 mm.
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Fig. 6. The distribution of principal stress and deformation
on the insulator.

The temperature variation of the insulator over time
causes the stress on the insulator to change accordingly.
The magnitude of the stress is related to the temperature
gradient across different regions of the material. During the
cooling process, the outer surface with a lower temperature
contracts first, while the inner layer contracts later. As a
result, the outer surface is subjected to tensile stress from
the inner layer, which can be expressed as [30]:

ExAT
05 =
1—v

®)

In the equation, AT represents the temperature differ-
ence. For common porcelain, the elastic modulus is ap-
proximately 60 to 80 GPa , Poisson’s ratio is 0.2 , and the
coefficient of thermal expansion is 5.0 x 107%/°C. When
the temperature of the porcelain rapidly changes from 70°C
to 20°C, the possible maximum stress is 25 MPa . This re-
sult is generally consistent with the numerical simulation
results, where the stress on the surface of the insulator is
mostly below 26.61 MPa . Based on the above calculations
and the simulation process, the insulator demonstrates ad-
equate strength under sudden temperature changes and is
not prone to failure after several temperature fluctuations.
However, for fatigue failure of the insulator under cyclic
thermal loads, further research is required using the fatigue
life curve of the porcelain material.

When the operating temperature of an insulator exceeds
the temperature of its production environment, thermal
stress is generated internally. Figure 7 illustrates the vari-
ation curves of the insulator’s average temperature and
maximum principal stress over time, with an initial tem-
perature of 20°C, a convective heat transfer coefficient of
100 W/ (m? K), and an incoming air temperature of 70°C.
As shown in the figure, the average temperature of the
insulator continuously rises over time, reaching equilib-
rium at approximately 1800 seconds. The magnitude of
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Fig. 7. Variation of average temperature and maximum
principal stress of the insulator over time.

stress on the insulator is related to the temperature increase
of the insulator; as the insulator’s temperature rises, the
maximum principal stress on the insulator also increases.
The stress is mainly concentrated on the contact surface be-
tween the cement adhesive and the central cemented hole
of the porcelain insulator, with a stress distribution simi-
lar to that in Fig. 6(a). The maximum tensile stress at the
central cemented hole of the porcelain insulator is approxi-
mately 40.6 MPa . The maximum tensile stress experienced
by the porcelain insulator is less than the allowable stress
for porcelains, which is 200 MPa. Generally, the porcelain
insulator will not fail due to operational forces and thermal
stress, although the possibility of breakage cannot be ex-
cluded if there are internal defects, such as high porosity.
The stress changes in the insulator during cooling and heat-
ing processes indicate that the maximum principal stress
on the insulator is primarily related to the final tempera-
ture of the insulator, with a weaker relationship to time.
Time affects the magnitude of thermal stress by influencing
heat conduction. When the temperature tends to become
uniform, the main factor determining the magnitude of
thermal stress is the difference in thermal expansion coeffi-
cients of various materials, while the temperature gradient
caused by differences in thermal conductivity has a smaller
impact on thermal stress.

When the ambient temperature rises, the cement ad-
hesive exhibits a larger expansion, causing it to tend to
move outward from the bonding hole. At the contact sur-
face between the cement adhesive and the bonding hole,
the wall of the bonding hole constrains the outward dis-
placement of the adhesive, resulting in shear stress on the
cement adhesive directed inward by the wall surface. The
contact surface within the cement joint is a weak point,
as illustrated in Fig. 8(a). For different ambient tempera-
tures, varying expansion rates result in tangential stresses

of different magnitudes. Fig. 8(b) shows the relationship
between the tangential stress on the two contact surfaces
and the temperature increase. It can be observed that as
the temperature rises, the tangential stress increases pro-
gressively. The tangential stress at the bonding interface
between the cement adhesive and the porcelain body is
significantly greater than that at the interface between the
iron handle and the cement adhesive. At an ambient tem-
perature increase of 50 K, the average tangential stress on
the contact surface between the iron handle and the ad-
hesive is 0.32 MPa, while the average tangential stress on
the contact surface between the cement adhesive and the
adhesive hole is 2.25 MPa. This tangential stress is below
the shear strength at the bonding interface of the cement
adhesive. The shear strength of the cement adhesive in-
terface is approximately 2.425 MPa. When the tangential
stress at the bonding interface between the porcelain body
and the cement adhesive approaches the shear strength
of the cement adhesive at a temperature increase of 50 K,
the bonding interface becomes critical. Therefore, atten-
tion should be given to the tangential stress at the bonding
interface between the cement adhesive and the porcelain
body under temperature rise conditions to avoid potential
failure caused by excessive temperature increases.

= 15E
&
2

\ [

0 10 20 30 40 50
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(@) (b)
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Fig. 8. Contact surface of cement adhesive and variation of
tangential stress on the surface with temperature increase.

The safety of concrete is often analyzed using the Mohr-
Coulomb theory, as the shear strength of concrete is signifi-
cantly influenced by normal pressure. The Mohr-Coulomb
theory effectively describes the shear performance and fail-
ure behavior of concrete. Based on the experimentally
measured parameters ¢ and ¢ of the cement adhesive from
literature, the shear strength envelope of the cement ad-
hesive is determined. Material failure occurs when the
Mohr'’s circle is tangent to the shear strength envelope. In
ANSYS, a safety factor f is used to evaluate the reliability of
the material. Safety factor is defined as the ratio of the ma-
terial’s strength limit to the applied stress. When f > 1, the
material is considered safe; when f < 1, the material fails.
The distribution of the safety factor on the cement adhesive,
based on the Mohr-Coulomb theory, is shown in Fig. 9. It
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can be observed that when the ambient temperature rise is
50 K, the safety factor in areas near the adhesive hole is less
than 1, indicating that the cement adhesive fails in these
regions. This is largely consistent with the areas where
similar insulators tend to fracture. The cement adhesive is
also a weak point of the drop-out fuse insulator, and the
shear stress exerted on the cement adhesive significantly
impacts the reliability of the insulator.

f

15
10

AT=50 K

Fig. 9. Safety factor of the cement adhesive.

3.2. Stress Caused by Hygroscopic Expansion

For the cement adhesive, the expansion rate is 0.27% under
saturated conditions. This leads to a calculation that yields
an expansion coefficient § = 0.0027 at a 100% relative
humidity. Therefore, the thermal-stress coupling module
in ANSYS software can be employed to solve for the stress
caused by hygroscopic expansion.

After moisture absorption, the distribution of maximum
principal stress on the middle section of the cement adhe-
sive in the insulator is shown in Fig. 10. Once the cement
adhesive absorbs moisture and expands, it is constrained
by the porcelain shell and subjected to compressive stress,
with the maximum compressive stress reaching 92.48 MPa
. At this stress level, even high-strength cement adhesive
will be crushed. Fig. 11 shows the failure of the cement
adhesive at the bonding hole in the middle of a drop-out
fuse.

The outermost layer of the cement adhesive is squeezed
out due to compression, reducing the bonding area be-
tween the metal handle and the porcelain shell. It can also
be observed that the porcelain shell is subjected to tensile
stress during the expansion of the cement adhesive, with
the maximum tensile stress reaching 95.38 MPa. At this
stress level, a high-quality porcelain insulator should not
fracture. Therefore, once the cement adhesive becomes
saturated with moisture, it will be extruded out from the

0, (MPa)
95.38
76.30

57.22

i/

38.15
19.09
0
-18.50

-36.99

-55.48 /
-73.98 /

-92.48

Fig. 10. Distribution of maximum principal stress in the
middle section of the insulator during hygroscopic
expansion.

Fig. 11. Failure diagram of cement adhesive in insulator.

bonding hole in the porcelain shell, causing the metal han-
dle to detach from the bonding hole. Insulators that have
not yet failed may eventually experience accidents due to
rainwater intrusion and the corrosion-induced expansion
of the metal handle in the future, ultimately leading to the
fracture of the porcelain shell.

The hygroscopic expansion of cement adhesive is a slow-
developing process, particularly for the cement in the bond-
ing hole, where only the outer surface is exposed to air.
Moisture gradually penetrates the interior of the cement
through voids, leading to hydration reactions with miner-
als such as magnesium oxide, sulfates, and gypsum, which
then cause expansion. The rate of water absorption di-
rectly influences the expansion rate of the cement adhesive.
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Fig. 12. Relationship between maximum principal stress
and relative moisture content in the middle section of the
insulator during hygroscopic expansion.

Different water absorption rates correspond to different
expansion rates, leading to varying levels of stress. Fig. 12
illustrates the relationship between different moisture ab-
sorption rates and the maximum principal stress in the
cement adhesive. The graph shows that the maximum
principal stress increases with the increase in relative mois-
ture content. When the relative moisture content reaches
90.3%, the maximum principal stress on the cement ad-
hesive exceeds its allowable stress. Therefore, controlling
the relative moisture content of the cement adhesive and
slowing the ingress of moisture are crucial for enhancing
the operational reliability of insulators. Applying water-
proof coatings to the contact surface between the cement
adhesive and air can reduce the moisture absorption rate,
thereby extending its service life.

4. Conclusions

This paper examines the stress experienced by the insu-
lator of a drop-out fuse under external mechanical loads,
thermal loads, and the effects of hygroscopic expansion of
cement adhesive. The study analyzes the impact of me-
chanical forces on the insulator when subjected to gravity,
the spring force of the fuse tube, and operational pulling
forces. The analysis considered the thermal stress caused
by temperature variations between the curing environment
and the actual operating environment of the insulator, as
well as the stress induced by the hygroscopic expansion
of the cement adhesive. The following conclusions were
drawn from numerical simulations:

1. Under mechanical external forces, the maximum prin-
cipal stress on the insulator is 7.78 MPa. This stress is
lower than the allowable stress for both the porcelain
body and the cement adhesive. Therefore, the current

insulator will not experience failure under the effect
of mechanical external forces alone.

2. When the ambient temperature rises by 50 K, the max-
imum principal stress reaches 40.6 MPa, occurring at
the contact surface between the adhesive hole in the
middle of the porcelain body and the cement adhesive.
For a qualified porcelain body;, this stress will not lead
to failure. At this temperature increase, the tangential
stress at the interface between the cement adhesive
and the adhesive hole is 2.25 MPa, which is close to
the shear strength of the cement adhesive bonding
interface, 2.425 MPa. Using the Mohr-Coulomb the-
ory to analyze the shear performance of the cement
adhesive reveals that a failure zone exists near the ad-
hesive hole in the cement adhesive. This indicates that
the tangential stress caused by the temperature rise
is the primary factor leading to the failure of the ce-
ment adhesive. Additionally, the maximum principal
stress and tangential stress on the insulator depend on
the maximum temperature rise of the insulator. This
shows that the thermal stress on the insulator is pri-
marily caused by the difference in thermal expansion
coefficients of the materials, with a weaker correlation
to the temperature gradient within the insulator.

3. When the relative moisture absorption rate of the ce-
ment adhesive reaches 90.3%, the compressive stress
on the cement adhesive exceeds the allowable stress
for high-strength cement adhesives. Consequently,
the cause of insulator failure in drop-out fuses is the
cracking of the cement adhesive after hygroscopic ex-
pansion. This allows rainwater to seep in, causing fur-
ther freeze-thaw cycles and rust-induced expansion of
metal components, ultimately resulting in the cracking
of the insulator at the cemented hole. Therefore, it is
essential to implement waterproofing measures for the
cement adhesive used in insulators to delay or prevent
moisture ingress, thereby enhancing their service life.

This paper analyzes the impact of environmental
changes on the insulator, focusing only on its static strength
under variations in temperature and humidity. However,
it does not address wind loads during high winds or dy-
namic loads during operation. In particular, the fatigue
strength of the insulator under cyclic wind loads requires
further investigation.
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