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Herein, a three-dimensional (3D) finite element model of a strain clamp-conductor system is established, with an NY-300/40
compression-type strain clamp taken as an example. *e tensile load-carrying capacity of the strain clamp under standard
crimping conditions is analyzed with LS-DYNA software, and the simulation results are compared with the experimental results to
verify the accuracy of the model. On this basis, the tensile load-bearing capacity and failure mode of the strain clamp-conductor
system are analyzed when the crimping length between the steel anchor and steel core is insufficient. Studies have shown that the
grip strength of a strain clamp is provided mainly by the crimping between the steel anchor and the steel core. Under standard
crimping conditions, the tensile load-bearing capacity of the strain clamp can meet the design requirements. Moreover, because
the crimping length between the steel anchor and steel core is sufficient, the strain clamp fails due to aluminum strand breakage
rather than the steel core being pulled out of the steel anchor. When the crimping length is insufficient, the grip strength of the
strain clamp decreases with decreasing crimping length. Although the absolute value of the grip strength does not decrease
significantly, the failure mode gradually changes from the breakage of the aluminum strands to the steel core being pulled out of
the steel anchor. For the NY-300/40 compression-type strain clamp, the corresponding critical crimping length (i.e., when the
change in failure modes occurs) between the steel core and the steel anchor is 50∼60mm.

1. Introduction

Power and energy systems are important lifeline engineering
infrastructures that are vital to the stability and sustainable
development of society. A typical power supply system
consists of three principal components, namely, a power
station, transmission lines, and a distribution system. Due to
the large scale and complex structural hierarchy, a wide
variety of events (e.g., material properties, load variations in
usages, and human and natural threats) can cause disruption
of a power system [1–3]. *erefore, it is of great significance
to carry out studies in the field of safety and reliability of
power and energy systems. Among them, studies on the
failure mechanisms and lifetime prediction of engineering

materials and structures are critical, as they play a basic role
in power and energy systems. Scholars have also conducted
fruitful research on this issue. Related studies have involved
mainly the fatigue and fracture performance of the structure
materials in power plants [4–11], the seismic behavior of
electric substation equipment and structures [12–14], and
wind-induced vibration effects of transmission lines and
towers [15–17]. In addition, there have been many other
studies that are not listed here. *ese studies have provided
effective technical support for the appropriate design and
maintenance of power and energy systems.

In recent years, the continuously increasing power de-
mand has brought on the augmentation of power system
capacity and the interconnection of electrical networks. As a
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result, long-distance, large-span, and ultrahigh-voltage
(UHV) power transmission systems have emerged. With the
formation of the UHV transmission and bulk power system,
the safety, stability, and reliability of the power system and
its components are required to reach a higher level. Cur-
rently, UHV transmission projects often use high-hanging,
multisplit steel-cored aluminum stranded conductors with a
large cross section as transmission conductors to improve
the current-carrying capacity. *us, the wind-induced
tension effects on transmission lines have become even
more prominent, incurring high requirements for the
tensile strength of a conductor and the fixed strain clamps
(Figure 1) connected to it.

As important components of a power transmission
system, fixed strain clamps are commonly used to fix
conductors and ground wires to insulators or link fittings to
tower arms and substation structures. In practice, fixed
strain clamps are also called compression-type strain clamps,
which are made from materials with a high tensile strength
to ensure the safety of the conductors, and hydraulic
crimping construction technology is frequently used.
However, due to the uncertain factors in the process of
crimping and the complex service environment, the failure
risk of a strain clamp-conductor system is further increased.
In the routine maintenance of power grid lines, it is not
uncommon for a line to drop and the metal fittings to fall off
due to strain clamp failure (breakage or cracks), causing a
serious threat to the safety of power transmission systems.
*erefore, it is essential to conduct research on the quality of
crimping and mechanical performance of hydraulic strain
clamp-conductor systems to ensure that they can operate
safely within their design service periods.

Researchers have carried out a series of simulation and
experimental studies on different aspects, such as the crimping
process and quality, clamp defect detection, and stress analyses
of the clamp and wire. In terms of the crimping process and
quality, Chanda et al. [18] analyzed the effects of a circular
stamper and a square stamper on the crimping process and
noted that the stress state of the aluminum alloy after crimping
with the circular stamper is better than that after crimping
with the square stamper. Abbas et al. [19] conducted a two-
dimensional simulation of the crimping process using implicit
and explicit finite element methods; they compared their
simulation results with experimental data from an actual
crimping process. Shirgaokar et al. [20] analyzed the crimping
process between a double-grooved tube and a bullet, in which
they investigated the issues associated with different crimping
processes, manufacturing tolerances, and stress distributions.
*e studies of Liu et al. [21] showed that incomplete surface
cleaning or poor high-current drainboard installation in the
crimping process could generate a large amount of heat,
leading to a reduction in the strength of the steel core and
causing a disconnection accident. He et al. [22] analyzed the
mechanisms governing the breakage of a 750 kV line with
improperly crimped strain clamps. *eir analysis showed that
the main cause of the line breakage was the poor crimping
quality of the aluminum pipe and the steel anchor in the strain
clamp. *e effects of different crimping methods between an
aluminum pipe and a steel anchor on the grip strength of a

strain clamp were studied in depth by Sun et al. [23], and their
results showed that a correct crimping technique is critical to
ensure that the strain clamp has a sufficient grip strength. In
addition, researchers have also investigated the crimping
length of strain clamps. Feng et al. [24] investigated the
crimping length of large cross section conductors (1520mm2)
and strain clamps, through which they determined the critical
crimping lengths between the strain clamps and the aluminum
pipe and steel anchor. However, this study did not analyze the
failure modes or internal stresses under different crimping
lengths between the wire and the aluminum pipe and steel
anchor. In terms of defect detection for the strain clamp and
wire, the research results focus mainly on the application of
nondestructive testing technology. Rizzo and Di Scalea [25]
and Cramer et al. [26] successfully used ultrasonic detection
techniques to study the crimping quality of cables and strain
clamps. Finc et al. [27] used a thermal image diagram to
evaluate the quality of a strain clamp. In recent years, re-
searchers have employed X-ray nondestructive testing tech-
nology to detect defects in strain clamps and wires. For
example,Wang et al. [28] and Rajak andKore [29] successfully
applied this technology in the analysis and evaluation of the
crimping quality of a strain clamp. Wang et al. [30] theo-
retically analyzed the feasibility of using this technology in
transmission lines, determined the different defect conditions
via field X-ray detection and tensile tests, and provided a
reliable basis for the use of X-rays to measure the quality of
crimping of fittings.

Compared with the above two aspects, there are rela-
tively many studies focusing on wire stress analysis. Most of
these studies have focused on the simulation of the stress
characteristics of stranded wires while considering the in-
fluence of the contact of the strands and the damage and
fatigue failure of the wires. For example, Kumar and Botsis
[31] studied the behavior of multilayered strands with
metallic fiber cores under the action of axial tension and
combined axial tension-torsion and proposed a corre-
sponding analytical expression for the maximum contact
stress. Jiang et al. [32] established an effective finite element
model to predict the mechanical properties of steel strands
with multicontact modes. Ghoreishi et al. [33] compared the
numerical simulation results from 9 linear elastic analytical

Fixed strain clamp

Figure 1: Connection diagram of a strain clamp for an overhead
transmission line.
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models and a three-dimensional finite element model of a
single-layered strand under static axial loading. Levesque
et al. [34, 35] simulated the contact relationship between a
wire and a suspension clamp using an elliptical elastoplastic
microcontact model. Kalombo et al. [36] evaluated the cause
of premature fatigue failure of an AAAC 900 MCM con-
ductor used on a 230 kV power line in the central-west
region of Brazil. *e above studies provide a good basis for
an in-depth analysis of the mechanical properties of a strain
clamp-conductor system.

A summary of the above literature shows that there are
an increasing number of problems related to the failure of
strain clamps in practice, especially mechanical damage, and
this issue has become a focus of attention in transmission
line engineering. *erefore, an in-depth investigation of the
tensile load-bearing capacities and failure modes of a hy-
draulic strain clamp-conductor system is of great signifi-
cance. However, to our knowledge, there has been relatively
little research on the overall tensile performance of a strain
clamp-conductor system after crimping due to the difficulty
of obtaining the internal stress-strain information of a closed
strain clamp-conductor system through tests. *erefore, in
this paper, an NY-300/40 compression-type strain clamp is
used as an example to simulate the tensile behavior of the
strain clamp-conductor system after crimping.*e variation
characteristics of the tensile load-bearing capacity of this
system and the corresponding failure modes of the system
under different crimping lengths are analyzed. *e results
may provide an approximate prediction of the load-carrying
capacity and safety of a strain clamp-conductor system.

2. Finite Element Model for a Typical Strain
Clamp-Conductor System

A typical compression-type strain clamp is composed
mainly of steel anchors and aluminum casings, as shown in
Figure 2, and the steel anchors are used to connect the steel
core in the inner layer of aluminum cable steel-reinforced
(ACSR) conductors. *e two ends of the aluminum pipe are
crimped with an aluminum strand and steel anchor so that
the strain clamp and the steel-cored aluminum strand are
fixed together to form an overall structure capable of
withstanding the full tension of the conductor. Considering
that the NY-300/40 compression-type strain clamp is
commonly used in transmission lines, the following analysis
is based mainly on this type of strain clamp.

2.1. Geometrical and Material Parameters. *e NY-300/40
strain clamp is suitable for crimping LGJ-300/40 steel-cored
aluminum stranded wires, and this type of wire has four
layers. *e first and second layers are steel cores with 1
strand and 6 strands, respectively, wherein the diameter of a
single strand is 2.66mm. *e third and fourth layers are
aluminum stranded wires with 9 strands and 15 strands,
respectively, wherein the diameter of a single strand is
3.99mm. *e geometric constructions of the steel-cored
aluminum stranded wire, steel anchor, and aluminum pipe
are shown in Figure 3. Table 1 lists the mechanical properties

of each component material under normal temperature and
pressure. *e corresponding stress-strain curves of each
material are shown in Figure 4.

2.2.MeshGeneration. To accurately simulate themechanical
properties of the strain clamp-conductor system, the finite
element preprocessing software HyperMesh [37] is used in
this paper to establish the 3D simulation model (Figure 5),
generate the mesh, and build the finite element model.
Because the shapes of the steel core wire, aluminum stranded
wire, aluminum pipe, and stamper are relatively simple and
regular, hexahedral elements are used for meshing. Com-
pared with tetrahedral elements of the same size, hexahedral
elements have a higher accuracy and higher computational
efficiency. For the steel anchor, because the steel anchor
groove has a sharp angle, it is not suitable for splitting into
hexahedral elements. *erefore, the steel anchor is divided
into two parts. *e joint with the steel core wire uses
hexahedral elements, and the joint with the aluminum pipe
uses tetrahedral elements. For the interface of the two parts,
the common node method is used with a unit size of 1mm.
Figures 6–8 show the meshing diagrams of the steel core
wire, aluminum stranded wire, steel anchor, and aluminum
pipe.

For the stamper, the deformation is very small during the
crimping process, and rigid body simulation is used in the
modeling. Figures 9–11 show finite element models of the
stamper with the steel core, steel anchor, aluminum pipe,
and aluminum strand.

2.3. Calculation Settings. *e crimping and stretching of the
strain clamp-conductor system are both completed in a
relatively short time, and a relatively large plastic defor-
mation occurs during the process. Since these processes are
highly nonlinear and are not statically balanced, this paper
selects the powerful LS-DYNA finite element software [38]
for the simulation analysis. LS-DYNA is a general-purpose
finite element program capable of simulating complex real-
world problems.*e core competency of this software lies in
highly nonlinear transient dynamic finite element analysis
using explicit time integration. During computation, the
central difference method, which has relatively high calcu-
lation efficiency and accuracy, was also used to improve
computational efficiency. Corresponding to the aforemen-
tioned preprocessing model, all meshes adopt SOLID164
elements.

When establishing the material model, after considering
the entire loading process of the material (from initial de-
formation to yielding, strengthening, and fracture) and the
eventual failure of the strain clamp, a piecewise linear model
for an elastoplastic material is selected; the keyword for this
model is ∗MAT_PIECEWISE_LINEAR_PLASTICITY. To
accurately simulate failure when the stress exceeds the
strength limit of the material, a material failure criterion was
added (∗ADD_MAT_EROSION), in which the criterion was
set as an effective stress. *us, in the calculation process,
when the stress value corresponding to a certain unit reaches
the corresponding material strength limit, this unit could be
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deleted, resulting in a failure effect. Take the aluminum
stranded wires for example: in the stretching process, when
the stress value of a certain unit in one aluminum wire
reaches 187MPa, this unit is considered a failure unit and
should be deleted. Consequently, if all the units on the same
cross section of one aluminum wire in the aluminum strand
are removed due to failure, the strand breaks.

For the stamper, the rigid material model
(∗MAT_RIGID) is used. In addition, to ensure the smooth
progression of the central difference algorithm used in the
calculation, the same material parameters used for the steel

anchor are assigned to the stamper. *ere are two types of
contact in the crimping process of the strain clamp-con-
ductor system. *e first contact type is a contact existing
prior to crimping, including the mutual contact between the
steel core wire and aluminum strands. In the process of
kinetic analysis, it is assumed that there is no mutual
penetration or separation between the steel core wires and
the aluminum strands; i.e., the core wires and strands can
only slide along their respective interfaces. *is is a typical
two-way face-to-face contact. However, due to the large
number of contact surfaces between these objects, it is not
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Figure 2: Typical compression-type strain clamp.
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Figure 3: Schematic diagram of the geometric construction of an NY-300/40 strain clamp: (a) cross section of the steel core and aluminum
strands; (b) aluminum pipe; (c) steel anchor.

Table 1: Mechanical properties of the strain clamp and conductor materials.

Parts Young’s modulus
(MPa)

Poisson’s
ratio Density (kg/m3) Yield strength

(MPa)
Tangent modulus

(MPa)
Tensile strength

(MPa)
Steel core 1.95×105 0.3 7850 1210 6100 1558
Steel anchor and stamper 2.03×105 0.3 7850 235 6100 400
Aluminum pipe and aluminum wire 7×104 0.31 2703 125 2200 187
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Figure 4: Stress-strain curves of the strain clamp and conductor materials.

Figure 5: *e 3D simulation model of the strain clamp-conductor system.
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Figure 6: Meshing diagram of the steel core wire and aluminum stranded wire: (a) overall view; (b) cross-sectional view.
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Figure 7: Meshing diagram of the steel anchor (left side: steel-cored aluminum stranded wire).
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easy to determine all the contact surfaces in the entire
simulation process. *erefore, for the simulation in this
paper, an automatic face-to-face contact model is selected to
search the contact surfaces; the keyword for the model is

∗CONTACT_AUTOMATIC_GENERAL [39, 40]. *e
second contact type is the contact that occurs after the
relative movement of the components due to the crimping
process, including the contact between the steel core and the

XZ

Y

(a) (b)

Figure 8: Meshing diagram of the aluminum pipe: (a) overall view; (b) cross-sectional view.

(a) (b)

Figure 9: A finite element model for the crimping process of the stamper, steel core, and steel anchor: (a) overall view; (b) cross-sectional
view.

(a) (b)

Figure 10: A finite element model for the crimping process of the stamper, aluminum pipe, and steel anchor: (a) overall view; (b) cross-
sectional view.

(a) (b)

Figure 11: A finite elementmodel for the crimping process of the stamper, aluminum pipe, and aluminum strand: (a) overall view; (b) cross-
sectional view.
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steel anchor, the contact between the steel anchor and the
aluminum pipe, the contact between the aluminum pipe and
the aluminum strand, the contact between the steel anchor
and the stamper, and the contact between the aluminum
pipe and the stamper. *ese contacts are also two-way face-
to-face contacts. However, because these contact surfaces
can be specified, the contact surfaces are noted with the
∗CONTACT_AUTOMATIC_SURFACE_TO_SURFACE
keyword during analysis.

*e grip strength of the strain clamp is derived mainly
from the friction between the contact surfaces. For example,
the binding force between the steel anchor and the steel core
wire is the most important part of the grip strength of the
strain clamp. *is part of the binding force is the friction
from the contact surface between the steel anchor and the
steel core wire. In the present study, the friction from the
contact surfaces is considered by setting the friction coef-
ficient in all contact keywords. *e friction coefficients were
set to 0.2 for simulating the contact behavior between the
steel and aluminum materials. Note that there is no pre-
compression between the contact surfaces.

In the stretching simulation, the application of the
stretching boundary condition also includes two aspects: the
application of the tensile load and the application of the
corresponding boundary constraint. During the stretching
process, the side end of the steel anchor is fixed and con-
strained, and then the tensile load is applied on all the side ends
of the steel-cored aluminum strands. Considering the
uniqueness of the structure of the steel-cored aluminum
stranded wire, the cross section of each steel strand is not
perpendicular to the axial direction of the aluminum strand.
Although the tensile load is applied axially during stretching,
the actual load is applied on a protruding strand.*erefore, in
this paper, a special method is used to apply a tensile load to
the steel-cored aluminum stranded wires. First, the node on
the short segment near the end of the steel-cored aluminum
strand is selected and set as a rigid body constraint, for which
the keyword is ∗CONSTRAINED_NODAL_RIGID_BODY.
*e constraint target is set as a node on the strand axis. Hence,
the selected nodes do not undergo relative displacement
during the stretching process but undergo only rigid body
displacement; the corresponding movement can be specified
by the target node. *en, the target node is subjected to a
tensile load in a specified direction (i.e., the load along the axial
direction), for which the keyword is ∗LOAD_RIGID_BODY.
*us, in the analysis, the tension can be manually applied and
gradually increased from 0 to a relatively large value within a
certain period of time until the strain clamp fails. Boundary
constraints are applied to the side ends of the steel anchor. In
contrast to the application of the tensile load, the cross section
of the steel anchor end is round and perpendicular to the axis.
*erefore, it is necessary only to apply the boundary con-
straints to the cross sections on the side ends of the steel
anchor to achieve the same effect as the fixed constraint.
*erefore, in this study, all nodes on the cross sections of the
side ends of the steel anchor are selected, and then node
constraints are applied to limit the degree of freedom in all
directions during the stretching process, for which the key-
word is ∗CONSTRAINED_SPC_SET. *us, during the entire

stretching process, the cross sections of the side ends of the
steel anchor remain constrained and cannot move or deform.

In addition, for the eight-node first-order reduced
integration elements, when performing a nonlinear dy-
namic analysis, the hourglass mode is prone to occur,
distorting the calculation results. *erefore, hourglass
control parameters need to be added to the model, for
which the keyword is ∗CONTROL_BULK_VISCOSITY.
For the simulation analysis in this paper, the stiffness type
of hourglass control is selected, and the hourglass control
parameters are appropriately reduced to obtain better
calculation results.

3. Analysis of theTensile Load-BearingCapacity
and Failure Mode of the Strain Clamp-
Conductor System under Standard
Crimping Conditions

3.1. Regulations Related to Standard Crimping. 2e code of
hydraulic crimping process specification for overhead con-
ductors (below 800mm2) and ground wires in transmission
and transformation project construction (DL/T 5285-2018)
[41] specifies the corresponding crimping length for each
part in the strain clamp. For an NY-300/40 compression-
type strain clamp, the standard crimping length between the
steel anchor and steel core is 110mm, whereas the crimping
length between the aluminum pipe and aluminum strand is
190mm.

According to the codes of strain clamp (DL/T 757-2009)
[42] and general technical requirements for electric power
fittings (GB/T 2314-2008) [43], the grip strength of the
compression-type strain clamp should not be less than 95%
of the rated tensile strength (RTS) of the corresponding wire.
According to the code of round wire concentric lay overhead
electrical stranded conductors (GB/T 1179-2008) [44], the
RTS of the LGJ-300/40 conductor is 92.36 kN.*erefore, the
grip strength of an NY-300/40 strain clamp should not be
lower than 92.36 kN× 95%� 87.742 kN. In practice, whether
the abovementioned grip strength can be achieved is also an
important basis for judging crimping quality.

Based on Table 1 and Figure 3(a), the tensile strength of
the LGJ-300/40 steel core is 1558MPa, and the cross section
is 38.9mm2.*e calculated breaking load for the steel core in
the inner layer is 60.61 kN, which is approximately 69.07% of
the designed grip strength of the clamp. *erefore, the
tensile strength of the steel core has an important impact on
the grip strength of the strain clamp. In practice, effective
crimping between the steel anchor and the steel core is of
great significance to fully utilize the tensile properties of the
steel core, which could further ensure the grip strength of the
strain clamp.

3.2. Comparison of Finite Element Simulation and Experi-
mental Results. *e stretching process of the strain clamp-
conductor system under standard crimping conditions (i.e.,
the crimping length between the steel anchor and steel core
is 110mm) is simulated and analyzed. A continuous tensile
load is applied until the clamp breaks or fails. *e recorded
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breaking force is 95.472 kN, which exceeds the specified
maximum grip strength of 87.74 kN, indicating that the
strain clamp can meet the requirement of the grip strength
under the standard crimping conditions.

To verify the reliability of the aforementioned simulation
results, this research also conducts a stretching test on 4
defectless NY-300/40 strain clamps under standard crimp-
ing conditions [45]. *e test strain clamps were randomly
chosen from a batch of products of regular manufacturers. A
sampling detection result of the chemical composition of the
test pieces is demonstrated in Table 2. *e results indicate
that the chemical compositions of the strain clamps meet the
requirements of the code of wrought aluminium and alu-
minium alloy–chemical composition (GB/T 3190-2008) [46].

*e tensile test conditions are as follows: 20± 1°C indoor
air temperature, 60% relative humidity, and standard at-
mospheric pressure. *e loading method is as follows: (a) fix
the strain clamp-conductor system to the tensile testing
device and adjust the system to an appropriate position. (b)
Gradually apply the tensile load to 46.18 kN, 60 kN, 80 kN,
and 87.74 kN and hold the load for 120 seconds. If a strand
breakage or slip occurs during the loading process, the
corresponding load at that time is recorded. (c) Gradually
apply the tensile load until the strain clamp-conductor
system fails. During the stretching tests, the tensile loads and
tensile displacements of the end of the aluminum pipe in the
Z-direction are collected automatically with a computer
system.

Taking test piece 1 as an example, the breaking force for
this test piece is 94.026 kN (Figure 12). For the other test
pieces, the measured breaking forces are 95.954 kN,
96.626 kN, and 92.490 kN, as shown in Table 3. A com-
parison of the simulated load-displacement curve and the
experimental results is shown in Figure 13. *e simulated
and experimental load-displacement curves have similar
shapes, and the simulated breaking force is also consistent
with the test results with a maximum deviation of 3.12%.

After testing, to observe the deformation inside the
clamp, the aluminum pipe in the outer layer of one test piece
is cut open. *e internal deformation after the crimping of
the aluminum pipe and the aluminum strand is shown in
Figure 14(a), and the corresponding finite element simu-
lation results are shown in Figure 14(b). *e simulation
results in this study are consistent with the physical mor-
phology. During the stretching process, the aluminum pipe
is plastically deformed under the compression of the
stamper and the aluminum strand, and the inner wall ex-
hibits a threaded shape.

In summary, the finite element model established in this
paper has relatively high reliability and can be used for the
further analysis of the characteristics of the tensile load-
bearing capacity of the strain clamp-conductor system.

3.3. Analysis of the Stress Characteristics of Various Compo-
nents during the Stretching Process. To understand the stress
characteristics of each component of the strain clamp-
conductor system during the stretching process, four typical
tensile working conditions, namely, 25% RTS, 50% RTS,

95% RTS, and the ultimate load, are extracted for a com-
parative analysis. In particular, 25% RTS is the tension
experienced by the wires when the line is operating
normally.

3.3.1. Stress Analysis of the Aluminum Strand. Figure 15
shows the stress distribution of each aluminum strand
during each stage of the stretching process.

When the tensile load does not exceed 50% RTS, the
stress in most areas of the aluminum strand is in the elastic
range (Figures 15(a) and 15(b)). When the tensile force
increases to 95%RTS, the stress level of the aluminum strand
in the area near the end of the aluminum pipe is relatively
high, and relatively, large plastic deformation occurs
(Figure 15(c)). *e maximum stress in the strand is
172.6MPa, which is close to the tensile strength limit of
187MPa. *e maximum stress in the aluminum strand in
the crimping area away from the aluminum pipe end is
approximately 150MPa, which is still within the safe range.
*e preliminary analysis shows that, in the crimping area,
due to the frictional and mechanical forces caused by
crimping, the aluminum pipe and the aluminum strand
jointly assume the tensile loading effect. *e tensile load is
reduced or even disappears near the end of the aluminum
pipe due to the constraints, and the aluminum strand takes
up the most tensile load. *erefore, the stress in the alu-
minum strand near the outlet of the aluminum pipe is
significantly high. As the tensile load continues to increase to
95.472 kN, some aluminum strands near the end of the
crimped area of the aluminum pipe are already broken
(Figure 15(d)), while the stress level of the remaining alu-
minum strands continues to increase until the strands are
broken. *is outcome indicates that, under the ultimate
load, the outer aluminum strands have lost their bearing
capacity.

To illustrate the characteristics of the fracture develop-
ment of the aluminum strand more clearly, Figure 16 shows
stress nephograms of the cross section of the aluminum
strand at the fracture location under different tensile loading
levels.

When the tensile load is 25% RTS, the stress in the inner
aluminum stranded wire is relatively small and is in the
elastic range; in contrast, the aluminum strand in the outer
layer has a relatively large stress, and this strand has already
experienced local plastic deformation. When the tensile load
increases to 50% RTS, the stress shows a certain uniformity
along the circumferential direction, and the stress in the
inner layer is slightly larger than that in the outer layer.
When the load is 95% RTS, the entire cross section has
undergone plastic deformation, and the stress distribution is
relatively uniform, close to the fracture limit. Moreover, the
cross-sectional area of the three aluminum strands in the
outer layer is slightly reduced due to necking. When the
ultimate load is reached, the three previously collapsed
aluminum strands are all broken and can no longer bear any
load. *us, the load on the other 21 aluminum strands
suddenly increases, resulting in the necking phenomenon.
*e 12 aluminum strands in the outer layer all show obvious
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Table 2: Chemical compositions of the strain clamps (mass fraction).

Test piece Si Fe Cu Mn Mg Zn Al
1 0.19 0.12 0.03 0.04 0.03 0.003 99.6
2 0.20 0.14 0.03 0.03 0.03 0.005 99.6
3 0.20 0.13 0.04 0.03 0.02 0.006 99.6
4 0.17 0.12 0.02 0.01 0.02 0.005 99.7
Nominal value ≦0.25 ≦0.40 ≦0.05 ≦0.05 ≦0.05 ≦0.07 ≧99.5

(a) (b)

Figure 12: Stretching test for the strain clamp-conductor system: (a) gripping device for the strain clamp and the breaking position of the
wire; (b) load data for test piece 1 at each step.

Table 3: Comparison of breaking forces between simulation results and experimental results.

Test piece
Breaking forces (kN)

Relative deviation (%), |(a) − (b)/(a)| × 100%
Simulation results (a) Experimental results (b)

1 95.472 94.026 1.51
2 95.472 95.954 0.50
3 95.472 96.626 1.21
4 95.472 92.490 3.12
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Figure 13: Comparison of the simulated load-displacement curve and the experimental results under standard crimping conditions.
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necking, and the cross-sectional area decreases by more than
50%. In contrast, the 9 aluminum strands in the inner layer
show no obvious necking, indicating that the breakage of the
aluminum strand gradually developed from the outer layer
to the inner layer.

3.3.2. Stress Analysis of the Steel Core. Figure 17 shows the
stress distribution of the steel core under different tensile
loading levels. When the tensile load is 25% RTS or 50% RTS,
the difference in the stress in the steel core is not significant, and
the stress in the whole steel core is within the elastic range.
When the tensile load increases to 95% RTS, the maximum
stress in the inner steel core inside the crimped area of the
aluminum pipe increases to 1257MPa, which is slightly greater
than its yield strength of 1210MPa. In contrast, the maximum
stress in the inner steel core inside the crimped area of the steel
anchor and steel core is 978.2MPa, which is within the elastic
range. When the ultimate load is reached, the maximum stress
in the inner steel core in the crimped area of the aluminum pipe
reaches 1482MPa, which is still lower than its ultimate tensile
strength of 1558MPa; the maximum stress in the steel core

inside the crimped area of the steel anchor and steel core on the
other side reaches 989.2MPa, which is still in the elastic range.

*e relative positions of the steel core and the steel anchor
under the ultimate load can also be seen in Figure 17(d).When
the strain clamp is broken due to breakage of the aluminum
strand in the crimped area of the aluminum pipe under the
ultimate load, the crimping area of the steel anchor and steel
core on the other side still maintains a good crimp, and the
steel core is not pulled out of the steel anchor. *is finding
indicates that, under standard crimping conditions, the grip
strength of the strain clamp is mainly provided by the
crimping between the steel anchor and the steel core, and
because the crimping length is sufficient, the frictional force
and mechanical force between the steel anchor and steel core
can ensure that they are not pulled apart. *erefore, under
standard crimping conditions, the failure mode of the strain
clamp is aluminum strand breakage instead of the steel core
being pulled out of the steel anchor.

3.3.3. Stress Analysis of the Steel Anchor. *e stress distri-
bution on the steel anchor at each stage of the stretching

(a)
3.770E – 01

3.351E – 01

2.932E – 01

2.513E – 01

2.094E – 01

1.676E – 01

1.257E – 01

8.378E – 02

4.189E – 02

0.000E – 02
No result

Max = 3.393E + 00
Min = 0.000E + 00

Z

Y

X

(b)

Figure 14: Crimping deformation between the aluminum pipe and the aluminum strand: (a) actual deformation; (b) finite element
simulation of deformation.
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process is shown in Figure 18. According to the stress in the
steel anchor, the stress in the main body of the steel anchor is
in the elastic range during the entire stretching process.
Although there are relatively large stresses in the crimped
area of the steel anchor and the steel core near the stepped
shaft and in the groove root of the crimped area of the steel
anchor and the aluminum pipe, the values are lower than the
tensile strength of the steel anchor. *e above stress dis-
tribution also indirectly indicates that the distribution of the
grip strength generated by the crimping between the steel
anchor and the steel core is not uniform along the axial
direction. Moreover, in the crimped area of the steel anchor
and the aluminum pipe, due to the “occlusion” between the
steel anchor and the aluminum pipe, the stress level in this
location is relatively high, which is also the main contributor
to the grip strength in the crimped area of the steel anchor
and the aluminum pipe.

4. Analysis of the Failure Mode of the Strain
Clamp-Conductor System When the
Crimping Length Is Insufficient

*e above analysis has shown that the crimping between the
steel anchor and the steel core has a relatively large impact
on the grip strength of the strain clamp, so ensuring a
sufficient crimping length between the two is of great im-
portance for the safety of the clamp. However, due to the
complexity of the shaping and crimping process of the strain
clamp and the wire, in practice, the crimping length of the

steel core often cannot meet the requirements of regulations
due to improper shaping, which also poses a hidden threat to
the safety of transmission operations.

To analyze the variation characteristics of the tensile load-
bearing capacity of the strain clamp-conductor system when
the crimping length between the steel anchor and steel core is
insufficient, the simulation analysis in this section uses the
parameters of standard crimping conditions as the basis and
changes only the crimping length between the steel anchor and
steel core (100mm, 90mm, 80mm, 70mm, 60mm, and
50mm). *e selected lengths not only ensure the range of the
crimping length interval but also consider the actual proba-
bility of occurrence in practice. Previous calculations [39] have
shown that when the crimping length between the steel anchor
and steel core is greater than 70mm, the tensile load-bearing
capacity and failure mode of the strain clamp-conductor
system are very similar to those under standard crimping
situations. Considering the length limitation in this paper, only
the results for crimping lengths of 50mm, 60mm, and 70mm
are used for the comparative analysis.

4.1. Breaking Force and Load-Displacement Relationship.
Figure 19 shows the simulated load-displacement curve when
the crimping length between the steel anchor and steel core is
insufficient. As indicated in Figure 19, the simulated tensile
load-displacement curves vary with respect to the different
crimping conditions. When the crimping length between the
steel anchor and steel core is 110mm (standard crimping
conditions) and 70mm, the load-displacement curves are

Contour plot
stress (vonMises)
elemental system

1.270E + 02
1.129E + 02
9.878E + 01
8.467E + 01
7.056E + 01
5.645E + 01
4.233E + 01
2.822E + 01
1.411E + 01
2.510E – 03
No result

Y

Z X

(a)

Contour plot
stress (vonMises)
elemental system

1.265E + 02
1.124E + 02
9.836E + 01
8.431E + 01
7.026E + 01
5.621E + 01
4.216E + 01
2.811E + 01
1.406E + 01
3.482E – 03
No result

Y

Z X

(b)
Contour plot
stress (vonMises)
elemental system

1.726E + 02
1.535E + 02
1.343E + 02
1.152E + 02
9.602E + 01
7.687E + 01
5.771E + 01
3.856E + 01
1.940E + 01
2.486E – 01
No result

Y

Z X

(c)

Contour plot
stress (vonMises)
elemental system

1.760E + 02
1.564E + 02
1.369E + 02
1.174E + 02
9.786E + 01
7.834E + 01
5.882E + 01
3.929E + 01
1.977E + 01
2.486E – 01
No result

Y

Z

(d)

Figure 15: Stress nephograms of aluminum strands in different stretching stages: (a) 25% RTS; (b) 50% RTS; (c) 95% RTS; (d) ultimate load.
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steep with a large peak value, which indicates that the strain
clamp-conductor system has a large axial tensile stiffness and
tensile strength. However, for crimping lengths of 50mm and
60mm, the load-displacement curves are relatively gentle with
the characteristics of large deformation, indicating that axial
slip between the steel core and the steel anchor occurs during
the stretching process.

Additionally, as demonstrated in Figure 19, when the
crimping length is 50mm, 60mm, and 70mm, the corre-
sponding simulated breaking forces are 86.6875 kN,
91.0945 kN, and 93.6492 kN, respectively. *e tensile
breaking force increases with increasing crimping length,
indicating that the crimping length is an important factor
that influences the ultimate tensile load of the strain clamp-
conductor system.

4.2. Analysis of the Stress Characteristics of the Aluminum
Strands and the Steel Core during the Stretching Process.

To determine more about the stress characteristics of the
strain clamp-conductor system under different crimping
conditions, the following analysis was conducted.

4.2.1. Crimping Length between the Steel Anchor and Steel
Core Is 50mm. When the crimping length is 50mm, the
simulated breaking force is 86.6875 kN, which is lower than
the designed grip strength of the clamp (87.74 kN), indi-
cating that the strain clamp could lose functionality before
reaching the end of its scheduled design working life. Similar
to Section 2.3, the stresses in the aluminum strand and steel
core under typical tensile conditions are still extracted, and
the results are shown in Figure 20.

When the tensile load does not exceed 50% RTS, the stress
in the middle portion of the aluminum strand is relatively
small, whereas the stress at both ends is relatively large; the
maximum stress in the aluminum strand is 125.9MPa, and the
overall stress is in an elastic state. Under the ultimate load, the
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Figure 16: Stress nephograms of the cross section of the aluminum strand at the fracture location under different tensile loadings: (a) 25%
RTS; (b) 50% RTS; (c) 95% RTS; (d) ultimate load.
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high-stress region in the aluminum strand changes from being
symmetrically distributed at both ends to being located only
near the outlet end of the aluminum pipe, wherein the
maximum stress is 155MPa; the stress in the other end away
from the outlet is significantly smaller.

According to the stress in the steel core, the overall stress
distribution in the steel core is extremely uneven, and the
high stress is concentrated mainly in the steel core in the
aluminum strand region. When the tensile load is 25% RTS,
the maximum stress in the steel core is 781.9MPa, which is
much lower than its yield strength. When the tensile load
increases to 50% RTS, the maximum stress reaches
1132MPa, which is close to its yield strength. When the
tensile force reaches the ultimate load, a long section of the
steel core has been pulled from the steel anchor
(Figure 20(c)). Although the steel core in the aluminum
strand region still maintains a relatively large stress (the
maximum stress is 946.3MPa), due to the unloading effect
caused by the steel core being pulled out of the steel anchor,
it can be considered that the strain clamp has lost its tensile
load-bearing capacity.

4.2.2. Crimping Length between the Steel Anchor and Steel
Core Is 60mm. When the crimping length is 60mm, the
tensile breaking force obtained from the simulation analysis
is 91.0945 kN; the stress results for the aluminum strand and
steel core under each typical tensile working condition are
shown in Figure 21. As indicated in Figure 21, when the
tensile load is 25% RTS or 50% RTS, the overall stress in the
aluminum strand is relatively small and evenly distributed.
When the tensile load increases to 95% RTS, the high stress

in the aluminum strand is distributed mainly near the outlet
of the aluminum pipe, whereas the stress is still very low in
most other regions. When the ultimate load is reached, the
aluminum strand near the outlet of the aluminum pipe
exhibits a significant necking phenomenon, and some alu-
minum strands are completely broken.

During the stretching process, the stress in the central
region of the steel core is relatively small, whereas the stress
near the two ends is relatively large. *e maximum stresses
are 789.7MPa (25% RTS), 907.4MPa (50% RTS),
1154.0MPa (95% RTS), and 1464.0MPa (ultimate load).
*erefore, during the entire stretching process, there is al-
ways a relatively large force between the steel core and the
steel anchor, and the crimp can still maintain a certain
bearing capacity when the ultimate load is reached. How-
ever, Figure 21(d) shows that the length of the crimped area
between the steel anchor and the steel core has been sig-
nificantly reduced, indicating that, under the ultimate load,
although the steel core is not completely pulled out of the
steel anchor, relative movement occurs between the steel
core and the steel anchor. Due to the axial movement of the
steel anchor before stretching, the actual overlap length after
the steel core and the steel anchor are crimped is approx-
imately 66.51mm. After stretching under the ultimate load,
the actual overlap length between the two is 36.85mm,
indicating that the steel core has been separated from the
steel anchor by approximately 29.66mm.

4.2.3. Crimping Length between the Steel Anchor and Steel
Core Is 70mm. When the crimping length is 70mm, the
breaking force obtained from the simulation analysis is
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Figure 17: Stress nephograms of the steel core under different tensile loadings: (a) 25% RTS; (b) 50% RTS; (c) 95% RTS; (d) ultimate load.
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93.6492 kN. Figure 22 shows the stress results of the alu-
minum strand and the steel core under typical tensile
conditions.

Figure 22 shows that when the load is lower than 50%
RTS, the stress in the aluminum strand is relatively small and
evenly distributed, and a large local stress exists only in the
outlet region of the aluminum pipe. When the load

continues to increase and reaches 95% RTS, the maximum
stress in the aluminum strand near the outlet of the alu-
minum pipe is 169.2MPa, which is close to its tensile
strength. When the load reaches the ultimate load, multiple
aluminum strands break in the outer layer near the outlet of
the aluminum pipe. *is failure condition is similar to that
under the standard crimping situation.
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Figure 18: Stress nephograms of the steel anchor under different tensile loadings: (a) 25% RTS; (b) 50% RTS; (c) 95% RTS; (d) ultimate load.
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Figure 19: Comparison of the simulated tensile load-displacement curves of the strain clamp-conductor system under different crimping
conditions.
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Figure 20: Stress in the aluminum strand and steel core under different tensile loadings: (a) 25% RTS; (b) 50% RTS; (c) ultimate load.
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Figure 21: Continued.
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Figure 21: Stress in the aluminum strand and steel core under different tensile loadings: (a) 25% RTS; (b) 50% RTS; (c) 95% RTS;
(d) ultimate load.
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Figure 22: Continued.
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For the steel core, during the entire stretching process, the
stress in the central region of the steel core is relatively small and
evenly distributed, and the high stress is concentrated mainly
near the two ends. As the tensile load increases, the maximum
stress in the steel core continues to increase. Under the ultimate
load, there is still a relatively large stress in the crimped end
between the steel core and the steel anchor (1457MPa). *e
measurement results show that there are no changes in the
crimping length between the steel core and the steel anchor,
indicating that the two can still maintain good crimping under
the ultimate load and that the steel core is not pulled out of the
steel anchor. *us, when the crimping length is 70mm, the
failure mode of the strain clamp under a tensile load is alu-
minum strand breakage, which is similar to the failure mode
under standard crimping conditions.

Based on the above analysis, when the crimping length is
insufficient, the tensile load-bearing capacity of the strain
clamp decreases as the crimping length decreases. Although
the variation in the absolute value of the tensile breaking

force is not large, the failure mode of the strain clamp
gradually changes from the fracture of the aluminum strands
due to necking to the steel core being pulled out of the steel
anchor. For the NY-300/40 strain clamp analyzed in this
paper, under nonstandard crimping conditions, the critical
crimping length when this change in failure modes occurs is
between 50mm and 60mm.

5. Conclusions

In this paper, an NY-300/40 compression-type strain clamp
is used to establish a 3D finite element model for the strain
clamp-conductor system. LS-DYNA software is used to
simulate and analyze the tensile load-bearing capacity and
failure mode of the strain clamp-conductor system under
standard crimping conditions and nonstandard crimping
conditions (when the crimping length between the steel
anchor and steel core is insufficient). *e main conclusions
are as follows:
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1.201E + 03
1.067E + 03
9.340E + 02
8.006E + 02
6.671E + 02
5.337E + 02
4.003E + 02
2.669E + 02
1.337E + 02
9.977E – 05
No result

Y

Z X Y
Z

X

(c)

Aluminum strands 

Analysis system
1.724E + 02
1.533E + 02
1.342E + 02
1.150E + 02
9.590E + 01
7.677E + 01
5.764E + 01
3.851E + 01
1.938E + 01
2.436E – 01
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Figure 22: Stress in the aluminum strand and steel core under different tensile loadings: (a) 25% RTS; (b) 50% RTS; (c) 95% RTS;
(d) ultimate load.

Advances in Materials Science and Engineering 17



(1) It is feasible to use the finite element software LS-
DYNA to simulate and analyze the tensile me-
chanical behavior of a strain clamp-conductor sys-
tem after crimping, and the simulation results have
high accuracy.

(2) *e grip strength of the strain clamp is provided
mainly by the crimping between the steel anchor and
the steel core. Under standard crimping conditions,
the tensile load-bearing capacity of the strain clamp
can meet the design requirements. Because the
crimping length is sufficient, the failure mode is
aluminum strand breakage instead of the steel core
being pulled out of the steel anchor.

(3) When the crimping length between the steel anchor
and the steel core is insufficient, as the crimping
length decreases, the tensile load-bearing capacity of
the strain clamp also gradually decreases. Although
the variation in the absolute value of the breaking
force is not significant, the failure mode of the clamp
gradually changes from the fracture of the aluminum
strands due to necking to the steel core being pulled
out of the steel anchor.

(4) Taking an NY-300/40 strain clamp as an example,
under nonstandard crimping conditions, the critical
crimping length when this change in failure modes
occurs is between 50mm and 60mm.
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