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Based on the analysis and summary of the research and application status of domestic and foreign high-strength steel local
buckling fiber hinged rod stability and ordinary steel local buckling fiber hinged rod stability control, this paper proposes a fiber
hinged rod suitable for spatial structures subject to local buckling. ,e new type is high-strength steel composite local buckling
fiber hinged pressure rod. ,e influence of related parameters in the dislocation string model and the dislocation couple model
on the ultrasonic nonlinear parameters is deeply analyzed. And, from the perspective of contact nonlinear acoustics, the
mechanism of the ultrasonic nonlinear response of the crack is analyzed, and the finite element software ABAQUS is used to
simulate it. ,e relationship between the nonlinear parameter and the internal crack shape of the material is simulated and
analyzed, which proves the nonlinearity. A series of nonlinear ultrasonic testing was performed on three groups of FV520B
high-strength steel fatigue specimens using a nonlinear testing system. Analyzing the results, it is found that the material has a
good ultrasonic nonlinear cumulative effect, and the microcracks have a greater impact on the ultrasonic nonlinear response.
,e β-N curves under three sets of fatigue tests are obtained. ,e results show that the nonlinear parameters are very sensitive
to the fatigue damage of FV520B high-strength steel, and the ultrasonic nonlinear parameters generally increase with the
increase in the number of fatigue cycles.

1. Introduction

High-strength steel refers to steel with a standard value of yield
strength between 460 and 690MPa. With the development of
new steel production processes, such as microalloying tech-
nology and thermomechanical treatment technology, high-
strength steel, especially compared to earlier high-strength
steels, has a higher cleanliness; Nb, V, and Ti are used as the
elements. ,e representative microalloying replaces the tra-
ditional carbon element strengthening method, which not only
improves the yield strength of steel, but also improves its
plasticity and toughness [1]. ,e new high-strength steel de-
veloped by this new process has the characteristics of high
strength, good toughness, and good processing and weldability
and has been applied in many practical projects at home and
abroad [2, 3].

For high-strength steel welded I-shaped section mem-
bers, in order to make full use of the advantages of high
strength, the section design can be more developed, but this
can easily exceed the current specification limits, especially
the height-to-thickness ratio of the web [4]. Under the load
of the axial compression member with the web height-to-
thickness ratio exceeding the limit, the web buckles first, but
the bearing capacity of the entire member does not reach the
maximum, and there is still a lot of room for ascent [5, 6].
,erefore, it is necessary to appropriately relax the height-
to-thickness ratio limit of the web, so that it can give full play
to its own strength advantages, and also improve the eco-
nomics of welding I-shaped cross section members [7, 8].
However, there are relatively few studies on high-strength
steels with a yield strength of 690MPa, and there are even
fewer design codes applicable to it. ,e existing
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specifications for high-strength steels simply apply design
formulas suitable for ordinary-strength steels, which greatly
restricts the promotion and application of high-strength
steel structures [9].

,is paper proposes a simplified calculation model of the
composite local buckling fiber hinged compression rod
(using the BEAM188 element node coupling method), and
the correctness of the simplified calculation model is verified
by comparison and analysis with solid elements. In the initial
defect, the residual stress will have an unfavorable effect on
the stable bearing capacity. In this paper, the analysis of the
local buckling fiber hinged compression rod of high-strength
steel with different slenderness ratios shows that the welding
residual stress has little effect on the stable bearing capacity
(when the residual stress is not considered, the maximum
difference of the stable bearing capacity is only 3.02%). In
this paper, the fabricated FV520B high-strength steel fatigue
specimen was tested by a nonlinear ultrasonic testing system.
,rough the data collection and processing, the fundamental
wave and the second harmonic amplitude were extracted.
,e relationship between the ultrasonic nonlinear param-
eters and the ultrasonic propagation distance in the material
was studied. ,e ultrasonic nonlinear response was detected
in the original plate specimen without fatigue damage, in-
dicating the inherent nonlinear characteristics of the ma-
terial itself. As the propagation distance increases, the
ultrasonic nonlinear coefficient increases approximately
linearly, indicating that the nonlinear response has a cu-
mulative effect. Testing the notched samples that cycle for a
certain number of cycles also found the cumulative effect of
the ultrasonic nonlinear response. ,e β-N curves of
FV520B material under three stress levels are obtained. ,e
results show that the nonlinear parameters are very sensitive
to the early fatigue damage of FV520B high-strength steel.
,e nonlinear parameters show an increasing trend with the
increase of the number of fatigue cycles. ,e relationship
between the ultrasonic nonlinear parameters of FV520B
high-strength steel and the fatigue cycle cycles can be used to
characterize the early fatigue damage degree of the material
and reflect its fatigue life.

2. Related Work

At present, there are still few domestic studies on the overall
stability and local stability of high-strength steel beams [10].
Relevant scholars have studied the stability of high-strength
steel thin-walled box-section beams, mainly analyzing the
effects of the slenderness ratio, flange width-to-thickness
ratio, and section side-length ratio of the box beam on its
overall stability [11]. ,e steel studied is 6mm thick,
18Mn2Cr Mo BA high-strength steel with a yield strength of
745MPa. ,is type of steel is generally used in bridge en-
gineering. Relevant scholars pointed out that the slenderness
ratio has little effect on the ultimate load of a box-shaped
beam in a purely bending state [12]. After changing the
slenderness ratio of the beam, the ultimate load changes
within 5%. ,e flange width of the beam is relatively small.
After the load-displacement curve appears at the highest
point, the curve slowly and steadily declines; when the flange

width-to-thickness ratio of the beam is increased, the flange
or web has already experienced local instability after the load
is added to the ultimate load [13]. ,e elastic section
modulus of the beam decreases, so the slope of the
descending section after the highest point of the load-dis-
placement curve increases significantly. It can be seen that
the width-to-thickness ratio of the flange affects the overall
stability of the beam to a greater extent. When the cross-
sectional side length ratio of the beam increases from 30 to
60, the web height-to-thickness ratio continues to increase,
and local instability is prone to occur in the compression
zone of the web, which leads to an acceleration of the overall
stability of the ultimate load drop [14].

,e research on the local-total related buckling of box-
shaped cross section members has a long history. Domestic
and foreign researches mainly focus on the local-total related
buckling of ordinary steel members. ,e research on the
local-total related buckling of high-strength steel members
mainly focuses on the axis. Relevant scholars have used
numerical analysis methods to study the relative buckling
ultimate bearing capacity of ordinary steel members with
thin-walled box-shaped sections under axial compression
with hinged ends [15]. Research has found that when the
ultimate bearing capacity of the component is reached, the
bearing capacity of the component composed of weak panels
will decrease sharply [16]. ,e researchers used the test
results of four axial compression members with a nominal
yield strength of 390MPa to compare with the finite element
model [17]. ,e research shows that residual stress and local
overall geometric defects have a great influence on the ul-
timate bearing capacity of members. Researchers have
proposed a formula for calculating the local-to-whole rel-
ative buckling ultimate bearing capacity of axial compres-
sion members with large width-to-thickness ratio based on
the effective width method [18]. Relevant scholars have
conducted experimental research on three S355 steel welded
thin-walled box-shaped eccentric components, established a
finite element model considering the effects of initial geo-
metric defects and residual stress, and compared the ex-
perimental results, and they found that the two are in good
agreement. Finally, the verified finite element model is used
to study the influence of initial defects on the ultimate
bearing capacity of the component [19].

Relevant scholars have, respectively, measured and ana-
lyzed the overall geometric initial defects of I-shaped section
members with nominal yield strengths of 460MPa and
960MPa [20].,e results show that themeasured amplitude of
the overall geometric initial defects of most high-strength steels
is less than 1/1000.,e researchers measured and analyzed the
overall geometric initial defects of the I-shaped section
members with nominal yield strengths of 460MPa, 550MPa,
and 690MPa, and the results showed that the maximum
amplitudes were 1/541, 1/339, and 1/702 [21]. Relevant scholars
have studied the effect of geometric initial defects on the
stability of ordinary steel and high-strength steel [22]. ,e
results show that, compared with ordinary steel members,
geometric initial defects have less effect on the stability coef-
ficient of high-strength steel members; compared with the
ultimate bearing capacity, the local buckling capacity is more
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sensitive to local geometric initial imperfections. Researchers
have conducted experimental research and numerical analysis
on the overall stability and local stability of high-strength steel
axial compression members and have accumulated a wealth of
experimental data and important research results [23]. In
particular, the residual stress distribution of high-strength steel
welded components is measured by the cutting method, and
the residual stress distribution model suitable for different steel
strength grades is summarized, which provides reliable residual
stress treatment for the future finite element analysis of high-
strength steel welded components method. Relevant scholars
use ANSYS finite element software to simulate the axial
compression components of hot-rolled high-strength equi-
lateral angle steel. Studies have shown that the initial defects
have a smaller effect on the local stability bearing capacity of
high-strength hot-rolled equilateral angle steel axial com-
pression members than ordinary steel axial compression
members. ,e researchers analyzed and studied the ultimate
bearing capacity of Q345, Q390, and Q420 steel welded box-
section axial compression members whose aspect ratio exceeds
the limit. ,e calculation results are compared with the direct
strength method and the effective yield strength method. ,e
study shows that the stability coefficient should be checked
according to the type a section in the 03 specification; the direct
strength method and the finite element calculation result are in
good agreement, while the effective yield strength method is
slightly conservative.

3. Steel Tube Buckling Theory and Finite
Element Simulation Method

3.1. #e Basic #eory of Axial Buckling. According to the
deformation state of the member during buckling, it can be
divided into global buckling, local buckling, and global-local
related buckling. When the component is only buckled as a
whole, its parts will not be severely deformed, and only the
whole body will undergo a huge change in configuration
before and after buckling; local buckling means that, after
buckling of the component, only the local elements will
deform significantly; related buckling is a coupling of global
buckling and local buckling; that is, when buckling occurs,
both the overall and local elements of the member undergo a
large configuration change. Due to the inevitable existence of
local and overall defects, related buckling is very common in
actual engineering and should be paid attention to.

As shown in Figure 1, a cylindrical shell subjected to
axial pressure can only maintain a balanced state under
conditions far below the critical buckling load after local
buckling. Its load-displacement curve is shown in Figure 1.
OAB’ belongs to unstable bifurcation instability, and this
form of buckling is also called limited interference buckling.
Under minimal external interference, the cylindrical shell
may jump from the stable equilibrium state before buckling
to the nonadjacent equilibrium state before reaching the
critical load. ,e path is shown in the curve OA’CB in
Figure 1. It should be noted that geometric defects have a
great influence on this type of member, making its actual
ultimate bearing capacity far less than the elastic critical
buckling load Pcr.

3.2. Calculation Method of Elastic Buckling Problem. ,e
calculation of structural buckling is a complex and tedious
process, which involves a series of geometric parameters and
initial conditions of the component, such as the structural
system, the length of the component, the connection condition,
the section form, the size of the initial defect, and the residual
caused by the processing andmanufacturing of the component.

,e static balance method is one of the most important
methods to solve the elastic stability limit load of the
structure. According to the force situation of the structure
with small deformation after the buckling of the member,
the buckling load is solved by the mechanical balance
equation. Usually more than one buckling load is obtained
according to this method, and the minimum value should be
taken as the true buckling load of the member. ,e balance
method fully satisfies the mechanical equilibrium state of the
component after buckling, so its calculation result is an
accurate value. However, it is difficult to find that the balance
method is only suitable for simple mechanical models and
single boundary conditions. It is generally difficult to obtain
the buckling load of components with various forms of
midsections and complex forces and boundary conditions
using the balance method.

,e emergence of the energy method can solve the
problem of elastic stability with complex force conditions or
structures with diverse forms and compositions. When the
structure is subjected to conservative forces, the total po-
tential energy function can be established according to its
deformed state. At this time, the total potential energy
should include the potential energy caused by the external
load of the component and the strain energy caused by the
deformation of the internal structure. According to the
principle of standing value of potential energy, the potential
energy has a standing value when the component is in
equilibrium, so the buckling load solution is carried out in
two steps. Firstly, the balance equation is obtained by taking
the first-order variation of the total potential energy to the
displacement, and then the bifurcation buckling load is
obtained by solving the balance equation. Different from the
balance method, the buckling load obtained by the energy
method is generally only an approximate solution, but if the
structure deformation form and displacement function can
be determined in advance, the exact solution can be ob-
tained. It is worth mentioning that the energy method can
judge the stability of bifurcation buckling according to the
positive and negative values of the second-order variation of
the total potential energy; that is, when the second-order
variation is negative, the structure is unstable bifurcation
buckling.

4. Theoretical Analysis of the Stability of Axially
Compressed Cylindrical Shells

4.1. #eoretical Analysis of Linear Small Deflection. For the
linear small deflection theory, analysis can be made from two
aspects: axisymmetric and nonaxisymmetric. When the axial
compression load reaches the critical buckling stress, the steel
pipe member may undergo symmetrical deformation and
failure of the steel pipe wall “convex” or “concave.”
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According to the theory of linear small deflection
buckling, the buckling equilibrium differential equation of a
cylindrical shell bearing uniform axial pressure is

wG∇8 +
tEz

4
w

rzx
4 + Nx∇

4z
2
w

zx
2 � 0. (1)

W is the displacement perpendicular to the shell surface,
G is the bending stiffness of the unit width bridge, r and t are
the radius and thickness of the shell, and Nx is the pressure
on the unit arc length.

We take the buckling deformation displacement func-
tion as
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In the formula, lx and ly are the buckling half-wave
lengths in the x and y directions, respectively. After finishing,
the critical buckling stress can be obtained:
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Taking steel Poisson’s ratio 0.3, then

Nx � 0.582 ·
tE

r
. (6)

In actual engineering problems, there are unavoidable
geometric initial defects in the components, and the shell is
more sensitive to defects. ,erefore, the ultimate stress of a
cylindrical shell in experiments or actual engineering is
always much lower than the elastic critical buckling stress of
a cylindrical short column under axial compression. In order
to explore the ultimate bearing capacity of cylindrical shells
with geometric initial imperfections, it is necessary to adopt
the buckling analysis theory considering the nonlinear term.

4.2. #eoretical Analysis of Nonlinear Large Deflection.
,e nonlinear large deflection buckling theory is proposed on
the basis of the linear small deflection theory. ,ere is still
another postbuckling equilibrium configuration far below the
linear critical load value, and this postbuckling configuration is
closer to the real experimental phenomenon. In this study, only
the calculation formula for the elastic critical buckling stress of a
short cylindrical tube under axial compression obtained by the
small deflection theory is considered, so the detailed calculation
method of the large deflection buckling theory will not be
repeated.

5. Main Factors Affecting Local Buckling of
Cylindrical Shells under Axial Compression

5.1. Influence of BoundaryConditions. When the two ends of
the member are unconstrained and can move freely in the
circumferential direction, the critical buckling load will be
significantly reduced. However, in actual engineering
structures, the ends of circular pipe members usually have
constrained members such as gusset plates and end bearing
plates. ,e end can be freely deformed rarely. ,erefore, for
the local buckling of the axially compressed cylindrical short
column, the influence of the component due to the boundary
conditions can be ignored.

5.2. Influence of Residual Stress. Welding is a physical
process of local heating and then cooling of component
materials. Due to the uneven temperature field of the heating
area and surrounding materials, the welding area will de-
form unevenly during the cooling process and cause various
welding residual stresses. ,erefore, the residual stress is an
unavoidable unfavorable factor for welded pipe members.
In-depth tests and numerical analysis can be done on the
residual stress distribution pattern of welded circular pipe
components and its influence on the ultimate bearing ca-
pacity of the components. For ordinary-strength steel, the
residual stress has a very obvious influence on the overall
and local stable bearing capacity of the axially compressed
round tube short column, while for the high-strength steel
round tube member with higher yield strength, its distri-
bution mode has a greater influence on the stable bearing
capacity of the high-strength steel.

5.3. Parametric Finite Element Modeling Analysis. Finite
element modeling usually requires a lot of time for users, and
the modeling process is cumbersome and error-prone. ,e
secondary development option based on the Python pro-
gramming language in ABAQUS provides great convenience
for users’ parametric finite element modeling.,e secondary
development of ABAQUS is mainly divided into two parts:
subprogram development and user graphical interface
program development. ,e development of core calculation
subprograms is based on the Fortran language. Users can use
the interface to write their own material constitutive models
according to different needs and can create new unit types;
the user graphical interface (GUI) program is a secondary
development platform based on the Python language, and
users can use Python language to write programs based on
specific modeling needs. It can be expanded and can in-
dependently develop pre- and postprocessing modules and
GUI tools to realize a series of parametric modeling
processes.

,e main research content of this subject is the local
stability of high-strength steel tube axially compressed short
columns. It is necessary to build more than 300 finite ele-
ment short column models on the basis of verified finite
element models.,e number of models is large, the repeated
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operations are many, and the parameters are met. ,erefore,
in order to avoid errors in the manual modeling process and
improve the efficiency of finite element analysis, this paper
uses the Python language to write the corresponding script
(Script) file and uses the ABAQUS environment to run the
script to realize the batch creation, modification, and sub-
mission of the finite element model. ,e main content in-
cludes component generation, material attribute
assignment, analysis step establishment, interaction defini-
tion, meshing, inp file modification, etc.

,e parametric modeling process of the elastoplastic
buckling problem of cylindrical short columns under axial
compression is mainly divided into two steps, namely, the
first-order linear elastic buckling modal analysis (buckle)
and the second-order nonlinear elastoplastic buckling
analysis. ,e key to buckling analysis lies in the application
of geometric initial imperfections, as shown in Figure 2. In
ABAQUS, the initial geometric defects cannot be introduced
through the user graphical interface.,erefore, the key point
to realize the parametric finite element analysis is to process
the inp file in batches and add keywords in the specified line
to introduce the initial geometric defects of the component.

6. Structure and Calculation Model of High-
Strength Steel Composite Local Buckling
Fiber Hinged Compression Rod

6.1. Flange Core-Casing High-Strength Steel Composite Local
Buckling Fiber Hinge Structure. ,e buckling load of the
axial compression member is determined by the restraint of
the end, the calculated length factor, the section charac-
teristics, and the material characteristics. In this section, the
addition of a hoop-type outer tube device provides effective
constraints on the hinged core steel tube at both ends to
reduce the effective calculation length, thereby increasing
the buckling load of the core steel tube. Figure 3 shows the
theoretical buckling mode of the inner core steel pipe after
adding constraints.

Flange-type core-sleeve combination local buckling fiber
hinged rods include high-strength steel core steel pipes,
ordinary steel outer sleeves, flange discs, connecting bolts,
rubber ring blocks, and rubber gaskets. ,e number of outer
casing pipes is generally 4 (if the slenderness ratio of the
inner steel pipe is less than 80, it can be reduced to 2; if the
slenderness ratio of the inner steel pipe is greater than 150, it
can be increased to 6).,e two outer sleeves at the upper and
lower ends are welded with flange discs at only one end,
while the two outer sleeves in the middle are welded with
flange discs at both ends; the inner diameter of the flange
disc is the outer diameter of the core steel pipe, and the outer
flanges of the sleeve bolt holes are arranged at equal intervals
along the periphery of the disk. ,e inner core steel pipe is
the main compression component, and a flange disc is
welded in its middle part, and its outer diameter is the same
as the outer diameter of the outer pipe flange. ,e inner core
steel pipe and the outer sleeve and the outer sleeve are
connected as a whole by a flange disc and high-strength
bolts. Rubber round gaskets are added between each flange

disc to play a sealing role. You fill rubber ring blocks at both
ends of the outer tube and the corresponding positions of the
inner core steel tube to seal and fix the inner core steel tube.
,ere is a gap between the outer casing and the inner core
steel tube, so that the weight of the composite component is
lighter, and the inner core steel tube can freely undergo axial
deformation, which plays a major role in resisting the axial
pressure.

,e outer tube 2 of ordinary strength grade steel does not
participate in the force and only serves as a restraint. ,e
number of outer tubes is generally 4 (if the core steel tube
slenderness ratio is less than 80, it can be reduced to 2; if the
core steel tube slenderness ratio is greater than 150, it can be
increased to 6). ,e two outer sleeves at the upper and lower
ends are welded with flange disc 3 only at one end, and the
two outer sleeves at the middle are welded with flange disc 3
at both ends. ,e inner diameter of the flange disc 3 is the
outer diameter of the core steel pipe, and four bolt holes are
arranged at equal intervals along the periphery. ,e inner
core steel pipe and the outer sleeve and the outer sleeve are
connected as a whole through a flange disc and high-
strength bolts. ,ere is a gap between the outer casing and
the inner core steel tube, so that the weight of the composite
member is lighter, and the inner core steel tube can freely
undergo axial deformation. Rubber round gaskets are added
between each flange disc to play a sealing role.

6.2. Establishment of Finite ElementModel of Inner Core Steel
Pipe. ,e establishment of the correct finite element model
of the inner core steel tube is a necessary prerequisite for the
establishment of the finite element model of the composite
local buckling fiber hinged rod. ,erefore, in this section,
five core steel pipe finite element models with slenderness
ratios are established based on ANSYS software.,e element
adopts three-dimensional finite strain beam element
BEAM188 (suitable for analyzing various beam-column
members with large to medium slenderness ratios), and each
member is divided into 20 elements (verified, the number of
divided elements meets the accuracy requirements). ,e
model created at this time has no geometric initial defects
and residual stress.

,e displacement constraint is shown in Figure 4. In the
model, the y-axis passes through the center of the section
along the length of themember. Since the circular section is a
section with equal moment of inertia, the x-axis is artificially
assumed to be the weak axis, so that the member undergoes
first-order buckling around the x-axis. ,erefore, the tor-
sional deformation and x-direction translational displace-
ment of all nodes in the model are restricted (otherwise,
although static analysis can be carried out, abnormal
buckling modes will occur), the z-direction displacement at
both ends of themember and the y-direction displacement at
the bottom end are also restricted.

6.3. Finite Element Model of Hoop-Type Composite Locally
Buckled Fiber Hinged Compression Rod. In this paper, based
on the construction method of the flange-type composite
local buckling fiber hinged rod, the solid element (SOLID95)
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finite element model and the beam element (BEAM188)
finite element model are established to analyze the eigen-
value buckling. Among them, the flange connection in the
beam element model adopts the simplified processing of
node coupling.

Both the core steel tube and the outer tube are simulated
by three-dimensional finite strain beam elements BEAM188.
,e number of elements of the outer tube and the inner tube
depends on the length of different components, ranging
from 20 to 35 (to ensure that each finite element model has a
relatively high accuracy).

,e constitutive model of steel material in this paper
adopts a multilinear follow-up strengthening model. ,e
calculation process of finite element analysis is carried out in
three steps. First, we create a finite element model of a
ferrule-type composite locally buckled fiber hinged com-
pression rod without initial defects and then perform elastic
buckling analysis. ,e external load is continuously in-
creased through cyclic iterations, and finally the buckling
load factor is 1.0, thus obtaining the corresponding elastic
buckling load and first-order instability mode. Finally, the
elastoplastic stability bearing capacity analysis of the local
buckling fiber hinged compression rod model of the high-
strength steel composite is carried out. Based on the uniform
defect model (that is, the first-order modal solution based on
the eigenvalue buckling analysis), a peak value of L/1000 is
applied. ,en the arc length method is used to solve the
problem, and the minimum number of substeps required for
the best effective solution is determined through continuous
attempts to ensure the calculation accuracy and achieve the
highest calculation efficiency.

7. High-Strength Steel Nonlinear Detection
Results and Analysis

7.1. Data Collection and Processing. Properly we process the
experimental signals obtained through the nonlinear ul-
trasonic system to obtain the magnitude of the fundamental
wave and the second harmonic and then calculate the value
of the ultrasonic nonlinear parameter. Ultrasound is
expressed in two ways: time domain signal and frequency
domain signal. ,e time domain signal represents the re-
lationship between the magnitude of the ultrasonic

amplitude and time. ,e frequency domain signal reflects
the amplitude distribution of the ultrasonic wave on the
frequency components.

,e pulse signal is excited by the RAM-5000 high-energy
ultrasound system, passes through an attenuator for 9 db
attenuation, enters a 0.4MHz low-pass filter for filtering,
and then is transmitted to a 1.2MHz ultrasonic piezoelectric
transducer. ,e device converts it into an ultrasonic signal
and transmits it to the sample.,e probe at the receiving end
converts the received ultrasonic signal into an electrical
signal. ,e receiving probe transmits the signal to 1.6MHz
high-pass filtering and 20 db preamplifier for processing and
then to the oscilloscope and computer for data processing
and analysis. What the computer extracts is the time domain
signal, as shown in Figure 5. ,e signal collected by the
computer can be processed by short-time Fourier transform
(STFT) or fast Fourier transform (FFT) to obtain frequency
domain signals. For the signal obtained in this experiment,
because the signals of different modes of the received signal
overlap each other in the time domain, the effect of fast
Fourier transform is not good.,erefore, in this experiment,
the short-time Fourier transform is used to process all the
received signals.

7.2. Research on the Relationship between Nonlinear Pa-
rameters and Propagation Distance. ,e FV520 B high-
strength steel original plate specimen that has not undergone
the fatigue test is used as the experimental object to study the
relationship between the ultrasonic nonlinear parameters
and the propagation distance of the ultrasonic wave in the
FV520B thin metal plate. We keep the incident voltage
unchanged and change the distance between the transmitter
probe and the receiver probe. ,e distance between the
transmitter probe and the receiver probe is set to 40mm to
80mm, and a test is performed every 10mm increase.

,e relationship between the ultrasonic nonlinear pa-
rameter β and the distance that the ultrasonic wave prop-
agates in the FV520B sample is shown in Figure 6. At this
time, the tested sample is the original FV520B high-strength
steel sample without fatigue test. ,e test results show that
the nonlinear response can still be detected in the un-
damaged intact sample, indicating that the nonlinear re-
sponse here is due to the inherent nature of the medium. It
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Figure 1: Local buckling and bifurcation instability of circular tube.
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can be considered that the internal microscopic features of
the original sample are uniformly distributed, and the ul-
trasonic nonlinear response is caused by the nonharmonicity
of the crystal lattice. ,e experimental results show that the
ultrasonic nonlinear parameters increase approximately
linearly as the propagation distance increases. ,e results
show that as its propagation distance increases, the ultra-
sonic nonlinear response has a cumulative effect.

,e relationship between the ultrasonic nonlinear pa-
rameter β and the propagation distance of the ultrasonic
wave in the FV520B sample is shown in Figure 7. It can be
concluded from Figure 7 that as the propagation distance
increases, the ultrasonic nonlinear parameters have a cu-
mulative effect, and the results of the original test on the
undamaged plate shape show that the nondamaged FV520B
high-strength steel medium itself has nonlinearity.

According to the test results of notched specimens, it can be
seen that the contribution of cracks to the ultrasonic non-
linear parameters is greater than the contribution of dis-
locations to the ultrasonic nonlinear parameters. ,e tested
sample is a FV520B high-strength steel notched sample
subjected to a certain fatigue cycle. After the fatigue test,
cracks appear in the notch of the notched sample. Because
the specimen is in a state of stress concentration at the notch,
the stress it receives is much higher than the area far away
from the notch. After the fatigue test, a large number of
cracks appear near the notch, and no cracks are found in the
area far away from the notch, which stays before the crack
initiation. ,e dislocation stage is shown in Figure 8. ,is is
consistent with the idea that the ultrasonic nonlinear re-
sponse induced by cracks is greater than the ultrasonic
nonlinear response induced by dislocations.
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Figure 2: Parametric elastoplastic buckling analysis process.
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7.3. Research on the Relative Position of Nonlinear Parameters
andCracks betweenTwoSensors. In this section, the notched
sample after fatigue damage appears as the experimental
object, and the influence of the relative position of the crack
between the two ultrasonic transducers on the ultrasonic
nonlinear parameters is studied. ,e distance between the
transmitting probe and the receiving probe is always
maintained at 60mm, and the distance between the trans-
mitting probe and the crack center at the notch is 10mm,
20mm, 30mm, 40mm, and 50mm. Each time a group is
tested, the transmitting probe and the receiving probe must
move 10mm at the same time to achieve the change of the
relative position of the crack between the two probes.

Specimen No. 03 is a test piece of group A notch test
(550MPa) cycled for 105 cycles. ,e relationship between
the ultrasonic nonlinear parameters of No. 03 specimen and
the distance between the transmitting probe and the crack is
shown in Figure 9. ,e test results show that the size of the
ultrasonic nonlinear parameters will change with the po-
sition of the crack between the two sensors.

Specimen No. 04 is a specimen of group B notch ex-
periment (550MPa) cycled for 105 cycles. ,e relationship
between the ultrasonic nonlinear parameters of the speci-
men and the distance between the transmitting probe and
the crack is shown in Figure 10. It can be seen from the figure
that, unlike the test result of No. 03 specimen, the magnitude
of the ultrasonic nonlinear parameter fluctuates greatly with
the change of the position of the crack at the two ends
between the two sensors.

Comparing the nonlinear ultrasonic detection results of
the above two experiments, it can be concluded that the
change of the position of the crack between the two sensors
has a greater impact on the ultrasonic nonlinear parameters.
Comparing Figure 9 and Figure 10, it can be found that the
ultrasonic nonlinear parameter of No. 04 sample in group B
is larger than the value of the ultrasonic nonlinear parameter
of No. 03 sample in group A.,is is because the fatigue cycle
cycles of these two specimens are both 105 times, and the
loading stress (660MPa) of the No. 04 specimen in group B
is greater than the loading stress of the No. 03 specimen in
group A (550MPa). ,is shows that the greater the loading
stress of the fatigue experiment, the greater the value of the
corresponding ultrasonic nonlinear parameter. ,ere is a
mapping relationship between the nonlinear coefficient and
the degree of fatigue damage of FV520B high-strength steel.

7.4. Research on the Variation Law of Nonlinear Parameters
with Fatigue Cycles. In order to study the change law of
ultrasonic nonlinear parameters of fatigue specimens in
different cycles of fatigue cycles, a group of plate-shaped
specimens and two groups of fatigue specimens with dif-
ferent loading stresses are used as the research objects, and
the different cycle cycles of each group are analyzed. ,e
second fatigue specimen is tested. ,e relationship between
normalized nonlinear parameters and fatigue cycle is used to
describe the nonlinear changes of materials due to fatigue
damage.
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In order to study the effect of fatigue crack growth on
ultrasonic nonlinear parameters, we designed two sets of
notched specimens. Figure 11 is the relationship curve between
normalized ultrasonic nonlinear parameters and fatigue cycle
cycles of the notched specimens in group A (550MPa). Fig-
ure 12 shows the relationship between the normalized ultra-
sonic nonlinear coefficients of the notched specimens in group
B (660MPa) and fatigue cycle cycles. Ultrasonic nonlinear
parameters are very sensitive to the fatigue damage of FV520B
high-strength steelmaterials.,e relationship between FV520B
high-strength steel’s nonlinear parameters and fatigue cycle
cycles can be used to characterize its early fatigue.

By studying the relationship between ultrasonic non-
linear parameters and fatigue cycle cycles, it can be found
that there is a good correlation between the ultrasonic
nonlinear parameters of FV520B high-strength steel and
fatigue cycle cycles. Nonlinear parameters can be used to
reflect the fatigue life of materials. In engineering practice,
after obtaining enough sample data points, the nonlinear
parameter curve of the engineering component of FV520B
high-strength steel material is calibrated in advance.
Comparing the nonlinear detection results with the cali-
bration curve obtained in advance, the fatigue life can be
evaluated.
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Figure 6: ,e relationship between ultrasonic nonlinear parameter β and ultrasonic propagation distance.
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Figure 7: ,e relationship between the ultrasonic nonlinear coefficient β and the distance between the transducer and the gap.
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Figure 8: Electron micrograph of the cross section of the notched sample (a) away from the notched area and (b) the notched area.
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Figure 9: ,e relationship between the ultrasonic nonlinear parameters of No. 03 sample and the distance between the transmitting probe
and the crack.
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Figure 10:,e relationship between the ultrasonic nonlinear parameters of No. 04 sample and the distance between the transmitting probe
and the crack.
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Figure 11:,e relationship between normalized ultrasonic nonlinear parameters and fatigue cycle cycles for notched specimens (550MPa).
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8. Conclusion

,e outer steel tube combined with the local buckling fiber
hinged compression rod has a good restraint effect on the inner
core tube, and the bearing capacity of the combined local
buckling fiber hinged compression rod increases with the
increase of the outer and inner stiffness ratio and the number of
hoops. However, an excessively large ratio of external and
internal stiffness will cause the instability mode of the com-
posite locally buckled fiber hinged rod to change from common
instability to the inner core alone, which will reduce the bearing
capacity of the composite locally buckled fiber hinged rod. For
the core tube of high-strength and ultra-high-strength steel, the
stable bearing capacity of the composite local buckling fiber
hinged compression rod becomes more obvious with the in-
crease of the slenderness ratio of the core tube.,e influence of
related parameters in the dislocation string model and the
dislocation couple model on the ultrasonic nonlinear pa-
rameters is analyzed. From the perspective of contact nonlinear
acoustics, the influence of cracks on ultrasonic nonlinearity is
analyzed, and the finite element software ABAQUS is used to
simulate it. It is proved that the crack can produce nonlinear
effects, and the relationship between nonlinear parameters and
the internal crack shape of thematerial is analyzed.,e effect of
the relative position of the crack between the two transducers
on the ultrasonic nonlinear coefficient is studied, and it can be
concluded that the change of the position of the crack between
the two transducers has little effect on the nonlinear coefficient,
which can be approximated as no effect. By comparing two
fatigue specimens with the same fatigue cycle but different
fatigue loading stress, it is found that the larger the fatigue test
loading stress, the larger the corresponding ultrasonic non-
linear parameter value. ,ere is a mapping relationship be-
tween the nonlinear coefficient and the degree of fatigue
damage. Lamb waves are used to perform a series of nonlinear
tests on fatigue specimens of FV520B high-strength steel.
Analyzing the results, it is found that the material has a good
ultrasonic nonlinear cumulative effect. ,e experimental re-
sults show that the ultrasonic nonlinear parameters have high
sensitivity to the early fatigue damage of FV520B high-strength
steel.
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