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Abstract: In order to study the effect of initial defects on fatigue crack propagation law, a test method
to identify fatigue crack propagation rate and path based on load waveform variation was presented,
and a new test device was designed to apply fatigue pulsation loads to multiple wires for bridge cables
simultaneously in this paper. To simplify the corrosion defect formation process, a machine-cut notch
was used to describe the initial defect on the steel wire surface. Firstly, fatigue crack propagation tests
were conducted on the surface notched steel wire specimens. By using crack front marking technique,
the “beach-like patterns” visible to the naked eyes on the cross sections of the steel wires were
formed, and the process of fatigue crack propagation can be tracked and reproduced. Then Autodesk
Computer Aided Design (AutoCAD) software was used to describe the morphology of “beach-like
patterns” and accurately measure the depth and width of cracks. Finally, the influence of initial defect
morphology on fatigue crack propagation rate was investigated according to the relationship between
fatigue cracks depth and cyclic loading numbers. The results show that the test device designed in
this paper can effectively realize the synchronous fatigue crack propagation test of multiple wires,
and significantly shorten the fatigue test period. By observing and analyzing the change of load
waveform, the moment of fatigue crack propagation can be directly and accurately determined.
The larger the depth, the smaller the width and the sharper the morphology of initial defect, the faster
the crack propagation rate and the shorter the life of notched wire specimens under the combined
action of fatigue loads and corrosive medium.

Keywords: high-strength steel; corrosion defect; fatigue cracks; crack propagation; notched specimen

1. Introduction

Due to the coupling effect of corrosive medium and fatigue load during bridge service, corrosion
defects tend to appear on the surface of high-strength steel wire used in bridge cables. Studies have
shown that defect morphology on steel wire surface under chloride erosion is mainly dominated by
uniform corrosion and pit corrosion. The micro-cracks are formed by the continuous evolution of the
corrosion pits, and the continuous crack propagation eventually leads to the fracture failure of the
wire. In recent years, there have been a number of safety accidents caused by cable fracture, resulting
in huge casualties and property losses. Therefore, it is necessary to study the laws of fatigue crack
initiation and propagation of cable wire and evaluate the service life of the wire and the whole bridge.
At present, some achievements have been made by domestic and foreign scholars in the research
of mechanical behavior and fatigue property of corroded steel wire. Barton [1] studied the tensile
properties of corroded steel wire and found that the elongation of steel wire was greatly affected by
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corrosion. Pan [2] pointed out that the influence of corrosion on the elastic modulus and ultimate
strength of steel wire was not significant, but the ductility of steel wire would decline due to corrosion
pits. Mahmoud [3] analyzed the fracture toughness of the cable wire. Beretta [4] made an in-depth
study on the initiation process and threshold value of steel wire surface cracks. Yang [5] studied the
crack propagation behavior and section morphology characteristics of the surface cracks of the circular
section specimen of 45# Steel under cyclic tensile loading. The results show that there is an obvious
relationship between the crack propagation morphology and the initial prefabricated crack depth
under uniaxial cyclic tensile load, and the influence of the initial crack depth on the crack morphology
gradually weakens with the cracks gradually extending. Carpinteri [6] studied the initiation and
propagation of the scythe-shaped surface cracks of the circular section specimen under cyclic tensile
and bending loads. McFadyen [7] carried out experimental studies on the propagation of semi-elliptic
surface cracks. Nakamura et al. [8,9] compared the mechanical properties of the indented wire and
the corroded steel wire and concluded that the notch shape was the main factor to reduce the fatigue
strength of steel wire. Li [10] conducted a fatigue property test on the corroded high-strength steel
wire used in arch bridge derricks, and pointed out that the fatigue property of the steel wire was first
sensitive and then insensitive to the degree of corrosion. Qiao [11] carried out static tensile, fatigue
and torsion tests on the steel wire respectively, and obtained the S-N curve of the steel wire. Sih [12,13]
studied the influence of the geometric shape and crack size of the leading edge of fatigue crack
propagation on the crack propagation in stay-cables. Wang [14] investigated the damage evolution
process and corrosion fatigue performance and predicted the service life of steel wire with machine-cut
notch via experiments and numerical simulation.

At present, the fatigue crack propagation tests of high-strength steel are mainly aimed at the
base material or intact wire specimen, that is, high-strength steel is processed into the standard
specimen specified in the specification for testing. It is rare to carry out crack propagation test
on high-strength wire with initial defects. Because the diameter of steel wire is relatively small,
and the cracks along the depth direction are not easy to measure, it is difficult to study the fracture
morphology and crack propagation rate of steel wire. In recent years, scholars at home and abroad
have begun to analyze the fatigue crack propagation of steel by using the crack front marking
technique [15,16], which can reproduce the whole process of fatigue crack propagation by artificially
creating “beach-like pattern”, thus providing a powerful tool for in-depth study of crack propagation
rate in depth direction. This technique can make up for the limitations of the commonly used test
methods, such as acoustic emission method, potential method, flaw detection method and thermal
radiation method, etc. to monitor surface crack propagation [17-19]. At present, this technique is
mainly used to study the fatigue fracture of steel plate. For example, Truchon [20] and Yang [21] have
done experimental studies on the crack propagation performance of steel plates and achieved good
results. However, for the high-strength steel wire widely used in long-span bridges, there are few
researches on its surface crack fatigue propagation law in China. Therefore, in this paper the fatigue
crack propagation tests of defective high-strength steel wire used in bridge cables were carried out
to study the influence of initial defects on the fatigue crack propagation rate and path. In order to
investigate the influence of the combined action of corrosive medium and fatigue loads on the crack
propagation rate and path, a new type of test device was designed to apply pulsating fatigue load and
corrosive medium simultaneously to multiple steel wire specimens, which greatly shortens the test
period. Based on the crack front marking technique, the “beach-like pattern” visible to the naked eye
was obtained, which can be used to determine the time of crack propagation, and track and reproduce
the process of fatigue crack propagation. AutoCAD software was used to accurately measure the depth
and width of crack propagation. Based on the relationship between fatigue crack depth and cyclic
loading numbers, the effects of initial defect depth, width and shape on fatigue crack propagation rate
of defective steel wire specimen were quantitatively analyzed.
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2. Experimental Study on Fatigue Crack Propagation of High-Strength Steel Wire

2.1. Crack Front Marking Technique and Beach-Like Pattern

Fatigue striations refer to the microscopic traces left at the fracture surface of metal specimen under
alternating load. Each stress cycle causes the cracks to extend slightly, and a group of nearly parallel
curved lines, shaped like beach lines, can be observed by electron microscopy. That is fatigue striations.
It is essentially a curved line left behind during each alternating cycle. Theoretically, if the alternating
load is constant, the fracture traces of the specimen are uniform. The appearance of striations needs to
be observed with the aid of an electron microscope and cannot be recognized by the naked eye.

However, if the original stress range Ao is reduced to a new stress range Aoy, the crack will continue
to propagate under Aoy. After a certain number of cycles, Ao returns to Aoy, and at this moment a
curve can be observed on the fracture surface with the naked eye, which is the so-called “beach-like
pattern”. The “beach-like pattern” can be seen without the help of a microscope. The progress of
crack propagation in depth direction can be easily judged by the “beach-like patterns”, and the crack
propagation rate in depth direction can also be studied by the spacing between beach-like patterns.

The “beach-like pattern” visible to the naked eye is created on the sample section by the method
of load reduction, which is the so-called crack front marking technique. Through the reasonable
design of the fatigue loading sequence, the stress magnitude and stress state of the crack front are
changed, resulting in the change of the crack propagation rate, and then the plastic deformation marks
are left at the fracture. In this way, the crack propagation morphology at the fatigue fracture can
be clearly displayed, and the process of fatigue crack propagation can be tracked and reproduced.
Plastic deformation marks are visible to the naked eye as “beach-like patterns”. Through image
processing technology, the size of “beach-like pattern” can be measured. The depth and width of the
“beach-like pattern” along the section of the specimen are the fatigue crack depth and width under
these cyclic numbers.

After producing “beach-like patterns” by crack front marking technique, the previous method is
to measure directly the size of the patterns after dyeing the specimen fracture surface, which is easy to
cause pollution or damage to the specimen fracture surface, and the measurement error is large. In
view of this, we measure the patterns with the aid of AutoCAD software by its powerful mapping and
measurement annotation function. First, the picture of steel wire section is drawn in the AutoCAD
software according to the ratio of 1:1. Then, according to the actual diameter of the steel wire section
and the diameter of the steel wire section measured in AutoCAD software to determine the ratio.
For example, if the actual diameter of the steel wire is 7 mm and the distance measured in AutoCAD
software is 5 cm, the ratio is 7/50. According to the ratio and the distance between the striations in
AutoCAD software, the actual distance between the striations is determined. The crack morphology
and propagation rate can be further studied according to the actual distance of the striations.

2.2. Specimen and Load Setting

Steel wire for bridge cables in service is subjected to the fatigue loads and environmental corrosion.
Corrosive medium is easy to form initial defects on the surface of steel wire. A large number of
tests show that the initial defects on the surface of the old bridge cable wire caused by chlorine salt
are mostly semi-ellipsoidal pits [22,23], which involves a complex electrochemical reaction process.
In order to simplify the forming process of pits on steel wire surface, in this paper machine-cut notches
are used to replace the pits caused by electrochemical inhomogeneity, and the effects of different
notches size and morphology on fatigue crack propagation law were studied. A standard high-strength
steel wire specimen with a diameter of 7 mm and a tensile strength of 1670 MPa specified in Chinese
specification-GB/T 17,101 [24] was selected as the test specimen used in this paper, and the length of
steel wire was taken to be 1100 mm. The steel grade of high-strength steel wire is S82B, and its chemical
composition is shown in Table 1. Zn99.99 is the zinc used in the steel wire galvanized layer, and its
chemical composition is shown in Table 2. The fabrication technology processing of steel wire includes
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pickling, phosphating, drawing, cleaning, hot-dip galvanizing, and stabilization, among which the
stabilization process involves the heat treatment process. Domestic Stelmor air-cooled wire rod is used
for bridge cables. The hot rolling temperature of austenitization is 950-850 °C, and the quenching
temperature of the air-cooled wire used is 620-680 °C. As the heat capacity of air is low, and the thermal
stability is weak, the transformation rate of pearlite is not stable during quenching. GB/T 17,101 is the
specification of hot-dip galvanized steel wire for bridge cables in China, and all information about the
chemical composition and fabrication technology processing of steel wire is contained in Section 7.1 of
this specification. This specification is generally in line with the requirements of BS ISO 19203:2018,
and a description of the steel grade and chemical composition can be obtained from Section 7 of BS
ISO 19203:2018. The schematic diagram of defects on the surface of steel wire is shown in Figure 1,
and the photo of the steel wire specimen is shown in Figure 2.

Table 1. Chemical composition of S82B.

C Si Mn P S Cu
0.80~0.85%  0.12~0.32%  0.60~0.90% <0.025% <0.025% <0.2%

Table 2. Chemical composition of Zn99.99.

Impurities

Zn
Pb Cd Fe Cu Sn Al As Sb Total

>99.99% <0.005% <0.003% <0.003% <0.002% <0.001%  — — — <0.010%

R2.5mm

Imm
‘ 4mm
<> 7mm S

Figure 1. Schematic diagram of machine-cut notch.

In the traditional fatigue test, the fatigue test machine (FTM) is directly used to apply the fatigue
load to one specimen at a time. When the number of test specimens is large, the test will take a lot
of time. In addition, due to the size limitation between the two clamps of the FTM and the vertical
placement of the specimen, the corrosive medium is not easy to act on the steel wire, so the corrosion
fatigue test is difficult to be realized. In view of the above reasons, a new test device is designed in this
paper. The schematic diagram of the device is shown in Figure 3, consisting of two main parts. One is
composed of the FTM and the hydraulic jack with large range, HJ1 for short, which are responsible for
providing the total fatigue loads. HJ1 is placed between two clamps of FTM, and the oil amount of HJ1
is provided by hydraulic hand pump with oil storage capacity of 2700cc. The FTM adopted in this test
is INSTRON 8802, which is shown in Figure 4. The other part is the fatigue loading device for wire
specimens, as shown in Figure 5, including 40#C channel steel, braces with diameter of 20 mm, bolts,
multiple hydraulic jacks with small range, HJ]2s for short, anchors. HJ1 drives a series of H]2s through
tubing and diverter valve to apply fatigue loads to multiple steel wires. Data acquisition is carried
out through data acquisition equipment—National Instruments BNC-2111, hollow shaft type annular
force sensor and computer.
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Figure 2. Photo of steel wire specimen with machine-cut notch.
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Figure 3. Schematic diagram of loading device.

The total oil pressure in the oil circuit can be obtained by dividing the fatigue loads applied to HJ1
by the cross section area of HJ1. This oil pressure is equally distributed to each HJ2 through the diverter
valve, and the fatigue load applied to each HJ2 is equal to this oil pressure multiplied by the cross
section area of the HJ2, which is also the fatigue load applied to the wire specimen connected to this HJ2.
For example, the fatigue load amplitude of HJ1 applied by the FTM is 500 kN, and the cross-sectional
area of HJ1 is 500 mm?, then the oil pressure amplitude is 100 MPa. This oil is equal assigned to each
HJ2. If the sectional areas of three HJ2s are 100 mm?, 200 mm? and 300 mm? respectively, the fatigue
loads of each steel wire connected to each HJ2 are 10 kN, 20 kN and 30 kN, respectively. If the diameters
of the wires connected with the three HJ2s is taken as 5 mm, 6 mm, 7 mm respectively, the stress
amplitude of the wire can be obtained by dividing the three load amplitudes, namely 20 kN, 40 kN
and 60 kN by the cross section area of the wire, that is 509 MPa, 707 MPa and 813 MPa, respectively.

In order to investigate the influence of the combined action of the corrosive medium and fatigue
loads on the crack propagation law, gauze or cotton is used to wrap the middle of notched wire
specimen, and the corrosive solution is then dropped on the surface of gauze or cotton, and rapidly
diffuses in the gauze or cotton to ensure full contact with the wire. Gauze or cotton not only can absorb
the corrosive solution and then act on the steel wire, but also can ensure the entry of a certain amount
of oxygen and reduce the volatility of the corrosive solution. It is an effective method for corrosion
fatigue test. Through preliminary experiments, it was found that one hour after each drop, the surface
humidity of the gauze began to change significantly an hour, and the moisture in the gauze nearly
evaporated after about eight hours. Therefore, in order to ensure that the concentration of corrosive
solution on the surface of the steel wire is constant, dropping is carried out every 10 min in the test.
This interval is the same for all samples. The corrosion solution is selected as NaCl solution with PH of
7 and concentration of 3.5 wt%.
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Figure 5. Diagram of synchronous pulsation fatigue loading device.

First, start the FTM and adjust the height of the clamp to determine the position of HJ1. Then open
Valve 1 of the diverter valve and pump oil into the tubing. When filled, close Valve 1. In this way an oil
circuit is formed between HJ1 and HJ2 so that the fatigue load applied to HJ1 can be transferred to HJ2
through the tubing and the diverter valve. Finally, the fatigue load amplitude, frequency and other
parameters of the FTM are set, and the fatigue load applied to the HJ1 is realized by the reciprocating
movement of the piston. The oil pressure applied to HJ1 is equal to the fatigue load provided by
the FTM divided by the cross-sectional area of o0il cylinder of the HJ1. The oil pressure of the HJ1 is
transmitted to each HJ2 through each oil channel, so the force exerted on each HJ2 is equal to the oil
pressure multiplied by the cross-sectional area of oil cylinder of the HJ2. This force is divided by the
cross-sectional area of the steel wire to obtain the fatigue stress on the wire.

When the hydraulic system is working, the internal particles of the hydraulic oil collide with each
other and produce violent friction. Hydraulic oil is also subject to friction resistance when passing
through local obstacles. These will cause the loss of oil in the oil circuit and the reduction of oil pressure,
ultimately consuming the energy of the whole system. Because of the resistance in the oil circuit, there
is an error between the load acting on steel wire and that provided by FTM. A force sensor is used to
monitor the actual load acting on steel wire and adjust it to the value set by FTM. Considering that
the wire is circular, a hollow shaft type annular force sensor is selected to monitor the fatigue loads,
as shown in Figure 6. The working principle of this sensor is to convert the force received by the steel
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wire into voltage signal. A data acquisition device, named National Instruments BNC-2111, is used to
collect the voltage signal output from the sensor as shown in Figure 7. The force sensor is connected to
the BNC-2111 by transmission data line. The BNC-2111 is connected to the computer. The computer
can record and read the tension in each wire during fatigue loading. The Laborary Virtual Instrument
Engineering Workbench (LabVIEW) software is used to calibrate the collected signal, so as to realize
the conversion of voltage signal to force signal and perform the monitoring and recording of fatigue
load. Figure 8 demonstrates the process and working principle of data collection by LabVIEW software,
through which force loads acting on each steel wire can be collected synchronously. LabVIEW uses the
graphical editing language G to write the program in block diagram form. Figure 9 shows the fatigue
loads recorded by LabVIEW software, that is, the real-time forces applied to multiple steel wires and
one of the wires respectively.

Figure 6. Hollow shaft type annular force sensor.

When crack propagation occurs, the plastic zone near crack tip increases, and the deformation
of steel wire under maximum fatigue load increases compared with that without crack propagation,
resulting in the change of the peak of loading waveform. After many tests, it is found that the peak of
the loading waveform will change from single peak to short platform when the crack expands.

During the loading process, pay attention to the fatigue load waveform and the change of crest in
the user interface of LabVIEW, as shown in Figure 10. When the crest changes from a single peak to a
short platform, the change of the crest can be measured by the software measurement tool, the values
of X;; and X, are recorded, and the values of AX = X, — X,;; are defined. When it changes, the fatigue
load is downloaded and the loading numbers are recorded.

Figure 7. Acquisition device—National Instruments BNC-2111.
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Figure 8. Process and work principle of data collection by LabVIEW.
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Figure 9. Fatigue load applied to one wire recorded by LabVIEW.

After the load drops, the peak of the fatigue loading waveform is restored to a single peak. Under
the action of the new fatigue load, when the crack grows again, the peak will have the same change as
before, that is, from a single peak to a short platform. Similarly, the loading numbers will be recorded
and the load will be lifted.

This is repeated until the steel wire breaks. The change of the crest after each load drop or load rise
means that the fatigue crack has been expanded. The fatigue crack propagation process was analyzed
by the recorded loading numbers and the “beach-like pattern” left by the steel wire section.

The test was conducted at room temperature, and the loading waveform was sinusoidal wave.
Here, 0y4x is defined as the maximum stress, 0,,;;, is the minimum stress, o, is the stress range, which
can be expressed as 04 = Gmax — Omin, R is the stress ratio, which can be expressed as R = 0,i/0max,
f is the loading frequency. The parameters of the original fatigue load are set as follows: 0y =
643 MPa, 0, = 283 MPa, 0, = 360 MPa, f = 0.5 Hz, R = 0.44. The parameters of the fatigue loads after
downloading are set as follows: 0, = 322 MPa, 0, = 142 MPa, 0, = 180 MPa, f = 0.5 Hz. R = 0.44.

v
A 4

() (b)

Figure 10. The fatigue load waveform recorded by LabVIEW. (a) Waveform without crack propagation;
(b) waveform with crack propagation.
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3. Analysis of Macroscopic and Microcosmic Morphologies of Fatigue Fracture of Notched Wire

The analysis of fatigue fracture morphology is an important method to study the fatigue process
and analyze the reasons of fatigue failure. The corrosion fatigue damage of high-strength steel wire
is similar to the fracture mode of other metal materials. The fracture retains the traces of the whole
fracture process and records many information occurred during the fracture process, which has
obvious morphological characteristics. Therefore, macroscopic and microcosmic analysis of fatigue
fracture of steel wire can accurately predict its fatigue fracture mechanism and understand its fatigue
crack propagation.

Figure 11 shows the macroscopic morphology of typical corrosion fatigue fracture of high-strength
steel wire used in bridge cables. It can be seen that fatigue cracks generally start at a certain surface
defect or stress concentration and slowly extend into the steel wire in a semi-circular until the steel
wire suddenly breaks. The whole fatigue fracture surface can be roughly divided into three regions:
slow extending region (Region A), fast extending region (Region B) and instantaneous fracture region
(Region C). From Figure 11, it can be seen that slow extending region is relatively smooth, fatigue
cracks extend inward in circular arc. This is mainly because the stress intensity factor (SIF) at the
crack tip is relatively small at the initial crack propagation stage. Each time the steel wire undergoes
a cyclic load, the crack tip advances a tiny distance, so the law of crack propagation at this stage is
relatively stable. Thus, this stage is commonly referred to as the steady-state extension stage. With the
continuous application of cyclic load, the stress intensity factor at the crack tip increases as the crack
grows into the material, and the crack propagation rate changes from slow to fast, so the cracks enter
the fast extending region. At this stage, the crack propagation depth under each cyclic load is greater
than that in the steady-state region, which is the transition region between the steady-state region and
the instantaneous fracture region. When the cracks grow to a certain depth, the effective cross-sectional
area of the steel wire will be reduced to a critical value. At this time, the fracture toughness cannot
resist the stress intensity at the crack tip, so the cracks enter the unsteady-state extension stage, and the
steel wire breaks instantly. As can be seen from the macroscopic morphology of the steel wire fracture
surface, the instantaneous fracture region is relatively rough with obvious radial fibers.

Fatigue

source

0

Figure 11. Macroscopic morphology of fatigue crack propagation.

Figure 12 show the microcosmic morphology of the fatigue fracture of steel wire with slow
extending region. Under the continuous application of cyclic load, cracks begin to form at a certain
defect position or stress concentration point of the steel wire, which become the origin points of fatigue
cracks. As the load increases, the cracks extend into the material. When the cracks are in the slow
extending region, the speed of extension is relatively slow, and the fatigue stripes can be seen, which is
perpendicular to the crack propagation direction, as shown in Figure 12. The crack propagation of
the steel wire in the slow extending region is transgranular fracture, as shown in Figure 13. When
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the cracks enter the fast extending region, the speed of fatigue crack propagation is relatively fast
and transgranular fracture (same as the slow extending region). The crack propagation morphology
showed circular arcs along the crack propagation direction. The microcosmic morphology of this
stage shows that the cross section is relatively rough. As the fatigue cracks extend further, the bearing
capacity of the specimen continues to decrease. Because the area of the effective bearing surface
decreases constantly, the stress of the crack front increases. When the stress reaches the critical fracture
strength, the specimen will be fractured in an instant. The fracture morphology of the instantaneous
fracture region is similar to that of the static load tensile specimen, both of which are typical dimple
features, as shown in Figure 14.

Sum

Figure 13. Mesoscopic morphology of transgranular fracture.
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Figure 14. Mesoscopic morphology of Region C—instantaneous fracture region.

4. Analysis of Fatigue Crack Propagation Test Results

4.1. Effect of Semi-Ellipsoidal Notch Depth on Crack Propagation Rate

In order to investigate the influence of depth of machine-cut notches on the fatigue crack
propagation of steel wire, semi-ellipsoidal notches with different depths are used for the test in this
paper. The depths are taken as 0.6 mm, 0.8 mm, 1.0 mm and 1.1 mm, respectively. The widths of
semi-ellipsoidal notches are all 4 mm. The schematic diagram of steel wire and corresponding wire
specimen with semi-ellipsoidal notches of different depths are shown in Figure 15.

Figure 16 shows the section morphologies of the four specimens without the hooking, the section
morphologies with the hooking and the schematic diagrams of the hooking. It can be seen that with
the increase of loading numbers, the four specimens all have different beach-like load shedding lines at
the cross section.

Figure 17 shows the schematic diagram of crack depth and width, a is the depth of the crack,
which is the length of the beach-like pattern camber from the surface of the prefabricated notch. cis the
width of the crack, which is the distance between two points where the beach-like pattern intersects
the straight line of the prefabricated notch section.

B T | R3.63
\¢ =

R29 =

Figure 15. Cont.
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Figure 15. Wire specimens with different semi-ellipsoidal notches of different depths. (a) No. D-1 Steel
wire specimen; (b) dimension of No. D-1 steel wire; (c) No. D-2 steel wire specimen; (d) dimension of
No. D-2 steel wire; (e) No. D-3 steel wire specimen; (f) dimension of No. D-3 steel wire; (g) No. D-4

steel wire specimen; and (h) dimension of No. D-4 steel wire.

(d)

Figure 16. Cont.
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1) (k) O

Figure 16. Steel wire sections with notches at different depths. (a) D-1 without “bench-like pattern”
hooking; (b) D-1 with “bench-like pattern”; (c) schematic diagram of D-1 wire specimen; (d) D-2 without
“bench-like pattern”; (e) D-2 with”“bench-like pattern”; (f) schematic diagram of D-2 wire specimen;
(g) D-3 without“bench-like pattern”; (h) D-3 with “bench-like pattern”; (i) schematic diagram of D-3
wire specimen; (j) D-4 without “bench-like pattern”; (k) D-4 with “bench-like pattern”; (1) schematic
diagram of D-4 wire specimen.

T

Figure 17. Schematic diagram of crack depth a and width c.

Table 3 shows the change of the crack depth and width of the four groups of steel wires with the
loading numbers. a is the crack depth, c is the crack width, and N is the cyclic loading numbers.

Table 3. Test data of steel wire crack propagation with notches of different depths.

Numbering Crack Front Marking Technique a/mm ¢/mm a/c N
Crack front marking 1 0.210 1.050 0.200 35,000
Crack front marking 2 0.420 1.680 0.250 51,000
Crack front marking 3 0.735 2.205 0.333 67,000
D-1 Crack front marking 4 0.945 2.520 0.375 83,000
Crack front marking 5 1.208 3.150 0.383 99,000
Crack front marking 6 1.628 4.200 0.388 115,000
Crack front marking 7 2415 5.985 0.403 121,000
Crack front marking 1 0.424 1.802 0.235 20,000
Crack front marking 2 0.583 2.226 0.262 30,000
D-2 Crack front marking 3 0.848 2.968 0.286 40,000
Crack front marking 4 1.166 4.028 0.289 50,000
Crack front marking 5 1.484 4.770 0.311 60,000
Crack front marking 6 2.332 5.512 0.423 70,000
Crack front marking 1 0.371 1.484 0.250 20,000
Crack front marking 2 0.795 2.862 0.278 30,000
D-3 Crack front marking 3 1.272 3.180 0.400 40,000
Crack front marking 4 1.643 4.558 0.360 50,000
Crack front marking 5 2.544 6.572 0.387 60,000
Crack front marking 1 0.412 1.545 0.267 20,000
Crack front marking 2 0.876 2.472 0.354 30,000
D-4 Crack front marking 3 1.391 3.811 0.365 40,000
Crack front marking 4 2.060 5.047 0.408 50,000

Crack front marking 5 2.987 6.489 0.460 58,000




Appl. Sci. 2020, 10, 4065 14 0f 23

Figures 18 and 19 show the change of crack depth and width with fatigue loading numbers
obtained according to the data in Table 1. It can be seen that the crack propagation rate is slow
at first, but gradually accelerates. The deeper the initial depth of the notch, the faster the rate of
crack propagation.
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Figure 18. Variation of crack depth with cyclic numbers.
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Figure 19. Variation of crack width with cyclic numbers.

It can also be seen from Figures 18 and 19 that both crack depth and crack width show a law which
are similar to linear propagation with the change of fatigue loading numbers. In order to distinguish
the influence of initial notch depth on crack propagation, the a-N curve and c-N curve were linear
fitted,a = AXN + B,a = A’ X N + B’. The specific results are shown in Table 4. It can be seen that the
slope of the fitting line corresponding to the specimen with a larger notch depth is higher. That is, the
deeper the notch depth is, the higher the crack propagation rate is.

Table 4. Coefficient table.

Numberin Fitting Coefficient Coefficient Fitting Coefficient Coefficient
8 Curve A (1079 B Curve A’ (10™%) B’
D-1 a-N 0.220 —-0.718 c-N 0.481 —-0.951
D-2 a-N 0.359 -0.475 c-N 0.778 0.048
D-3 a-N 0.519 —0.753 c-N 1.187 -1.018

D-4 a-N 0.655 -1.048 c-N 1.293 —-1.249
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4.2. Effect of Semi-Ellipsoidal Notch Width on Crack Propagation Rate

In order to investigate the influence of width of machine-cut notches on the fatigue crack
propagation of steel wire, semi-ellipsoidal notches with different widths are used for the test in
this paper. The widths are taken as 4 mm, 5 mm, 6 mm and 7 mm respectively. The depths of
semi-ellipsoidal notches are all 1 mm. The schematic diagram of steel wire and corresponding wire
specimen with semi-ellipsoidal notches of different widths are shown in Figure 20.

\LR/“ g
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t

(b)
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5 0t
(d)
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€3]
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| 7 S
(8) (h)

Figure 20. Wire specimens with semi-ellipsoidal notches of different widths. (a) No. L-1 steel wire
specimen; (b) dimension of No. L-1 steel wire; (c) No. L-2 steel wire specimen; (d) dimension of No.
L-2 steel wire; (e) No. L-3 steel wire specimen; (f) dimension of No. L-3 steel wire; (g) No. L-4 steel
wire specimen; and (h) dimension of No. L-4 steel wire.

Figure 21 shows the section morphologies of the four specimens without the hooking, the section
morphologies with the hooking and the schematic diagrams of the hooking. It can be seen that with
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the increase of loading numbers, the four specimens all have different beach-like load shedding lines at
the cross section.

() (k) M

Figure 21. Steel wire sections with notches at different widths. (a) L-1 without “bench-like pattern”; (b)
L-1 with “bench-like pattern”; (c) schematic diagram of L-1 wire specimen; (d) L-2 without “bench-like
pattern”; (e) L-2 with“bench-like pattern”; (f) schematic diagram of L-2 wire specimen; (g) L-3 without
“bench-like pattern”; (h) L-3 with “bench-like pattern”; (i) schematic diagram of L-3 wire specimen; (j)
L-4 without “bench-like pattern”; (k) L-4 with “bench-like pattern”; and (1) schematic diagram of L-4
wire specimen.

Table 5 show the change of crack depth and width of four groups of steel wires with the loading
numbers during the test. In the table, a is the depth of crack, c is the width of crack, and N is cyclic
loading numbers.
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Table 5. Test data of steel wire crack propagation with notches of different widths.

Numbering  Crack Front Marking Technique a/mm ¢/mm afc N
Crack front marking 1 0.371 1.484 0.250 20,000
Crack front marking 2 0.795 2.862 0.278 30,000
L-1 Crack front marking 3 1.272 3.180 0.400 40,000
Crack front marking 4 1.643 4.558 0.360 50,000
Crack front marking 5 2.544 6.572 0.387 60,000
Crack front marking 1 0.361 1.442 0.250 20,000
Crack front marking 2 0.721 2.060 0.350 30,000
L-2 Crack front marking 3 1.339 3.296 0.406 40,000
Crack front marking 4 1.751 4.120 0.425 50,000
Crack front marking 5 2.472 5.253 0.471 62,000
Crack front marking 1 0.464 1.442 0.321 20,000
Crack front marking 2 0.824 2.678 0.308 30,000
L-3 Crack front marking 3 1.288 4.120 0.313 40,000
Crack front marking 4 1.699 4.944 0.343 50,000
Crack front marking 5 2.266 5.871 0.386 62,000
Crack front marking 1 0.473 4.725 0.100 20,000
Crack front marking 2 0.683 5.145 0.133 30,000
L4 Crack front marking 3 1.103 5.670 0.195 40,000
Crack front marking 4 1.470 6.825 0.215 50,000
Crack front marking 5 2.205 8.190 0.269 66,000

Figures 22 and 23 show the change of crack depth and width with fatigue loading numbers
obtained according to the data in Table 3. It can be seen that the rate of crack propagation presents a
uniform trend. The smaller the initial width of the notch, the faster the rate of crack propagation.

It can also be seen from Figures 22 and 23 that both crack depth and crack width show a law which
are similar to linear propagation with the change of fatigue loading numbers. In order to distinguish
the influence of initial notch width on crack propagation, the a-N curve and c-N curve were linear
fitted,a = AXN + B, c = A’ X N + B’. The specific results are shown in Table 6. It can be seen that the
slope of the fitting line corresponding to the specimen with a smaller notch width is higher. That is,
the smaller the notch width is, the higher the crack propagation rate is.

25r1

Crack depth a /mm
"

—4— Notch width=4mm
—-—%-— Notch width=Smm |
1 Notch width=6mm
— —@ — Notch width=7mm

0 . . I ‘
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Cyclic numbers

0.5

Figure 22. Variation of crack depth with cyclic numbers.
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Figure 23. Variation of crack width with cyclic numbers.

Table 6. Coefficient table.

Fitting Coefficient Coefficient Fitting Coefficient Coefficient

Numbering oo A (10-%) B Curve A’ (10-4) B
L1 a-N 0.519 ~0.753 N 1.187 ~1.018
L-2 a-N 0.506 ~0.715 N 0.931 ~0.527
L-3 a-N 0.431 ~0.434 N 1.065 ~0.492
L-4 a-N 0.383 ~0.392 N 0.777 2.910

4.3. Effect of Notch Shape on Crack Propagation Rate

In order to investigate the influence of shape of machine-cut notches on the fatigue crack
propagation of steel wire, notches with different shapes are used for the test in this paper. S-1, S-2
and S-3 represent the specimens with semi-ellipsoidal notch, trapezoidal notch and v-shaped notch,
respectively. The schematic diagram of steel wire and corresponding wire specimen with notches of
different shapes are shown in Figure 24.

Figure 25 shows the section morphologies of the three specimens without the hooking, the section
morphologies with the hooking and the schematic diagrams of the hooking. It can be seen that with
the increase of loading numbers, the three specimens all have different beach-like load shedding lines
at the cross section.

@ (b)

Figure 24. Cont.
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Figure 24. Wire specimens with machine-cut notches of different shapes. (a) No. S-1 steel wire
specimen; (b) dimension of No. S-1 steel wire; (¢) No. S-2 steel wire specimen; (d) dimension of No.
S-2 steel wire; (e) No. S-3 steel wire specimen; and (f) dimension of No. S-3 steel wire.
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Figure 25. Steel wire sections with notches at different shapes. (a) S-1 without “bench-like pattern”;
(b) S-1 with “bench-like pattern”; (c) schematic diagram of S-1 wire specimen; (d) S-2 without “bench-like
pattern”; (e) S-2 with “bench-like pattern”; (f) schematic diagram of S-2 wire specimen; (g) S-3 without
“bench-like pattern”; (h) S-3 with “bench-like pattern”; and (i) schematic diagram of S-3 wire specimen.



Appl. Sci. 2020, 10, 4065 20 of 23

Table 7 shows the change of crack depth and width of three groups of steel wires with the cyclic
loading numbers. Here, a is the depth of crack; c is the width of crack, and N is cyclic loading numbers.

Table 7. Test data of steel wire crack propagation with notches of different shapes.

Numbering  Crack Front Marking Technique a/mm ¢/mm ajc N

Crack front marking 1 0.371 1.484 0.250 20,000

Crack front marking 2 0.795 2.862 0.278 30,000

5-1 Crack front marking 3 1.272 3.180 0.400 40,000
Crack front marking 4 1.643 4.558 0.360 50,000

Crack front marking 5 2.544 6.572 0.387 60,000

Crack front marking 1 0.303 1.313 0.231 15,000

S Crack front marking 2 0.757 2.727 0.278 22,000
B Crack front marking 3 1414 4.444 0.318 29,000
Crack front marking 4 1.868 6.565 0.285 36,000

Crack front marking 1 0.901 4.346 0.207 11,000

S-3 Crack front marking 2 1.590 5.088 0.313 16,000
Crack front marking 3 2.120 6.042 0.366 21,000

Figure 26 shows the variation of crack depth with cyclic numbers according to the data in Table 7.
It can be seen that the rate of crack propagation presents a uniform trend. The sharper the shape of the
notch, the faster the rate of crack propagation.

w

—4— Elliptical notch
—-—%-— Trapezoidal notch
25t — —# — V-shaped notch )

Crack depth a /mm
W

051

L L L L

0
10000 20000 30000 40000 50000 60000

Cyclic numbers

Figure 26. Variation of crack depth with cyclic numbers.

It can also be seen from Figure 26 that the crack depth shows a linear correlation with the cyclic
loading numbers. In order to distinguish the influence of notch shape on crack propagation, linear fit
is used for the a-N and c¢-N curves. a = AX N + B, c = A’ X N + B’. The fitting coefficients are shown
in Table 8. It can be seen that the sharper the notch shape, the larger the coefficient A, and the higher
the crack propagation rate.

Table 8. Coefficient table.

Fitting Coefficient Coefficient Fitting Coefficient Coefficient

Numbering Curve A (1079 B Curve A’ (107%) B’
S-1 a-N 0.519 —0.753 c-N 1.187 -1.018
S-2 a-N 0.765 —0.864 c-N 2.496 —-2.603

S-3 a-N 1.219 -0.413 c-N 1.696 2.445
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Figure 27 shows the scatter diagram of g/c varying with the cyclic loading numbers during the
crack propagation of each group of steel wires. It can be seen that the ratio of a to c of each specimen
is between 0.2 and 0.4, which indicates that in the case of uniaxial tension, the surface crack usually
remains semi-elliptic during the propagation process. With the increase of cyclic numbers, the ratio of
a to c gradually increases, which indicates that the crack propagation rate along the depth direction
is higher than that along the width direction, but the shape of the crack front remains semi-elliptic
during the crack propagation.
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Figure 27. Variation of a/c with cyclic numbers.
5. Conclusions

In this paper, the fatigue crack propagation tests of high-strength steel wire used in bridge cables
with machine-cut notches were carried out by combining crack front marking technique and AutoCAD
software. The influence of depth, width and shape of initial defects on fatigue crack propagation rate
of steel wire specimen was quantitatively analyzed through the relationship between fatigue crack
length and cyclic loading numbers. Major conclusions from this study can be summarized as follows:

(1) The test device designed in this paper can effectively realize the synchronous pulsation fatigue
loading, and simultaneously apply different fatigue stress ranges to multiple steel wires, which
greatly reduces the test period.

(2) The method to identify fatigue crack propagation based on load waveform variation in this paper
can directly and accurately judge the moment of fatigue crack propagation, and the limitation of
previous empirical method can be solved.

(3) The fatigue fracture of the steel wire was analyzed macroscopically and microcosmically, and
three regions of fatigue fracture were found: slow extending region (Region A), fast extending
region (Region B) and instantaneous fracture region (Region C), and the behavior of fatigue crack
propagation in each region was investigated.

(4) The fatigue crack propagation tests of high-strength steel wire used in bridge cables with different
prefabricated defects were carried out in this paper. The influence of depth, width and shape
of initial defects on fatigue crack propagation rate of steel wire specimen was quantitatively
analyzed through the relationship between fatigue crack length and cyclic loading numbers. The
results show that the larger the depth, the smaller the width and the sharper the shape of initial
defect, the faster the crack propagation rate and the lower fatigue life of steel wire.
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