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Abstract

:

In order to estimate the fatigue life of 2200 MPa high-strength steel wire for main cables at the outlet of the cable saddle, a fatigue loading test of a single steel wire was designed, and the value of the friction coefficient in finite element simulation and the scale factor in fatigue life analysis were determined. The fatigue life of the steel wire was analyzed by two-stage modelling. The results showed that the fatigue life of steel wire can be simulated effectively when the friction coefficient is 0.21 and the scale factor is 1.15. The fatigue life of 2200 MPa main cable wire at the saddle outlet is 4.78 million loading cycles. The research results laid a foundation for practical engineering application of high-strength steel wire for 2200 MPa main cables.
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1. Introduction


The main cable is an important load-bearing component of suspension bridge, and its mechanical properties are an important basis for bridge design, operation, and maintenance. The core component of the main cable is high-strength galvanized steel wire, which is mainly produced by cold-drawn pearlite wire rods [1,2,3]. With the increasing span of bridges, the research and development of higher-strength steel wire has been the focus of attention in the industry. In China, 20 years ago, the high-strength steel wire used for the main cables of suspension bridges was no more than 1670 MPa. With the improvement of various technical means such as alloying, the sorbite content of pearlite wire rods produced by large-scale industry has increased, and the spacing of the sorbite layer is more uniform, which also makes the strength of high-strength steel wire produced by industry improve. From the 1770 MPa adopted by the Xihoumen Bridge [4] to the 1960 MPa adopted by the Second Humen Bridge [5], the research and application of high-strength steel wire have made great progress. With the increase of the strength of the main cable wire, more and more attention has been paid to the fatigue property of the wire, especially the main cable wire located at the exit of the saddle. It has been shown that the lower steel wire at the exit of the cable saddle is most prone to fatigue failure due to fatigue load and fretting wear. Fretting wear is mainly affected by contact conditions of friction surfaces (including normal stress, shear stress and friction coefficient) [6].



At present, some scholars have studied the mechanical properties of high strength main cable strands. Lu [7] verified the bearing capacity of 1960 MPa galvanized alloy coated steel wire main cable strand through static load test. Chen [8] introduced the 2060 MPa multi-alloy plated wire strand for the Lingdingyang Bridge. For the main cable wire steel at the outlet position of the cable saddle, current studies mostly focus on the relative slip between the main cable and the cable saddle. Wang [9] and Su [10] confirmed that the friction coefficient between the main cable and the cable saddle should be 0.2 through experiments. Li [11] determined that the friction coefficient between the wire strands of parallel preparation should be 0.215. Dai [12] analyzed the slip characteristics between the main cable strand and the cable saddle through tests and finite element simulation. In finite element simulation, the friction coefficient between the steel wire was set at 0.2, which could effectively simulate the test results. For the fatigue of the main cable wire at the saddle position, Guo [13] conducted 2 million fatigue performance tests on the main cable strand at 2100 MPa, and found that the wire break rate was less than 2% and there were no abnormal anchors. Anatomical observation of the cable strand after the test showed that the extrusion and rubbing between the wires in the cable strand was the main cause of the fatigue fracture of the wire, which indicated that the fatigue damage of the wires in the cable strand was a multi-axial fatigue problem.



Many scholars have studied the multi-axial fatigue problem, and the research methods are mainly divided into three categories: the multiaxial equivalent stress-strain amendment algorithm, energy method, and critical plane method. The multiaxial equivalent stress-strain amendment algorithm is an early method to solve the multi-axial fatigue problem based on uniaxial fatigue test. The combination of stress or strain is used as the damage parameter of multi-axial fatigue. The energy method is a multi-axial fatigue algorithm based on cyclic plastic deformation and plastic strain energy as damage parameters. Lee [14] proposed that the sum of elastic strain energy, and plastic strain energy was taken as the damage parameter based on Garud [15]. The critical plane method is considered to be the most effective method to solve the problem of multi-axis fatigue [16,17,18,19,20]. Brown [21] took maximum shear strain and positive strain on the plane of maximum shear strain as the parameters of fatigue damage. Fatemi [22] believed that stress must be introduced into the damage parameters to describe the fatigue non-proportional hardening phenomenon and proposed to take the maximum shear strain and the normal stress on the plane of the maximum shear strain as the control parameters of fatigue damage. Zhao [23] established a multi-axial fatigue life model with elliptic equation, taking the maximum shear strain amplitude as the critical plane. Wu [24] took the sum of the maximum shear strain amplitude and its modified SWT parameter in the corresponding plane as the multi-axis fatigue damage control parameter. The research on multi-axis fatigue of high-strength steel wire mainly focuses on the fretting fatigue phenomenon caused by the contact of wire inside steel strand. Jia [25] established the finite element model of steel strand through the parametric modeling method and analyzed the fatigue characteristics based on the multi-axis fatigue critical plane method. Ma [26] analyzed the fatigue of 1860 grade steel strand and obtained the S-N curve of 1860 grade steel strand. At present, there are many methods for fatigue analysis of complex stress distribution, among which, importing stress-strain results obtained by finite element calculation into FE-SAFE for analysis has been proved to be feasible and reliable and has been widely used in life analysis of various fatigue details [27,28].



Based on the above situation, this paper firstly uses the S-N curve of the 1860 grade strand wire fitted by Marlin and determines the SN scale factor of FE-SAFE analysis of steel wire by the trial method. Then the fatigue test of a single steel wire is carried out to verify the rationality of the finite element simulation and fatigue life parameter selection (friction coefficient 0.215, SN scale factor 1.15). Finally, the fatigue life of the steel wire at the outlet position of the saddle was predicted by finite element modeling and FE-SAFE analysis.




2. Parameter Setting for Finite Element Simulation and Fatigue Life Analysis


2.1. General Situation of Fatigue Test of Single Steel Wire


The structure of a single steel wire fatigue test clamping device is shown in Figure 1a, which is mainly composed of test steel wire, a slotted clamping steel plate, and a bolt fastener. The slotted clamping steel plate is provided with a clamp groove for fixing the wire position, and the clamping length is 20 mm. One test steel wire and four filling steel wires are placed in the clamping steel plate slot. The device is equipped with two sets of M10 bolts and exerts pressure on the test steel wire through the bolt preloading force.



The fatigue test of single steel wire was carried out on the GPS-100 high-frequency fatigue test machine. The two ends of the test steel wire were clamped and fixed respectively with the fixed end and the loading end of the machine. Before the fatigue test, the two ends of the wire were wrapped with sandpaper to increase the friction force and reduce the stress concentration of the wire caused by the clamp of the testing machine. The diameter of the test steel wire was 5.65 mm, and the bolt pre-tightening force of the two bolts was 2.6 kN. Figure 1b shows test wire loading condition and failure mode. The technical index of 2200 MPa is shown in Table 1, and the fatigue test data of steel wire are shown in Table 2. Under the clamping of steel plate, steel wire fractures at about 200,000 times fatigue loading, which is inconsistent with reality, indicating that the use of filling and holding the steel plate for clamping amplify the stress concentration of steel wire.




2.2. Finite Element Simulation Based on ABAQUS


Figure 2a shows the geometric size of a single steel wire and a cylinder with a base radius of 2.825 mm and a height of 40 mm. The elastic modulus is 210,000 MPa, and eight-node linear hexahedron C3D8R solid element was employed. The boundary conditions were set as consolidation at one end (fixed end U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) and no constraint at the other end (loading end). The axial force is applied to the loading end in the form of pressure; the first stage is −630.0 MPa, and the second stage is −990.0 MPa (negative values represent tensile stress and positive values represent compressive stress). In order to accurately simulate the test, the gripped steel plate and the filled steel wire under auxiliary loading are established. The size of the gripped steel plate is consistent with the actual size. The upper and lower surfaces of the two gripped steel plates are respectively subjected to pressure loads of 5.2 MPa to simulate the bolt preload, as shown in Figure 2b, which is the simulated fatigue loading test. (On the one hand, the area of the nut covers 2/3 of the clamping steel plate; on the other hand, the preload exerted by the bolt is small, and the preload is redistributed by the filling wire so the preload can be equivalent in this way.)



The contact property between test steel wire and filling steel wires is as follows: in tangential direction, penalty function method is adopted. According to Li’s research on friction coefficient between parallel steel wires, friction coefficient is determined to be 0.215, and elastic sliding is not restricted. In the normal direction, hard contact is used. As the selection of contact surfaces in this model is based on geometry rather than elements, the contact type is selected as point-to-surface in surface-to-surface, the main surface is selected as the side of the loading center wire, and the secondary surface is selected as the side of the filling wire. In order to simplify the model, save calculation time, and improve convergence, it is considered that there is no relative displacement between the packed wire and the fixture; therefore, the packed wire and the fixture are bound. Figure 2c shows the grid division. The cell type of steel wire and reinforced steel plate is C3D8R. During the grid division, each steel wire is divided to obtain a structured grid.




2.3. Fatigue Life Analysis Based on FE-SAFE


Fatigue life analysis was carried out by FE-SAFE. The reasons for using this software for fatigue life analysis are: (1) easy operation process; (2) the built-in material library covers many fatigue life estimation methods; (3) existing materials can be modified and used; and (4) when using ABAQUS for finite element simulation, post-processing is convenient.



Considering the contact problem between steel wires, according to the S-N curve of steel strand obtained by Ma [26] through the test, the finite element model of a single steel wire under only axial load is established, and the SN-scale factor is determined by the test algorithm. The expression of S-N curve used in fatigue life prediction is:


  log N = 13.84 + 3.5 log  Δ σ   



(1)







Surface friction, residual stress, and SN-Scale factor are three important indexes of FE-SAFE for fatigue life analysis. The surface friction and residual stress are kept as default settings, and only SN scale factor is determined. According to the S-N curve of 1860 MPa steel strand studied by Ma [26], it can be determined that the upper limit of load corresponding to the specimen is 1145 MPa, and the fatigue life of steel strand with a stress range of 195.0 MPa is 663,000 loading cycles, namely 105.829 times.



As shown in Figure 3a,b, the axial tensile stress of steel wire is 950 MPa in the first stage and 1145 MPa in the second stage. Figure 4 shows the fatigue life of steel wire simulated by FE-safe under axial fatigue load with the upper fatigue limit of 1145 MPa and the stress range of 195 MPa (SN scale factor is 1.15), the fatigue life of steel wire is 105.829 times at all points, which is consistent with the test results of Ma [20], indicating that the fatigue life of the steel wire can be accurately simulated when the SN scale factor is 1.15.




2.4. Comparison of Fatigue Life of a Single Steel Wire


2.4.1. Stress Distribution


Figure 5 shows the normal stress nephogram of the steel wire at the upper and lower limits of fatigue loading. At the lower limit of fatigue (the first stage), the normal stresses along the Z axis are all tensile stresses, with a maximum value of 647.2 MPa, indicating that the contact position between filling steel wires and the test steel wire produces a certain degree of stress concentration. The maximum normal stress along the Y axis is 1.2 MPa and the minimum is −100.2 MPa. The maximum normal stress along the X axis is 9.0 MPa and the minimum is −51.3 MPa. At the fatigue limit (the second stage), the normal stresses along the Z axis are all tensile stresses, and the maximum is 979.6 MPa. The maximum normal stress along the Y axis is 1.3 MPa and the minimum is −107.8 MPa. The maximum normal stress along the X axis is 9.163 MPa and the minimum is −51.3 MPa.



By comparing the normal stress nephograms of the two stages, it is not difficult to notice that the axial distribution of normal stress in all directions in the middle clamping region of the second stage increases from the fixed end to the loading end, while the axial distribution of normal stress in all directions in the middle clamping part of the first stage is uniform, which indicates that the filled wire and the center wire slip in the second stage, and the shear stress can no longer be ignored. Figure 6 shows the distribution of τxz and τyz. It can be seen that the shear stress in the first stage is mainly concentrated at the end of the clamping region, while the range of the shear stress in the second stage gradually increases from the fixed end to the loading end, and the shear stress stops when it increases to about 6.4 MPa. This indicates that the relative slip degree between the center wire and the packed wire also increases gradually from the fixed end to the loading end.




2.4.2. Fatigue Life


Figure 7 is the fatigue life of test steel wire obtained by simulating fatigue loading test of a single steel wire when the upper limit of uniform axial tensile stress load is 990.0 MPa and the stress range is 360.0 MPa. The holding area was the critical part, with a lifetime of 105.527 (336,500) times, which was basically consistent with the test loading result of 105.301 (200,000) times (the difference is 4.3% in logarithmic coordinate system). This indicated that it is reasonable to select 0.215 as friction coefficient and 1.15 as SN scale factor.






3. Fatigue Life Analysis of Main Cable Strand Wire at the Exit of Cable Saddle


3.1. Finite Element Modeling


The main cable specification of a suspension bridge is 5.65–127 × 247, and with five main cable ventilation pipes. The center curvature radius of the main cable at the saddle of the main pylon is R = 18 m; the width and height of a single strand channel are 62.5 mm and 64 mm, respectively. The width and height of a single strand channel are 62.5 mm and 64 mm, respectively. The facade of cable saddle and the cross-section of the cable saddle groove is shown in Figure 8a,b.



In order to study the fatigue life of the main cable strand at the exit of the cable saddle, it is necessary to accurately solve the stress of the cable strand in the cable saddle. Secondary modeling is adopted in this study. In the first-level model, the main cable at the exit of the cable saddle is regarded as the multi-layer steel plate. The steel wire in the second-level model is in the form of actual section, and the interlaminar compressive stress of the first stage model is applied to the second stage model as load.



3.1.1. The First-Level Model


The first stage model takes the saddle groove in the middle of the cable saddle, located at the outlet of the cable saddle, with a central angle of 1°. The diameter of each wire in the first-level model is 5.65 mm. The saddle groove size was modeled according to the actual single-groove cable strand size of the main cable saddle. The width of the saddle was 62.15 mm, the depth was 60.23 mm, the width of the two sides of the baffle was 5 mm. As shown in Figure 9a, simplification was adopted, a single strand was divided into six layers, and the equivalent rectangular section size of each strand was the size of the outer contour of each strand.



Simplify Methods and Material Properties


When simplification was performed for each layer of cable strand, the following requirements were met: (1) Poisson’s ratio before and after equivalent remains unchanged; (2) the ratio of the equivalent front and rear density is equal to the ratio of the actual wire to the equivalent rectangular section area, as is the conversion of the elastic modulus. The material properties are shown in Table 3.




Element Attributes and Meshing


Solid element C3D8R was used to simulate both steel plate and saddle groove. During mesh division, the stress of the first layer of cable strands at the bottom of the saddle outlet was analyzed emphatically. Considering the convergence of the element, more detailed mesh division was carried out for the bottom two layers of cable strands, and the size of the wire element was 0.3 mm. Figure 9a is a schematic diagram of grid division.




Contact Properties and Boundary Conditions


After calculation, the interactions between each layer of steel wire and between steel wire and saddle groove were set as surface-to-surface contact, and the boundary conditions at the bottom and side of the saddle groove were set as consolidation (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0). The solid unit of the main cable wire is coupled by a rigid surface set at the end of the cable saddle. The tensile fatigue load of the cable strand is applied at the loading end in the form of pressure, the upper limit of fatigue is 900.0 MPa, and the stress range is 156 MPa. The effect of the upper strand was simulated by applying a pressure of 40.9 MPa at the top of the strand.



Finally, the contact compressive stress between the first and second layers of steel plates is calculated to be 44.7 MPa, which is loaded on the second-stage model as a load.





3.1.2. The Second-Level Model


In the second-level model, solid units are used to simulate the cable saddle and the steel wire in the saddle groove, and the single steel wire at the bottom of the saddle groove is simulated in the form of actual cross-section, as shown in Figure 10. Among them, five steel wires are arranged in two layers, with a diameter of 5.65 mm and a length of 80 mm. The cable saddle is simulated as a “U” shaped saddle groove, with a thickness of 5 mm, a length of 40 mm, and a width of 16.95 mm in the groove, which can accommodate three steel wires arranged in parallel. The upper steel wire was simulated as a steel plate, 5 mm thick, 16.95 mm wide, and 40 mm long.



Material Property


As is shown in Table 3, the material properties of the steel wire and saddle groove adopt the actual material properties; the contact attributes were set as in Table 3.




Element Attributes and Meshing


Solid element C3D8R was used to simulate both steel plate and saddle groove. During mesh division, the mesh size of each component of the model was 0.1 mm, considering the requirement of unit convergence




Contact Properties and Boundary Conditions


In the second-level model, the contact properties between cable strands are set in the same way as that of the first stage model. The boundary conditions at the bottom and side of the saddle groove were set as consolidation. The fatigue tensile load on cable strands is applied at the loading end in the form of pressure, with the upper fatigue limit of 900.0 MPa and the stress range of 156.0 MPa. The action of the upper steel wire is simulated as the compressive stress loaded on the upper steel plate, and the size is 44.7 MPa.






3.2. Fatigue Life Prediction of Main Cable at Cable Saddle Outlet


3.2.1. Stress Distribution of Steel Wire


Figure 11 shows the normal stress nephograms of the upper and lower limits of the steel wire under fatigue loading. At the lower limit of fatigue (the first stage), the axial uniform tensile load is 744.0 MPa. The maximum normal stress along the Z axis (axial direction) is tensile stress, and the maximum normal stress along the Y axis is 218.3 MPa and the minimum normal stress is −488.2 MPa. The maximum and minimum normal stresses along the X axis are 154.7 MPa and −180.0 MPa. At the fatigue limit (the second stage), the axial uniform tensile load is 900.0, in which the normal stress along the Z axis is tensile stress, and the maximum is 1171.0 MPa. The maximum normal stress along the Y axis is 266.5 MPa and the minimum is −593.7 MPa. The maximum and minimum normal stresses along the X axis are 188.3 MPa and −219.4 MPa, respectively.




3.2.2. Fatigue Life


The input parameters in the fatigue analysis process are consistent with the simulation of single steel wire fatigue test. As shown in Figure 12, the fatigue life of the bottom center steel wire of the main cable when the upper limit of uniform axial tensile stress is 900.0 MPa and the stress amplitude is 156.0 MPa. The critical part occurred in the contact between the steel wire and the bottom of the saddle groove, which was consistent with the engineering practice and had a life of 4.78 million times, indicating that the 2200 MPa steel wire had good durability and could work at the outlet of the cable saddle for a long time to meet the needs of the actual project.






4. Conclusions


In this paper, the values of friction coefficient and SN scale factor in finite element simulation and fatigue life analysis were determined by fatigue loading test of a single steel wire, and then the stress state of 2200 MPa main cable steel wire at the saddle outlet was simulated; the fatigue life analysis was carried out, and the following conclusions were obtained:




	(1)

	
In the fatigue loading test, the filling and holding steel plate for clamping amplify the stress concentration of the steel wire, which is inconsistent with the stress state of the steel wire at the outlet position of the cable saddle in the actual engineering.




	(2)

	
It is reasonable to adopt 0.21 as friction coefficient in finite element simulation and 1.15 as SN scale factor in fatigue life analysis, which can effectively simulate the stress state of the main cable steel wire.




	(3)

	
Through fatigue life analysis based on ABAQUS/FE-SAFE, it is determined that the critical position of the main cable wire at the outlet of the cable saddle is the contact between the bottom wire and the outlet of the cable saddle, and the fatigue life is 4.78 million times. The 2200 MPa grade steel wire has good durability and can work at the outlet of the cable saddle safety to meet the needs of the actual project.
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Figure 1. Single wire fatigue test. (a) Clamping device. (b) Test wire loading condition and failure mode. 
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Figure 2. (a) Simulation of fatigue loading test. (b) Axial load of single steel wire. (c) Schematic diagram of axial loading of single wire mesh generation. 
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Figure 3. Axial stress of the element in the span of steel wire (MPa). (a) The first stage (the lower limit of fatigue). (b) The second stage (fatigue limit). 
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Figure 4. Fatigue life of steel wire used to confirm parameters (the values are the logarithm of the fatigue life base 10). 
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Figure 5. The normal stress distribution of local elements in the span of steel wire along all directions of the global coordinate system. Where, (a–c) are normal stress nephograms of steel wire along Z axis (axial direction), Y axis, and X axis, respectively, (d–f) are normal stress nephograms of steel wire along Z axis (axial direction), Y axis, and X axis, respectively, for fatigue upper limit time. 
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Figure 6. Cloud diagram of shear stress distribution. Here, (a) is τxz in the first stage, (b) is τyz in the first stage, (c) is τxz in the second stage, and (d) is τyz, in the first stage. 
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Figure 7. Fatigue life in the gripping area of a single wire (the values are the logarithm of the fatigue life base 10). 
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Figure 8. Cable saddle structure form. (a) Facade. (b) Saddle groove profile. 
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Figure 9. Model of main cable strand and saddle (the first-level model). (a) Equivalent section of strand wire. (b) Mesh generation. 
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Figure 10. Partial model of saddle and wire (the second-level model). 
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Figure 11. The normal stress of the wire along all directions of the integral coordinate system, where (a–c) are normal stress nephograms of steel wire along Z axis (axial direction), Y axis, and X axis, respectively, and (d–f) are normal stress nephograms of steel wire along Z axis (axial direction), Y axis and X axis, respectively, for fatigue upper limit time. 
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Figure 12. Fatigue life of 2200 MPa high-strength steel wire. 
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Table 1. Technical indicators of 2200 MPa steel wire.






Table 1. Technical indicators of 2200 MPa steel wire.





	Project
	Unit
	Magnitude





	Tensile Strength
	MPa
	2209~2284



	Non-proportional Extension Strength
	MPa
	1986~2120



	Elasticity Modulus
	MPa
	(2.00~2.10) × 105



	Breaking Elongation Rate
	%
	5.0~6.0



	Coating Quality
	g/m2
	306~354



	Relax Rate
	%
	2.6
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Table 2. Fatigue loading test data of 2200-MPa-grade steel wire.






Table 2. Fatigue loading test data of 2200-MPa-grade steel wire.





	Number
	Specification
	σmax

/MPa
	∆σ

/MPa
	N
	Fracture Location





	1
	5.65–2200
	990
	410
	169,810
	Clamping position



	2
	5.65–2200
	990
	410
	276,988
	Clamping position



	3
	5.65–2200
	990
	410
	2,000,000
	Unbroken stop



	4
	5.65–2200
	990
	410
	152,247
	Clamping position



	5
	5.65–2200
	990
	410
	220,566
	Clamping position



	6
	5.65–2200
	990
	360
	186,767
	Clamping position
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Table 3. Model material property.






Table 3. Model material property.





	
Material Property

	
Equivalent Steel Plate

	
Cable Saddle

	
Steel Wire




	
First Five Layers

	
Sixth Layer






	
Density (kg/m3)

	
6.30 × 103

	
6.20 × 103

	
7.85 × 103

	
7.85 × 103




	
Elastic modulus (GPa)

	
168.7

	
164.9

	
210.0

	
210.0




	
Poisson ratio

	
0.3

	
0.3

	
0.3

	
0.3
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