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This paper presents experimental and numerical studies on compression behaviour of equal-leg steel angles with bolted connection and subjected to local defect at the bolt hole. To simulate corrosion, a mechanical cutting method was used in the experimental test to increase the diameter of bolt holes, and a total of 18 steel angles were investigated in the study. The parameters considered included the slenderness and the diameter of bolt holes. The slendernesses of steel angles were 80 and 140, and the diameter of bolt holes ranged from 21.5 to 27.5 mm. Additionally, numerical models were established for the steel angles. The accuracy of the numerical model was verified by comparing experimental data with numerical results. Based on the validated numerical model, a parametric analysis was conducted to quantitatively assess the influences of the slenderness and the diameter of bolt holes on the load capacity of specimens against global buckling. Experimental and numerical results showed that the defect at the bolt hole affected the load capacity of specimens when the diameter of the bolt hole was increased to 27.5 mm and the slenderness was not greater than 100.
Keywords: Q355 steel angles, bolted connections, buckling failure, load capacity, numerical simulations
1 INTRODUCTION
Equal-leg steel angles are widely used in the structures of transmission towers due to their diverse sectional dimensions, ease of fabrication, and convenient connection options. In the towers, steel angles connected with bolts at one leg are often used as inclined compression or tension members. The overall buckling behaviour of these steel angles has become the focus of research studies (Adluri and Madugula, 1996; Bathon et al., 1993; Shi et al., 2011; Wakabayashi and Nonaka, 1965; Cao et al., 2017; Chen, 2012; Liu et al., 2021).
Since transmission towers operate outdoors in the service life and they are frequently subjected to various weathering conditions, making the steel angle highly susceptible to varying degrees of corrosion (Huang et al., 2023). Corrosion alters the chemical and physical properties of steel, thereby reducing the behaviour and resistance of components. For corroded steel angles, it is essential to carefully assess their residual load capacities to ensure safety. Researchers have conducted various compression tests to quantify the overall buckling load of steel angles with corrosion. Beaulieu et al. (2010) considered the corrosion of 16 steel angles by immersing them in saturated copper sulphate solution, followed by compression testing. They investigated the influence of slenderness, width-to-thickness ratio, and degree of corrosion on the compressive behaviour of steel angles. Zhang et al. (2014) investigated the influence of acid rain corrosion models on the seismic behaviour of Q355 equal-leg steel angle through quasi-static tests and established corresponding degradation models. Gao et al. (2020) quantitatively analysed the effects of four common types of corrosion, including uniform corrosion, pitting corrosion, localized corrosion, and corrosion at the edge, on the performance of steel angles by numerical modelling. Additionally, researchers have developed calculation methods to predict the load capacity of steel angles. Ye et al. (2016) established a conversion relationship between artificial accelerated corrosion tests and the corrosion status of Q235 steel components under marine atmospheric conditions. They also proposed a practical calculation method to analyse the mechanical behaviour degradation of pitted steel components. Oszvald et al. (2016) simulated corrosion by reducing the thickness of steel angles using mechanical cutting. They conducted compression tests and numerical simulations on corroded equal-leg steel angles and developed a simplified design method to predict the residual compressive resistance of corroded components. Wang (2021) studied the influence of pit thickness, corrosion range, corrosion location, and slenderness of components on the mechanical properties of Q420 locally corroded steel angles through numerical simulations. Based on the research results, they proposed calculation formulae to evaluate the ultimate tensile and compressive load-bearing capacities. In summary, most studies have focused on the influence of corrosion on the mechanical properties of steel or a single component in specific environments. However, there is a lack of sufficient experimental data regarding the residual compression resistance of steel angles with bolted connections on one leg after corrosion.
This study aims to provide experimental and numerical data on the compression load capacity of equal-leg steel angles with bolted connections after simulated corrosion. The corrosion of steel angles was simulated using mechanical cutting methods and the diameter of bolt holes and slenderness was varied in the experimental tests and numerical study. The influences of slenderness and bolt hole diameter on its buckling behaviour of steel angles were quantified in the experimental and numerical results.
2 EXPERIMENTAL PROGRAMME FOR STEEL ANGLES IN COMPRESSION
2.1 Specimen design
Q355 steel angles with equal legs were selected for compression tests. Figure 1 displays an image of steel angles. The steel angles had a cross-sectional dimension of 75 mm × 6 mm, with total lengths of 1,092 mm and 1,986 mm respectively. Based on the distance between the top and bottom hinged supports (measured as 2,086 mm for long angle steel and 1,192 mm for short angle steel), the slendernesses of steel angles with regard to its minor axis were calculated to be 80 and 140, respectively. Figure 2 shows the detailed dimension of specimens. A steel plate was connected to one leg of each angle using three bolts at each end, representing a typical form of connection in transmission towers. To simulate corrosion, mechanical cutting can be adopted to reduce the thickness of steel plates (Oszvald et al., 2016). Site investigations before testing showed that the connection of steel angles might be subjected to severe corrosion. To simulate the corrosion, the diameter of bolt holes was enlarged by mechanical cutting, but the thickness of steel angles remained unchanged. It should be pointed out that mechanical cutting would not affect the compression behaviour of steel angles, as the compression capacity of steel angles is only sensitive to changes in the cross-sectional area of steel angles rather than the different levels of stress concentration. However, the residual stress distribution may be affected due to the heat generated in the cutting process. In this study, a total of 6 sets of steel angles were tested in compression, with three steel angles with the same parameter in each set. Table 1 lists the specific parameter of steel angles. In the table, the symbols are defined as follows: L and S represent the long and short steel angles, respectively; H indicates the defect at the bolt hole. For example, L-H23.5 indicates that the bolt hole diameter of the long angle steel is 23.5 mm. The steel angles used in the compression tests could be categorized into two groups. The first group consisted of 2 sets of control specimens without damage (Huang et al., 2024). The second group included 4 sets of specimens with enlarged bolt holes, namely, the diameter of the bolt hole was increased from 21.5 mm to 23.5 and 27.5 mm, respectively. The cross-section and slenderness of steel angles were selected based on the widely used dimension of steel angles in transmission towers in China. Note that the diameter of bolt holes was affected by the service life and environmental conditions of transmission towers.
[image: Figure 1]FIGURE 1 | Steel angles used in the experimental tests.
[image: Figure 2]FIGURE 2 | Dimensions of steel angles and bolt holes (unit in mm).
TABLE 1 | Summary of geometric dimensions of steel angles.
[image: Table 1]2.2 Mechanical properties of steel angles
According to GB/T 228.1-2010 (Management Committee for National Standards, 2010), three samples were cut from the steel angle and tested in tension. The sample thickness was 6 mm, the same as the steel angle, and the gauge length was 96 mm. Figure 3 shows the stress-strain curve obtained from the tension test (Huang et al., 2024). It is evident that the curves for all three samples were close to one another, each consisting of an elastic stage, a yield plateau and a hardening stage. Experimental data showed that the elastic modulus of the steel angle was 201,172 MPa, the yield strength was 380.3 MPa, and the ultimate strength was 555.9 MPa.
[image: Figure 3]FIGURE 3 | Tensile test results of steel angles.
2.3 Testing method
A compression machine was used to load the steel angle in compression, as illustrated in Figure 4. In the test setup, each end of the loaded leg was connected to a hinge using three Grade R8.8 high-strength steel bolts. In practice, the steel angle is subjected to an eccentric compressive load. Thus, a unidirectional knife-edge support was used for the hinge to ensure that the steel angle would bend about its weak axis in compression. A 50-tonne load cell was installed between the end plate and the support. In the testing process, the top of the testing machine remained fixed, while the bottom support moved upwards to apply the vertical load.
[image: Figure 4]FIGURE 4 | Test setup for steel angles in compression.
During loading, the compressive load was measured using the load cell. Two linear variable differential transducers (LVDTs) were installed at the bottom of the testing device to measure the vertical displacement of the steel angle. Additionally, two more LVDTs were erected in the middle of specimens to measure its lateral deformation perpendicular to the two legs. To further analyse the strain development across different sections of the steel angle under vertical loads, strain gauges with a gauge length of 5 mm were attached on the face at the mid-height and ends of the steel angle. These strain gauges could measure the variation of strain when buckling occurred during testing.
According to the DL/T 5486-2020 (Management Committee for National Standards, 2020b), a vertical load was applied at a loading rate of 2 kN/s up to 80% of the calculated theoretical ultimate load. When the applied load exceeded 80% of the theoretical ultimate load, the loading rate was adjusted to 1 kN/s. The loading was stopped when the load decreased to 70% of the peak value after the failure of specimens.
3 DISCUSSIONS ON TEST RESULTS
3.1 Load-deflection relationship of steel angles
Figure 5 plots the typical load-in-plane deflection curve for steel angle without local defects (Huang et al., 2024). The measured deflection represents that of steel angles about the minor axis. It can be observed from Figure 5A that when the load was less than 120 kN, the curves of SCN-2 and SCN-3 were almost the same, without any lateral deflections measured. However, the curve of SCN-1 differed from the other two. As the load increased to 120 kN, the deflection of SCN-1 continued to increase linearly with the applied load. The differences in the curves during the initial loading phase might originate from different initial geometric imperfections of the steel angles in the same group. SCN-2 and SCN-3 had smaller geometric imperfections, resulting in a slower increase in the in-plane deflection upon loading. In contrast, SCN-1 had larger initial geometric imperfections, leading to the rapidly increasing deflection during the initial loading phase. As the load approached the peak value, the load-deflection curve became flatter, with the rapid increasing in the deflection. It should be noted that SCN-1 developed the same load capacity with SCN-2 and SCN-3. As the length of steel angles increased, the associated compression capacity reduced significantly, but the overall trend of the load-deflection curves remained consistent, as shown in Figure 5B.
[image: Figure 5]FIGURE 5 | Variation of load with mid-height deflection of intact steel angles (Huang et al., 2024).
Figure 6 shows the curves of steel angles with enlarged bolt holes. The curves in general were similar to those without local defects. The compression capacity decreased with increasing bolt holes. However, the reduction of the compression capacity was insignificant when the diameter of the bolt hole was increased from 21.5 mm to 27.5 mm. It can also be observed from the figure that the deflection associated with the compression capacity decreased with the increasing diameter of the bolt hole.
[image: Figure 6]FIGURE 6 | Variation of load with deflection of steel angles with enlarged bolt holes.
3.2 Failure modes of steel angles
Figure 7 illustrates the typical failure modes of steel angles under compression. In the initial phase of loading, the steel angle underwent deflection about its weak axis, which rapidly increased after the attainment of the peak load and was accompanied by torsion. As a result of the similarity in the failure mode of specimens, only those of SC-H27.5 and LC-H27.5 are displayed in the figure. The final modes of failure of specimens were global buckling, displaying a clear sinusoidal half-wave form along the longitudinal axis. Besides, noticeable torsional deformations were observed for both long and short steel angles. Therefore, the actual failure mode observed in the tests was combined flexural and torsional buckling.
[image: Figure 7]FIGURE 7 | Typical modes of failure of specimens in compression.
3.3 Load-strain curves
Figures 8, 9 present the typical load-strain curves of steel angles in compression. To clearly show the variation of strains at the end and middle of steel angles, curves from two specimens SC-H27.5 and LC-H27.5 were analysed in the study. Figure 8A shows the load-strain curve of the steel angle SC-H27.5. The strains at positions T-3, T-4, and T-5 near the loading leg developed compressive values, while positions T-1 and T-2 on the unloaded leg showed tensile strains. Notably, the strain at position T-4 exceeded that at positions T-3 and T-5 with increasing compression, and the strain at position T-3 started decreasing, suggesting that the specimen might have experienced twisting at the end. At the attainment of the load capacity, the strains at positions T-3 and T-4 were significantly greater than the yield strain measured in the coupon test. Figure 8B plots the load-strain curve at the mid-height of SC-H27.5. It is visible that strains at M-3 and M-4 remained compressive during the whole loading phase and gradually increased. Particularly, at positions M-5 and M-6, the strain varied from compressive to tensile after the steel angle reached its ultimate load. Meanwhile, positions M-1 and M-2 at the unloaded leg consistently generated tensile strains, with M-1 almost the same as M-2. This observation suggested that noticeable twisting also occurred at the end of the steel angle during compression. The peak strains exceeded the yield stress measured in the coupon test, indicating that inelastic buckling occurred for specimens.
[image: Figure 8]FIGURE 8 | Variation of steel strain with compression for angle SC-H27.5.
[image: Figure 9]FIGURE 9 | Variation of steel strain with compression for angle LC-H27.5.
Figure 9A provides a detailed view of the load-strain curves at the top end of steel angle LC-H27.5 with defect at the bolt hole. Similar to the undamaged specimen LC-H23.5, positions T-1 and T-2 on LC-H27.5 consistently exhibited tensile strains throughout the compression process, while positions T-3 to T-5 developed compressive strains. However, compared to LC-H23.5, the compressive strains of LC-H27.5 at T-3 and T-5 showed a clear decreasing trend after the specimen reached the compression capacity, and the peak value of compressive strains at these points were also significantly lower than those at T-4. This phenomenon indicated that twisting occurred at the upper end of the steel angle. Figure 9B displays the strain development in the middle of LC-H27.5. There were no significant differences between the strains at positions M-1 and M-2 in the middle of LC-H27.5, suggesting that no significant torsional deformations occurred in the middle. This observation indicated that even though LC-H27.5 showed twisting at the top end, it did not significantly affect the strain measured in the middle.
3.4 Discussions on test results
Figure 10 shows the influence of bolt hole diameters on the compression capacity of steel angles under compression. Experimental results indicated that, despite an increase in the bolt hole diameter, the change in the load capacity was minimal, typically within 3%, for specimens with the same slenderness. However, the increase in the bolt hole diameter might change the strain variation in the middle. When the diameter of the bolt hole increased, the strain measured in the middle did not indicate significant torsional deformations, as the steel section at the end was significantly reduced which eventually led to localised torsional deformation at the end.
[image: Figure 10]FIGURE 10 | Effect of bolt hole diameters on compression capacity of long and short steel angles.
4 FINITE ELEMENT SIMULATIONS OF STEEL ANGLES IN COMPRESSION
4.1 Development of finite element models
To study the influence of defect at the bolt hole on the compressive behaviour of steel angles, numerical models were developed using finite element software ABAQUS. In the model, bolts, steel angle, connection plates, and end plates were all modelled using C3D8R (eight-node linear hexahedral, reduced integration elements) solid elements, as shown in Figure 11. To optimize computational efficiency while ensuring the accuracy of the numerical model, a mesh sensitivity analysis was conducted to investigate the influence of mesh size on the compressive behaviour of steel angles. Preliminary results showed that when the mesh sizes in longitudinal, width and thickness directions were determined to be 10, 5 and 2 mm, respectively, the influence of mesh size on the ultimate load could be neglected. Therefore, the mesh size was set to 10 mm × 5 mm×2 mm. Additionally, global and local seeds were appropriately placed within the model to optimize the distribution of the mesh.
[image: Figure 11]FIGURE 11 | Numerical models for steel angles in compression.
In this study, a point-to-surface restraint was defined to couple the loading end plate with the reference point RP1. Considering the experimental conditions of the steel angle and the use of a hinge connection at the edge of the connection plate, the boundary conditions for reference point RP-1 were set to U1 = U2 = U3 = 0 and UR2 = UR3 = 0. As the bottom end plate was fixed, its restraints were set to U1 = U2 = U3 = UR1 = UR2 = UR3 = 0. Moreover, seven types of surface-to-surface contact interactions were defined between the steel angle, connection plates, bolts, and end plates in the model. A bolt preload was applied by defining the bolt load; then, the bolt load was adjusted to keep the present length constant, and the boundary conditions for reference point RP1 were reset. A Load was applied along the longitudinal axis through a displacement-control method.
4.2 Mechanical properties of steel
In this numerical model, the material properties of the steel, such as elastic modulus, yield strength, and ultimate strength, were determined based on the results of tensile tests on steel coupons. A Poisson’s ratio of 0.3 was used, and the mechanical properties were averaged across three test specimens. The stress-strain curve obtained from the experiments showed a distinct yield plateau, and thus the model employed an elastic-plastic model that incorporates the yield plateau and hardening stage, as depicted in the Figure 12 (Huang et al., 2024). The model also assumed that the materials of the connection plates, end plates, and bolts remain elastic. Their elastic properties were consistent with those of the steel angle.
[image: Figure 12]FIGURE 12 | Stress-strain model for steel angles in the finite element model.
The residual stress in the steel angle was not measured before testing, but the simplified distribution proposed by Wang (Wang, 1981a; Wang, 1981b) was defined in the finite element model. Note that even though the residual stress may be affected by mechanical cutting, it was not considered in the numerical model due to the lack of test data. Residual stresses were applied longitudinally to the steel angle model through a prestress field. Based on the recommendation of GB50017-2017 (Management Committee for National Standards, 2020a), the initial bending of the steel angle in the model was set at 1/1,000 of its length to simulate the geometric imperfection.
4.3 Validation of finite element models
In this study, finite element analyses were conducted for all specimens in compression, and typical specimens, including SC-23.5, LC-23.5, SC-H27.5 and LC-27.5, were selected to analyse and compare the load-deflection curves obtained from experiments and numerical simulations. In general, the trends obtained in the numerical simulations closely match the curves obtained from the experimental tests, as shown in Figure 13. During the initial loading phase, the numerical simulation shows a rapid increase in the deflection of the steel angle. When the steel angle is close to buckling, the experimental and simulation curves match well. The difference between the experimental and numerical curves may be due to that the initial bending of the steel angle in the experiments was not 1/1,000 of the angle length as assumed in the model.
[image: Figure 13]FIGURE 13 | Comparisons of numerical load-deflection curves with experimental results.
In addition to the load-deflection curve, the peak loads obtained from numerical simulations and experimental tests were also compared, as shown in the Table 2. The average numerical to experimental load ratio is 0.92, with a coefficient of variation of 3.6%, indicating that the numerical model can accurately calculate the ultimate load of the specimens. For instance, the experimental value of SCN was 145.8 kN, while the simulated value is 140.9 kN, 3.4% less than the experimental value. This shows that the numerical value is generally lower than the experimental value. The underestimation of the load capacity might result from the neglecting of the friction between the hinge and the end plate and the assumed residual stress and initial bending in the numerical model.
TABLE 2 | Comparison of numerical ultimate loads with experimental values.
[image: Table 2]Figure 14 shows the deflection and stress distribution in the numerical simulation when the steel angle reaches yielding and compare with the failure modes observed in the experimental tests. It can be observed that the simulation and experimental results exhibit good agreement in terms of the failure mode, displaying combined bending and torsional buckling. The maximum stress in SC-H27.5 is primarily concentrated at the middle of the unloaded leg, with a value of 459.8 MPa. However, when the slenderness is increased to 140, the maximum stress occurs at the end of the steel angle, with a value of 537.5 MPa. The increase in the stress at the end is mainly induced by the increased diameter of bolt holes and the associated reduced net section area of the steel angle.
[image: Figure 14]FIGURE 14 | Comparisons of numerical and experimental failure modes of specimens.
5 PARAMETRIC STUDY
In accordance with the verified finite element model, a parametric study was performed to study the effects of slenderness on the compression capacity of specimens with different diameters of bolt holes, as shown in Figure 15. In the parametric study, three different bolt hole diameters, namely, 21.5, 23.5 and 27.5 mm, are determined based on the experimental result. Steel angles with various slendernesses, namely, 80, 100, 120, and 140, are selected to investigate the combined effect of bolt hole diameter and slenderness. It can be observed that the ultimate load of steel angles with the same diameter of bolt holes decreases with the increasing slenderness. For example, when the bolt hole diameter is 23.5 mm, the load capacity of the steel angle with a slenderness of 80 is 136.9 kN, but the value decreases by 40.5%–81.5 kN when the slenderness increases to 140. The figure also shows the influences of the diameter of bolt holes on the compression capacity of specimens. It is apparent the diameter of bolt holes on the compression capacity is significant if the bolt hole diameter is 27.5 mm and the slenderness of specimens does not exceed 100. Otherwise, the reduction in the ultimate load induced by the bolt hole is less than 4% as compared with the undamaged steel angle. Thus, numerical results imply that under certain conditions, the influence of the bolt hole diameter on the load capacity of steel angles can be neglected, even though the presence of the bolt hole can reduce the restraint stiffness provided by the end plate and lead to localised twisting at the end.
[image: Figure 15]FIGURE 15 | Influence of bolt hole diameters and slenderness on the compression capacity of specimens.
6 CONCLUSION
This paper presents experimental and finite element studies on the global buckling behaviour of steel angles with defect at the bolt hole and subjected to compression. The compression capacity and global buckling failure of steel angles were examined through compression tests and numerical modelling. The influences of the slenderness and bolt hole diameter on the buckling load of specimens were also analysed in the parametric study. The following conclusions can be found as follows.
(1) When the diameter of the bolt hole was increased from 21.5 to 27.5 mm, the compression capacity of specimens with a slenderness of 80 was slightly reduced by 3.0%, whereas that with a slenderness of 120 remained almost unchanged. The effects of the diameter of bolt holes were insignificant for steel angles with a slenderness greater than 120 and can be neglected in design.
(2) Steel angles developed combined bending and twisting failure when they were loaded in compression on one leg. The presence of bolt holes led to localised twisting of steel angles near the end, but the twisting effect in the middle became insignificant.
(3) Parametric analysis through the numerical model indicates that as the slenderness ratio increases, the load-bearing capacity of steel angles with different diameters of bolt holes decreases, but the effect is only significant when the diameter of bolt holes is 27.5 mm and the slenderness is not greater than 100. Thus, when the slenderness of steel angles is less than 100, the effect of enlarged bolt holes on the compression capacity of steel angles should be reduced in design.
It should also be pointed out that the present study only focuses on the effect of corrosion at the bolt hole. In fact, corrosion may occur at the bolt hole and the connection at the same time. In that case, the conclusion of the present study is not applicable, and further experimental tests or numerical simulations are necessary to evaluate the influence of corrosion at the connection.
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Experimental ultimate load Pg (kN)

merical load ultimate load Py (kN)

SCN 145.8 1409 097

LCN 90.8 81.3 0.90
SC-H235 146.1 1369 0.94
SC-H27.5 143.0 1312 0.92
LC-H235 89.3 815 091
LC-H275 87.8 81.2 092

Mean ratio 092
Coefficient of variation 3.6%
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Slenderness about the minor
axis

Steel angles  Section of steel angles (mm) Type of defect  Design length (mm)

SC-H235 Bolt hole of 23.5 mm

LC-H23.5 140 Bolt hole of 23.5 mm 1,986
SC-H27.5 80 Bolt hole of 27.5 mm 1,092
LC-H27.5 140 Bolt hole of 27.5 mm 1,986
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Specimens

Experimental ultimate load Pg (kN)

Numerical load ultimate load Py, (kN)

SN 1458 1409

LON %08 813 0.90
SC-H235 1461 1369 094
SC-H275 143.0 1312 092
LC-H235 893 815 091
LC-H275 878 812 092
Mean ratio 092

Coefficient of variation

3.6%





