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Abstract 

This paper investigates the buckling behavior of Q690 high-strength steel tubes under combined axial compression and bending 

loads through experimental testing and finite element analysis (FEA). A total of 27 full-scale specimens with varying slenderness 

ratios (λ) and diameter-to-thickness (D/t) ratios were tested to evaluate their load-bearing capacity, deformation characteristics, 

and failure modes. The experimental setup replicated real-world conditions, with constant axial loads applied alongside 

incremental bending moments until failure occurred. FEA models, developed using ABAQUS, incorporated geometric 

imperfections and material nonlinearities to simulate realistic structural behavior and predict critical buckling moments. The 

comparison between experimental and numerical results showed strong agreement, with deviations ranging from 5.6% to 7.9%, 

confirming the reliability of the simulations. The findings indicate that tubes with higher D/t ratios are more sensitive to 

imperfections, experiencing significant reductions in post-buckling moment capacity, while those with lower D/t ratios 

demonstrated greater resistance to buckling and maintained higher structural integrity. The transition between global and local 

buckling modes was effectively captured by both experimental and numerical approaches, validating the robustness of the 

models. This study emphasizes the importance of accounting for geometric imperfections and residual stresses in design 

practices to ensure the safety and reliability of high-strength steel structures under combined loading conditions. Additionally, 

the results underscore the effectiveness of advanced FEA tools in predicting structural behavior, providing valuable insights for 

improving design codes and practices. Future research is recommended to explore dynamic loading scenarios, such as wind or 

seismic effects, to further enhance the applicability of Q690 steel tubes in critical infrastructure projects. 
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1. Introduction 

High-strength steel (HSS) has become essential in modern 

infrastructure due to its superior mechanical properties, such 

as high yield strength, durability, and structural efficiency. 

Among these materials, Q690 high-strength steel stands out 

for its remarkable load-bearing capacity while enabling re-

duced material usage. These properties make Q690 particu-

http://www.sciencepg.com/journal/ajce
http://www.sciencepg.com/journal/229/archive/2291206
http://www.sciencepg.com/
https://orcid.org/0009-0003-8219-7643
https://orcid.org/0009-0003-8219-7643
https://orcid.org/0009-0003-8219-7643


American Journal of Civil Engineering  http://www.sciencepg.com/journal/ajce 

 

179 

larly suitable for demanding applications, including trans-

mission towers, substations, and large-scale structural 

frameworks. Its combination of high yield strength and duc-

tility allows for lighter, more efficient designs without com-

promising safety or performance. However, the structural 

response of Q690 steel tubes under complex loading condi-

tions, especially combined axial compression and bending, 

remains inadequately understood. 

One of the critical challenges in the structural application of 

high-strength steel is buckling, which can occur globally or 

locally, depending on factors such as slenderness ratio (λ), 

diameter-to-thickness ratio (D/t), and imperfections inherent 

to manufacturing processes, including welding-induced re-

sidual stresses and geometric deviations. These imperfections 

have a pronounced effect on the buckling strength, potentially 

reducing the load-bearing capacity even in the presence of 

small deviations. As Q690 steel is particularly sensitive to 

these imperfections, understanding and accurately predicting 

its buckling behavior under combined loading conditions is 

essential for designing safe and reliable structures. 

While several studies have explored the buckling behavior 

of cylindrical shells under either axial compression or bending, 

limited research has focused on the combined effects of these 

loading scenarios on Q690 steel. With growing use of 

high-strength steel in critical infrastructure, where multiple 

load types often act simultaneously, there is a pressing need to 

bridge this knowledge gap. Additionally, the role of geometric 

imperfections and residual stresses in exacerbating buckling 

failure modes remains under studied for Q690 steel. 

This study addresses these gaps by investigating the buck-

ling behavior of Q690 high-strength steel tubes under com-

bined axial compression and bending loads. The research 

employs both experimental testing and finite element analysis 

(FEA) to assess the load-bearing capacity, deformation char-

acteristics, and buckling modes of Q690 steel tubes with 

varying slenderness and diameter-to-thickness ratios. Nu-

merical simulations using ABAQUS incorporate geometric 

imperfections and material nonlinearities to reflect real-world 

structural behavior. By comparing experimental data with 

FEA results, this study aims to provide new insights into the 

buckling performance of Q690 steel tubes, enhancing the 

design standards and practices aligned with structural codes 

such as GB50017 and DL/T5154. 

1.1. Literature Review 

In recent years, the application of high-strength steel (HSS) 

in structural engineering has seen significant growth, partic-

ularly in infrastructure projects that demand materials with 

superior strength-to-weight ratios. Q690 high-strength steel, 

with its nominal yield strength of 690 MPa, has gained 

prominence in critical structures such as transmission towers 

and wind turbine support. The buckling behavior of Q690 

steel tubes under combined axial compression and bending 

loads is an essential subject of study to ensure the safety and 

stability of these structures. Calladine [1] discussed the the-

oretical aspects of shell buckling, emphasizing the role of 

slenderness and diameter-to-thickness (D/t) ratios in deter-

mining buckling load capacity. Similarly, Yamaki [3] explored 

the elastic stability of circular cylindrical shells, laying a solid 

foundation for understanding the underlying buckling mech-

anisms in cylindrical structures. Recent studies have further 

advanced this understanding, particularly concerning Q690 

steel. Franky et al. [10] conducted an elastic-plastic buckling 

analysis of Q690 tubes under global bending, highlighting the 

crucial impact of geometric imperfections and residual 

stresses on structural performance. These findings align with 

those of Wang and Sadowski [13], who used finite element 

analysis (FEA) to simulate the behavior of imperfect cylin-

drical shells, emphasizing how such imperfections drastically 

reduce buckling strength. 

The effect of geometric imperfections, often introduced 

during manufacturing, presents a challenge in designing with 

high-strength steel. Imperfections like welding-induced re-

sidual stresses can significantly lower the buckling strength of 

Q690 steel tubes. Rotter and Teng [4] studied the effect of 

weld depressions on the stability of cylindrical shells, show-

ing that even small imperfections can reduce load-bearing 

capacity. Similarly, Hutchinson and Koiter [6] investigated 

post-buckling behavior, noting that imperfections could shift 

the buckling mode from local to global buckling, depending 

on the loading conditions and the slenderness ratio. Wei 

Yanlei et al. [28] further supported these findings, demon-

strating that residual stresses could decrease the local stability 

of Q690 high-strength steel tubes by up to 1.38%. 

Finite element analysis (FEA) has become a crucial tool in 

predicting the buckling behavior of high-strength steel struc-

tures. Xiang Li et al. [2] used 3D FEA models to examine the 

bending performance of reinforced steel tubes, focusing on 

how geometric imperfections impact overall stability. More-

over, Lindgren [16-18] explored the effects of residual 

stresses and plastic deformations in welded steel structures 

through FEA simulations, concluding that residual stresses 

significantly influence the stability of high-strength steel 

tubes, especially under combined loading conditions. Chen et 

al. [14] expanded on these findings by conducting a nonlinear 

stability analysis of Q690 high-strength steel cylindrical 

shells under global bending, emphasizing the roles of slen-

derness ratios and material nonlinearities in failure modes. 

This aligns with Ballio and Mazzolani’s [27] earlier research, 

which demonstrated that residual stresses could lead to brittle 

fractures and stress corrosion cracking in high-strength steel 

structures. 

The complex interaction between axial and bending loads, 

coupled with the sensitivity to imperfections, presents sig-

nificant challenges in designing high-strength steel structures. 

Koiter [5] provided early guidelines for addressing imperfec-

tion sensitivity, emphasizing the need for robust design prac-

tices. Recent studies, such as those by Yadava and 

Gerasimidis [12] and Fajuyitan and Sadowski [11], have 
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called for the refinement of design codes to account for im-

perfections and residual stresses in Q690 steel structures. 

These advancements underscore the need for further numer-

ical simulations and experimental studies to ensure the safe 

and efficient use of Q690 steel in critical infrastructure pro-

jects. 

This literature highlights the intricate nature of buckling 

behavior in Q690 steel structures, particularly under com-

bined axial and bending loads. The role of geometric imper-

fections and residual stresses in reducing buckling strength is 

evident, and future research should continue refining numer-

ical models to account for these factors. Advanced FEA tools 

will play a critical role in ensuring the safe and efficient de-

sign of high-strength steel structures in the future. 

1.2. Research Gap 

The existing body of research has extensively studied the 

buckling behavior of cylindrical shells and steel structures 

under individual axial compression or bending loads. 

However, there remains a critical gap in understanding the 

interaction of these loads when applied simultaneously, 

particularly in high-strength steel tubes like Q690. Most 

studies have focused on either axial or bending behavior in 

isolation, which does not fully reflect the real-world condi-

tions where multiple loading scenarios often occur together 

in structural applications, such as transmission towers and 

wind turbine supports [1-13]. Additionally, the role of ge-

ometric imperfections, including residual stresses from 

manufacturing processes like welding, is well-recognized in 

reducing the buckling strength of steel tubes [4, 6, 16-19]. 

Yet, a comprehensive investigation into how these imper-

fections specifically affect Q690 steel tubes under combined 

axial compression and bending loads remains limited. These 

factors—geometric imperfections and residual stresses—are 

crucial in predicting buckling performance but have not been 

sufficiently addressed in previous studies. This research gap 

highlights the need for further experimental and numerical 

studies to better understand the combined effects of axial 

and bending loads on Q690 steel tubes, particularly in the 

presence of imperfections. 

1.3. Innovation 

This study contributes to filling the identified research gaps 

by focusing on the combined effects of axial compression and 

bending loads in Q690 steel tubes. It is one of the few studies 

that addresses how these loads interact in real-world structural 

applications, offering valuable insights for critical infra-

structure projects such as transmission towers and substations 

[1, 3, 10, 14]. 

An innovative aspect of this work is the detailed analysis of 

imperfection sensitivity. By incorporating both geometric 

imperfections and residual stresses in the finite element sim-

ulations and experimental validation, this study provides a 

more realistic and comprehensive understanding of their in-

fluence on the buckling performance of Q690 steel tubes 

under combined loads [4, 5, 24-26]. This approach enables 

more accurate predictions of structural performance, which is 

essential for refining design practices and improving safety 

standards in high-strength steel applications. 

Additionally, the use of advanced finite element analysis 

(FEA) with ABAQUS allows for the integration of nonlinear 

material and geometric properties, addressing both global and 

local buckling behaviors. This high-fidelity modeling, vali-

dated by experimental data, offers novel insights into the 

post-buckling performance of Q690 steel tubes under com-

plex loading conditions [2, 14, 16-19, 29, 33, 34]. By ex-

tending the understanding of how Q690 steel behaves under 

combined axial and bending loads, this study provides critical 

advancements in both theoretical knowledge and practical 

design applications. 

2. Experimental Setup 

The experimental setup aimed to assess the bending per-

formance of Q690 high-strength steel tubes under combined 

axial compression and bending loads. A total of 27 full-scale 

Q690 steel tube specimens, grouped by varying slenderness 

ratios (λ = 30, 45, 60) and diameter-to-thickness ratios (D/t), 

were subjected to constant axial loads using hydraulic jacks. 

The tubes were tested under increasing bending moments 

applied by a self-balancing loading frame until failure oc-

curred. Hinged supports were used to replicate real-world 

boundary conditions, allowing rotation while maintaining 

constant axial compression during the bending tests. Strain 

gauges and axial displacement transducers were used to cap-

ture the deformation characteristics and load-displacement 

behavior. The tests aimed to identify critical buckling mo-

ments, failure modes (global vs. local buckling), and the im-

pact of geometric imperfections on load-bearing capacity, 

with results compared to design standards such as GB50017 

and DL/T5154. 
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Table 1. Comparison of Experimental and Numerical Results for Q690 Steel Tubes. 

Specimen 

ID 

Slenderness 

Ratio (λ) 

Diameter-to 

-Thickness 

Ratio (D/t) 

Axial 

Load 

(kN) 

Experimental 

Moment (M_exp) 

(kN·m) 

Numerical Moment 

(M_FEA) (kN·m) 

Deviation 

(%) 
Failure Mode 

DPY9-1 60 43.75 2542 215.8 203.61 -5.64 Elastic Global 

DPY9-2 60 43.75 2568 209.45 197.67 -5.63 Elastic Global 

DPY9-3 60 43.75 2536 206.33 194.67 -6.65 Elastic Global 

DPY8-1 60 37.5 2472 153.11 143.04 -6.58 Elastic Global 

DPY8-2 60 37.5 2472 134.2 125.37 -6.58 Elastic Global 

DPY8-3 60 37.5 2472 126.2 117.9 -6.58 Elastic Global 

DPY7-1 60 31.25 1802 219.98 202.66 -7.87 Elastic-Plastic Global 

DPY7-2 60 31.25 1802 307.49 283.28 -7.87 Elastic-Plastic Global 

DPY7-3 60 31.25 1802 245.19 225.89 -7.87 Elastic-Plastic Global 

 

3. Numerical Modeling 

To complement the experimental investigation, a compre-

hensive finite element analysis (FEA) was conducted using 

ABAQUS software. The numerical models were developed to 

replicate the experimental setup of Q690 steel tubes under 

combined axial compression and bending loads. Cylindrical 

tubes with varying slenderness ratios (λ = 30, 45, and 60) and 

diameter-to-thickness ratios (D/t) were modeled based on 

experimental parameters. Geometric imperfections, material 

properties such as yield strength, and isotropic hardening 

were incorporated into the models to simulate realistic struc-

tural behavior. The models used S4R shell elements, and the 

Riks method was applied to capture nonlinear buckling and 

post-buckling responses. The results included stress distribu-

tions, deformation plots, and moment-curvature relationships, 

providing valuable insights into critical buckling moments 

and failure modes. These simulations closely aligned with the 

experimental results, demonstrating strong agreement in 

terms of structural performance and buckling behavior. 

The simulation results showed stress concentrations and 

deformations, with higher stresses depicted in red and lower 

stresses in blue, illustrating how the Q690 steel tubes buckled 

under combined loading conditions. 

3.1. Finite Element Model Configuration 

The finite element models were designed to match the ex-

perimental specimens' geometric and material properties. 

Geometric modeling was based on Table 1, with diame-

ter-to-thickness ratios ranging from 31.25 to 43.75 and slen-

derness ratios between 30 and 60. S4R shell elements were 

chosen for accurate thin-walled structure analysis, balancing 

efficiency and precision in large deformations. The material 

model used Q690 steel properties, including a yield strength 

of 690 MPa, elastic modulus of 2 × 10⁵ MPa, and Poisson’s 

ratio of 0.3. Isotropic hardening was incorporated to simulate 

plastic deformation beyond yield. 

3.2. Boundary Conditions and Loading 

The boundary conditions and loading scenarios were 

carefully defined to replicate the experimental setup. Hinged 

supports were applied at both ends of the tube, permitting 

axial load application while allowing rotation. Two loading 

stages were modeled: a constant axial compression load fol-

lowed by an incremental bending moment applied until failure. 

This protocol mimicked the experimental testing procedure to 

ensure accurate simulation of the structural response under 

combined loads. 

3.3. Imperfection Sensitivity Analysis 

Geometric imperfections and residual stresses were mod-

eled to account for real-world imperfections that affect buck-

ling behavior. Imperfections were introduced as pre-buckling 

mode shapes with amplitudes ranging from 0.01 to 2.0 times 

the thickness of the steel tube. Although residual stresses were 

not measured directly, an initial stress field simulating fabri-

cation-related stresses (like those from welding) was applied 

across the tube to reflect their influence on buckling. 

3.4. Nonlinear Analysis 

Nonlinear analysis was essential to capture the complex 

buckling behavior of the steel tubes under combined loads. 

Geometric nonlinearities, such as large displacements and 

rotations, were modeled to simulate post-buckling defor-
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mations, with the Riks method used to track load-deformation 

responses until failure. Material nonlinearities were also 

modeled, incorporating the elastic-plastic behavior of Q690 

steel to simulate both elastic buckling and plastic collapse, as 

observed in the experiments. 

3.5. Validation of Numerical Results 

The finite element analysis (FEA) results were compared to 

experimental data for validation. The load-displacement 

curves from FEA showed strong agreement with the experi-

mental results, confirming the accuracy of the model in pre-

dicting buckling loads and deformation behaviour. Addition-

ally, the numerical moment-curvature relationships closely 

matched experimental data, effectively capturing the transi-

tion from elastic to plastic behaviour and validating the 

model's ability to predict buckling moments and failure 

modes. 

3.6. Comparison of Experimental and 

Numerical Results 

The validation of the finite element analysis (FEA) models 

was achieved by comparing the critical buckling moments, 

failure modes, and load-displacement behavior between the 

experimental and numerical simulations. Table 1 presents the 

comparison between the experimental and FEA results for 

each specimen group. The slenderness ratios (λ), diame-

ter-to-thickness ratios (D/t), and axial loads were consistent 

between both analyses. The deviations between the experi-

mental and numerical moments ranged from -5.64% to 

-7.87%, confirming the accuracy of the FEA in capturing the 

structural response of Q690 steel tubes under combined axial 

compression and bending loads. 

The numerical models accurately predicted the failure 

modes, identifying global buckling for specimens with higher 

slenderness ratios and elastic-plastic global buckling for 

specimens with lower slenderness ratios. The FEA results 

were particularly effective in capturing the moment-curvature 

relationships, which provided insights into the load-bearing 

capacity and post-buckling behavior of the Q690 steel tubes. 

4. Results and Analysis of Buckling 

Behavior in Q690 Steel Tubes 

This section delineates a detailed comparison of the ex-

perimental findings and numerical simulations for the Q690 

steel tubes under combined axial compression and bending 

loads. The analysis focuses on load-displacement behaviour, 

moment-curvature relationships, critical buckling moments, 

and failure modes, with special attention to the influence of 

slenderness ratio (λ), diameter-to-thickness ratio (D/t), and 

geometric imperfections on the structural response. 

4.1. Load-Displacement Behavior 

On Figure 1, both experimental testing and finite element 

analysis (FEA) show how Q690 steel tubes behave under 

combined axial compression and bending. 

Load-displacement curves highlight the critical buckling 

points for different specimen groups. For Specimen DPY9 (λ 

= 60, D/t = 43.75), the curve showed a gradual increase in 

load capacity until global buckling occurred. In Specimen 

DPY7 (λ = 60, D/t = 31.25), the tubes buckled at higher 

loads due to a lower D/t ratio, showing elastic-plastic global 

buckling. Specimen DPY6 (λ = 45, D/t = 43.75) exhibited a 

stiffer response and experienced local buckling. 

 
Figure 1. Finite Element Simulation of Q690 Steel Tubes Under Combined Axial Compression and Bending Loads. 
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4.2. Failure Modes 

The failure modes of Q690 steel tubes depended on the 

slenderness ratio (λ) and diameter-to-thickness ratio (D/t). 

Specimens with higher slenderness ratios, such as DPY9 and 

DPY7, predominantly exhibited global buckling, where the 

entire tube deformed uniformly under the combined axial 

compression and bending loads. This type of buckling was 

observed in the experimental results and validated by the 

finite element analysis (FEA). Conversely, specimens with 

lower slenderness ratios and higher D/t ratios, such as DPY6, 

displayed local buckling. Local buckling was characterized by 

significant deformations concentrated in specific regions of 

the tube, leading to plastic collapse. These differences in 

failure modes were evident across the experimental and FEA 

results, confirming the influence of geometric factors on the 

structural behavior of Q690 steel tubes. 

4.3. Moment-Curvature Relationships 

The moment-curvature relationships for Specimens DPY9 (λ 

= 60, D/t = 43.75) and DPY7 (λ = 60, D/t = 31.25) reveal key 

insights into the structural response of Q690 steel tubes under 

bending on Figure 2. Both the experimental and FEA results 

show consistency, particularly in capturing the transition from 

elastic to plastic behavior. For Specimen DPY9, the curves 

demonstrated a gradual reduction in moment post-buckling, 

with a deviation of approximately -5.64% between the exper-

imental and numerical results. Similarly, for Specimen DPY7, 

a rapid increase in curvature post-buckling was observed, with 

the FEA model predicting slightly lower moments, showing a 

deviation of -7.87% compared to experimental data. The results 

validate the FEA model's accuracy in simulating the nonlinear 

and post-buckling behavior of Q690 steel tubes. 

 
Figure 2. Moment-Curvature Relationships for Specimens DPY9 and DPY7 (Experimental vs. FEA). 

4.4. Critical Buckling Moments 

The critical buckling moments for Q690 steel tubes were 

calculated using finite element analysis (FEA) and compared 

with the experimental results. The comparison revealed or-

derliness between the two sets of data, with deviations at-

tributed to minor geometric imperfections and material in-

consistencies that were not fully modeled. 
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Figure 3. Comparison of critical buckling moments from experimental and FEA data. 

For Specimen DPY9 (λ = 60, D/t = 43.75), the 

FEA-predicted buckling moments were approximately 5.64% 

lower than the experimental values. Similarly, for Specimen 

DPY7 (λ = 60, D/t = 31.25), the deviation reached 7.87%. 

These small discrepancies possibly reinforce the reliability of 

FEA in accurately predicting critical buckling moments under 

combined axial compression and bending loads. 

Figure 3 illustrates the comparison of critical buckling 

moments from experimental and FEA data for both specimen 

groups. 

 
Figure 4. Imperfection Sensitivity Curves for Specimens DPY9 and DPY7 (Experimental vs. FEA). 
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4.5. Imperfection Sensitivity Analysis 

The imperfection sensitivity analysis highlights the impact 

of geometric imperfections on the buckling performance of 

Q690 steel tubes. Both the experimental results and finite 

element analysis (FEA) revealed that tubes with higher di-

ameter-to-thickness (D/t) ratios represented increased sensi-

tivity to imperfections. Specimens like DPY9 (D/t = 43.75) 

showed a reduction in load-bearing capacity when geometric 

imperfections were introduced, with significant reductions in 

moment post-buckling. In contrast, tubes with lower D/t ra-

tios, such as DPY7 (D/t = 31.25), demonstrated greater re-

sistance to imperfections, maintaining more of their 

load-bearing capacity even with pronounced imperfections. 

The FEA models closely followed these trends, providing 

accurate predictions of the imperfection sensitivity and rein-

forcing the experimental findings. This analysis emphasizes 

the importance of accounting for geometric imperfections 

when designing high-strength steel structures to ensure safe-

ty and reliability under combined loading conditions. 

The imperfection sensitivity curves (Figure 4) show the 

relationship between the normalized moment (M/M0) and 

imperfection amplitude (δ/t). Thinner tubes exhibit a steep 

decline in moment capacity as the imperfection amplitude 

increases, whereas thicker tubes show a more gradual reduc-

tion. These findings validate the FEA model's ability to ac-

curately predict the effects of imperfections on buckling be-

haviour. 

5. Comparison of Experimental and 

Numerical Results 

The comparison between the experimental and numerical 

results of Q690 steel tubes under combined axial compression 

and bending loads reveals a strong correlation in buckling 

behavior, moment-curvature relationships, and imperfection 

sensitivity. Both experimental and FEA analyses accurately 

captured the transition from global to local buckling, with 

longer tubes (e.g., DPY9) predominantly showing global 

buckling and shorter, thicker tubes (e.g., DPY7) exhibiting 

local buckling. The moment-curvature curves showed close 

agreement, especially in the elastic and early plastic phases, 

with minor deviations near failure attributed to unmodeled 

imperfections and residual stresses. Imperfection sensitivity 

analysis demonstrated that tubes with higher D/t ratios were 

more affected by geometric imperfections, leading to signif-

icant reductions in post-buckling moment capacity. Thicker 

tubes absorbed more energy and exhibited greater ductility 

compared to thinner ones, with the FEA models accurately 

predicting these trends. Overall, the FEA models effectively 

replicated the experimental results, providing reliable predic-

tions of buckling behavior, stress distribution, and ductility in 

Q690 steel tubes. 

6. Limitations and Future Improvements 

While the comparison between the experimental and nu-

merical results of Q690 steel tubes under combined axial 

compression and bending loads shows strong agreement, 

there are several limitations that present opportunities for 

future improvement. First, although geometric imperfections 

were included in the FEA models, they were simplified and 

did not fully replicate the complex and irregular imperfec-

tions found in real-world structures. Incorporating more pre-

cise measurements of these imperfections would improve the 

accuracy of the models, particularly in predicting 

post-buckling behavior. Second, the material models used in 

the FEA simulations were based on standard assumptions for 

Q690 steel, but variations in material properties, such as 

strain hardening and residual stresses from welding or form-

ing processes, were not fully accounted for. Refining these 

material models to incorporate such factors would lead to 

more accurate simulations. Finally, this study focused on 

static loading conditions, while in real-world applications, 

steel tubes are often subjected to dynamic loads such as wind, 

seismic activity, or impacts. Future studies could extend the 

FEA models to include dynamic loading conditions, provid-

ing a more comprehensive understanding of the behavior of 

Q690 steel tubes in various structural scenarios. 

7. Conclusions 

In conclusion, this study provides a comprehensive evalu-

ation of the buckling behavior of Q690 high-strength steel 

tubes under combined axial compression and bending loads 

through both experimental testing and finite element analysis 

(FEA). The results demonstrate a strong agreement between 

experimental findings and FEA predictions, particularly in 

terms of load-displacement behavior, moment-curvature re-

lationships, and failure modes. The FEA models effectively 

captured the transition from global to local buckling and 

provided reliable predictions for critical buckling moments 

and the effects of geometric imperfections on post-buckling 

performance. Specimens with lower diameter-to-thickness 

ratios exhibited greater resistance to imperfections, while 

those with higher ratios were more sensitive, experiencing 

significant reductions in moment capacity. These findings 

reinforce the reliability of FEA as a tool for predicting the 

structural response of Q690 steel tubes and provide valuable 

insights for improving design practices in high-strength steel 

structures. However, further refinements in modeling imper-

fections, material properties, and dynamic loading conditions 

will enhance the accuracy and applicability of these predic-

tions in real-world structural applications. 

Abbreviations 

FEA Finite Element Analysis 

http://www.sciencepg.com/journal/ajce


American Journal of Civil Engineering  http://www.sciencepg.com/journal/ajce 

 

186 

HSS High-Strength Steel 
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