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ABSTRACT 

This study presents a comprehensive Finite Element (FE) model of the multiple-cable-to-pylon head joint 

within a specific cable roof structure. The analysis focuses on the upper part of the pylon substructure, 

particularly the pylon head joint, to examine its localized behavior under a set of internal forces derived 

from a simplified FE model. The steel tubular components of the pylon substructure were precisely 

simulated using thin shell elements. The designers of this particular roof structure proposed two solutions 

for reinforcing the pylon-head joint, while an additional novel strengthening technique was introduced, 

aimed at enhancing the joint's performance. These three strengthening methods, along with the original 

design joint, were modeled numerically, and the joint's effectiveness was assessed. The findings of the 

analysis indicate that the newly proposed strengthening technique exhibits greater potential for stiffening 

the considered pylon-head joint compared to the other introduced solutions. The study concludes with 
significant insights relevant to practical applications. 
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I. INTRODUCTION  

Steel cables and membrane structures offer an optimal 
solution for covering large spans without internal supports. 
This specific structural system transfers all developed internal 
forces through pre-tensioned cable components, along with the 
compression ring and pylon support system. These systems 
have proven to be just as effective as the textile surface 
membrane structures and reinforced concrete shell structures. 
To ensure structural safety and integrity, the surface membrane 
and cable elements must meet specific criteria for weight, 
balance, strength, stiffness, and durability. These characteristics 
enable the stress distribution to align with external loading 
conditions in an elastic stage, preventing excessive localized 
plastic deformations in the steel supporting elements. 
Addressing the challenges of force transmission in cable roof 
structures requires meticulous attention to localized stress 
concentrations and the stiffness behavior of cable support 
elements. As this unconventional shell roof with cable structure 
is not widely adopted, most research has focused on 
investigating pylon structures within bridge systems, 
particularly in cable-stayed and suspension bridges. An FE 
analysis was conducted to evaluate the performance of pylon 
structures in a cable-stayed bridge [1]. The two pylon structures 
of the bridge exhibited permanent plastic deformations when 
subjected to the predetermined design loads. Recommendations 

were made to reinforce the existing pylon structures, such as 
increasing the material thickness in critical areas or enhancing 
material properties by utilizing higher strength materials. 
Further research focused on investigating the fatigue impact on 
the cable-to-steel pylon connection [2]. A full-scale specimen 
of the cable-to-steel pylon connection from a cable-stayed 
bridge was constructed, and numerous fatigue tests were 
conducted. No cracks were recorded on the anchor box surface 
after subjecting it to a 2.76 million fatigue cycle test.  

This study introduces an elaborate FE model of the 
multiple-cable-to-pylon head joint in an actual project. The roof 
layout, with a focus on the supporting elements, is illustrated in 
Figure 1. These elements consist of a ring system supported by 
columns from one side of the roof and two pylons on the other, 
which secure the ring with cables. Each pylon is composed of 
three tubular elements that intersect at the top and bottom of the 
pylon, ascertaining that the pylon acts as a single leaning 
column. Figure 2 depicts the complex details of the pylon-head 
joint where the cables are anchored. After assembling the entire 
structure, the roof underwent testing followed by a final 
inspection for operational readiness. During this inspection, 
cracks were discovered in the walls of the spire tubular member 
near the welded connections to the head member. 
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Fig. 1.  The considered amphitheater's roof with pylons, Poland. 

 
Fig. 2.  The design cable forces of the considered pylon. 

The overall structure was simulated as a 3D system 
consisting of flexible cable elements for transmitting tensile 
forces and beam elements representing the ring and pylon 
components. In the design phase, the pylon joints were not 
thoroughly examined and were dimensioned without a 
comprehensive analysis of the potential localized yielding of 
joint components under service applied loads. The intersection 
of multiple elements in a limited space within the head joint 
presented difficulties in meeting the required fitting tolerances 
and certifying the quality of welded connections during 
manufacturing. Due to limitations of the initial design analysis, 
which modeled pylon subcomponents as interconnected beam 
elements and could not fully capture the intricate behavior of 
such structures, a more advanced FE modeling approach 
becomes essential to assess the ultimate strength of such 
complex structural systems. FE analysis was carried out to 
assess the performance of the initial design iteration of the head 
joint, as evidenced in Figure 2, along with two strengthened 
versions suggested by the designer (joints strengthened with 
supplementary hollow conical elements to support the spire 
tube). 

A particular set of internal forces generated in the upper 
portion of the pylon, based on the entire roof model, was 
selected for an in-depth analysis of the localized behavior of 
the pylon-head joint. This joint incorporates the guiding 

elements of a Circular Hollow Section (CHS) for the roof 
cables anchored within the pylon. Moreover, the pylon's upper 
CHS spire element facilitates the secure transfer of loads from 
the roof cables to the compound pylon composed of three chord 
and batten tubular members. Figure 3 provides a representation 
of the pylon and its subsystem, with a focus on the head joint 
under investigation in this study to identify failure modes, 
strength characteristics, and plastic zones in the ultimate state. 

 

 
Fig. 3.   Component of pylon-head joint. 

II. FE MODELLING 

This section presents a detailed FE modeling to predict the 
strength of the pylon-head joint within the pylon's cable roof. 
ABAQUS FE software [3] was employed to numerically 
simulate the performance of the considered pylon-head joint. 
The FE modeling of the pylon-head joint in ABAQUS 
deployed a combination of a four-node quadrilateral first order 
element with full integration and six degrees of freedom in 
each node (S4) as well as a three-node triangular first order 
element with full integration and six degrees of freedom in 
each node (S3) shell elements to model the interconnected steel 
tubes with complex geometry. S4 elements, effective for thin to 
moderately thick structures, represented the main geometry, 
while S3 elements facilitated smooth transitions in regions with 
uneven distributions of S4 elements, enhancing modeling 
accuracy. For models requiring high result accuracy, the S4 
element offers superior performance compared to some other 
shell elements [4]. These two shell elements have been widely 
used in previous studies, demonstrating exceptional ability in 
capturing the behavior of modeled structures [5-7]. 
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The accuracy of the FE model results is highly dependent 
on the refinement level of the elements mesh. While refinement 
improves solution convergence, it incurs a significant 
computational cost. Therefore, the mesh is refined in critical 
regions where high stress gradients or solution discontinuities 
are anticipated, resulting in a more accurate representation of 
the physical phenomena [8]. A mesh size that balances 
accuracy and computational cost was utilized, with a uniform 
element size of 30 × 30 mm for quad elements and a 30 mm 
edge size for triangular elements. This mesh strategy optimized 
computational efficiency while ensuring detailed structural 
analysis under applied loads. The material behavior was 
described by an elastic-perfectly plastic model, with steel 
properties including a Young's modulus of 200 GPa, 0.3 
Poisson's ratio, and yield stresses of 335 MPa for column and 
spire tubes and 345 MPa for cable tubes, guiding tubes, 
stiffener plates, and shell cones.  

The analysis focused on four different joint solutions. The 
first solution involved the initial design, which includes a short, 
hollow steel cone. The second solution, termed stiffening 1, 
enhances the original design by reinforcing the short hollow 
cone with a longer hollow cone of 16 mm thickness welded to 
the spire tube, cable guiding tubes, and the joint bottom plate. 
The third solution, known as stiffening 2, introduces an 
additional reinforcing cover shell of 20 mm thickness welded 
to the top half of the longer hollow cone. A fourth solution is 
proposed, with a longer hollow cone and a 16 mm thick 
stiffener plate connecting cable tube 1 to the external surface of 
the larger hollow cone. Additionally, the top part of cable tube 
2 was reinforced with a 16 mm thick confining tube welded to 
its top end and its intersection with cable guiding tube 2. These 
four solutions were numerically modeled, focusing solely on 
the pylon-head joint. A single loading step containing the 
design cable forces was applied. The two stiffening solutions 
proposed by the designer (stiffening 1 and stiffening 2) are 
depicted in detail in Figures 4 and 5, respectively.  

 

 
Fig. 4.  First considered strengthening technique of the pylon-head joint. 

Figure 6 outlines the authors' joint reinforcing proposal. All 
welded elements in the pylon-head joint were modeled 
numerically using merged nodes along the circumference of the 
intersection [9]. For a more thorough examination of the 
welded components, the welding material could be accurately 

simulated by employing solid elements to connect the two 
welded parts. The steel material has 210 GPa Young modulus 
and 0.3 Poisson ratio. The yield stress of the steel is 345 MPa 
for the column and the spire tubes and 355 MPa for all the 
other sub-connection elements. The material behavior was 
represented as elastic-perfect plastic. Concentrated loads were 
applied along the axial directions of the cable tubes, as 
observed in Figure 2. The numerical analysis incorporated both 
geometric and material nonlinearities. The loading procedures 
were implemented deploying the Riks analysis featured in 
ABAQUS to capture the nonlinear characteristics of the 
analyzed joint. The shell elements used, the aspect ratio 
implemented, and the material modeling underwent validation 
in previous research [10-11].  

 

 
Fig. 5.   Second considered strengthening technique of the pylon-head 

joint. 

 
Fig. 6.  The proposed stiffening technique. 

To assess the sensitivity of the analyzed subsystems to 
buckling effects and characterize potential initial imperfections, 
a linear perturbation buckling analysis was executed. The first 
buckling mode was selected to picture the imperfect geometry 
of the pylon in its unloaded state [10]. Furthermore, numerical 
analysis evaluated load-displacement characteristics through 
Riks analysis, considering both geometric and material 
nonlinearities. This analysis was performed for two model 
techniques: a perfect model and an imperfect model that 
incorporates these nonlinearities alongside initial 
imperfections. The imperfection option available in ABAQUS 
was deployed to create the imperfect structure based on the 
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shape of the first buckling mode obtained from the perturbation 
analysis. 

III. RESULTS OF FE MODELLING 

A linear perturbation numerical analysis was initially 
conducted to identify the potential buckling modes of the 
pylon-head joint structure. These modes represent the weakest 
configurations susceptible to buckling under increasing load, 
expressed as load factors relative to the applied design forces. 
Figure 7 presents the first buckling mode, which exhibits a 
critical load factor of a 4.99. Additional buckling modes were 
found to be close in nature to the first one, with the second and 
third modes characterized by bifurcation load factors of 5.32 
and 5.85, respectively. The analysis was then repeated for the 
strengthened joint design designated as "stiffened 1". This case 
displayed a reduced contribution of spire deformation to the 
overall buckling behavior, with a greater emphasis on localized 
effects. The first buckling mode for this design achieved a load 
factor of 5.23, exceeding that of the initial solution. Higher 
order buckling modes in the strengthened joint maintained 
similar forms but were primarily associated with localized 
buckling rather than global pylon deformation. These higher 
modes exhibited bifurcation load factors of 6.00 and 6.62. 
Similar behavior was observed for the "stiffened 2" joint 
configuration. Figure 8 portrays the von Mises stress 
distribution and the resulting deformations at the failure load 
for all considered FE models. The final results are showcased 
in a load-displacement characteristic format, where the load 
factor of the applied design forces is plotted against the 
corresponding lateral displacement of the pylon's top end. 

Only the results for the pylon-head joint with imperfect 
geometry are presented here. The nonlinear numerical analysis 
of the initial design pylon-head joint revealed localized 
buckling in the spire tube, particularly at the joint with the 
initial hollow cone, as shown in Figure 8(a). Continued 
compression caused stable growth of wrinkles, gradually 
reducing the spire tube's axial rigidity [12]. Initial site 
inspections observed cracks and wrinkles within the spire tube 
just above the initial attached cone. This is because the section 
welded to the base cone represents the critical section of the 
spire tube. The ultimate strength of the pylon-head joint was 
reached at only 60% of the design forces, as depicted in Figure 
9. The first proposed solution, stiffening 1, reinforced the 
critical zone of the spire tube by adding a larger hollow cone 
that confined the base cone and extended to join the spire tube 
after covering the entire area connected to the subconnection 
elements. This solution significantly improved the ultimate 
strength of the joint. Plastification developed and spread along 
the added larger hollow cone (Figure 8(b)), with 110% of the 
design forces reached before the joint reached its ultimate 
strength. The second stiffening solution, stiffening 2, involved 
adding another hollow cone to confine the top half of the 
previously added larger hollow cone. This solution did not 
significantly improve the joint's ultimate strength because the 
plastification zone shifted to cable tube 2 (Figure 8(c)) at the 
same load level as in stiffening 1. At a certain stage, the 
compressed region of the bent cable tube 2 developed axial 
wrinkles, leading to localized instability [13], explaining the 

relatively short distance transferred by the top end of the spire 
tube. 

 

 
Fig. 7.  First buckling mode shape of the original pylon-head joint. 

 
Fig. 8.  Von Mises stresses distribution on deformed geometry for the four 

pylon-head joints considered: (a) original design joint, (b) first stiffened joint, 
(c) second stiffened joint, (d) proposed joint stiffening. 

The proposed solution retained the large hollow cone 
employed in both stiffening 1 and 2. Additionally, a stiffener 
plate was introduced to strengthen the joint by connecting cable 
tube 1 to the large hollow cone. Cable tube 2 was further 
supported by a 16 mm thick outer jacket tube. This supporting 
tube was welded to the top end of cable tube 2 on one side and 
around its intersection with cable guiding tube 2 on the other 
side. However, cable tube 2 can be reinforced with steel 
elements of varying cross-sections, as outlined in [14]. The FE 
analysis results for the proposed solution disclose a significant 
improvement in the ultimate load strength, reaching 117% of 
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the design forces, as depicted in Figure 9. Figure 8(d) 
demonstrates that plastic deformation occurred throughout the 
larger hollow cone and the cable tubes at ultimate strength, 
indicating that the proposed solution achieved higher section 
efficiency. 

 

 
Fig. 9.  Top spire lateral displacement against the ratio of applied loads. 

IV. CONCLUSIONS 

This study presents an advanced analysis of the complex 
head joint for pylons supporting a cable roof. The original joint 
design lacked detailed Finite Element (FE) analysis, which 
could have replicated its behavior under both ultimate and 
serviceability limit states. This has resulted in the joint being 
overstressed and failing below the design load level. The 
insufficient strength of the pylon-head joint prompted 
significant proposals for joint detailing to meet the limit state 
criteria for both the ultimate and serviceability limit states. 
Reinforcements were introduced to the original design in the 
form of conical shells. This study proposes a new strengthening 
solution with a longer conical shell, a stiffener plate connecting 
cable tube 1 to the shell, and a stiffening jacket tube for cable 
tube 2. The reinforced joints exhibit an ultimate load factor 
exceeding unity relative to the design forces, ensuring 
reliability at the ultimate limit state. The proposed solution is 
considered optimal compared to others due to its enhanced 
joint efficiency, with all subcomponents reaching yield stress at 
failure load.  

However, to prevent failure under alternating loading, the 
head joint must undergo minimal plastic deformations, ideally 
remaining entirely elastic in the serviceability limit state. This 
crucial requirement is not extensively discussed in the paper. 
Additionally, conventional FE modeling is deemed inadequate 
for such a complex structure. More advanced techniques are 
necessary to accurately capture joint performance, especially 
with multiple interconnected elements in a confined area. 
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