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Abstract 

Bus body structures are commonly reinforced by increasing the dimensions or number of 
steel members, resulting in higher vehicle mass and material consumption. This study 
proposes a lightweight reinforcement concept based on prestressed Cable Spring (CS) 
joints for tubular bus body structures. An analytical model describing the stiffness contri-
bution of tension-only prestressed cables was developed and implemented in Ansys Me-
chanical. The concept was evaluated using finite-element models of the low-entry city bus 
body “4289” under two representative loading conditions: diagonal racking and inertial 
loading prescribed by UNECE Regulation No. 100 (R100). Under diagonal racking, the 
proposed CS system reduced the maximum von Mises stress by 2.7%, the average stress 
by 16.2%, and the maximum total deformation by 28.4%. Under the R100 transverse 5 g 
loading condition, the combined catenary-curved and CS configuration decreased the 
maximum equivalent stress, average stress, and maximum deformation by 41.2%, 24.7%, 
and 75.1%, respectively, relative to the conventional rectangular body frame. The results 
demonstrate that prestressed CS joints constitute an effective lightweight reinforcement 
strategy for improving the structural efficiency of tubular body structures of conventional 
and autonomous buses, with these benefits being primarily associated with reduced struc-
tural material use. 

Keywords: tubular bus body; prestressed cable reinforcement; spring joint; catenary-
curved body frame; racking stiffness; UNECE R100; passive safety; autonomous bus;  
Ansys Mechanical 
 

1. Introduction 
A modern transportation system is impossible without the operation of both conven-

tional [1–3] and autonomous [4,5] vehicles. A vehicle is an important link in the safe and effi-
cient functioning of this system [6,7]. All its components are subject to modern requirements 
throughout the design [8–11], testing [12–17], operation [18–21], monitoring [22–25], mainte-
nance [26–30], and other stages. In particular: ensuring traffic safety [31–35], minimizing neg-
ative impact on the environment, implementing energy-saving technologies [36–39], 
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increasing energy efficiency, improving and analyzing the dynamic behaviour of vehicles 
[40–44], ensuring reliable operation of the infrastructure [45–48], etc. This will contribute 
to the development of new structures in all sectors of transport and their high-quality 
operation [49–53]. 

The demand for lighter, safer, and more energy-efficient public transport vehicles has 
become one of the principal driving forces in modern bus body engineering [54–57]. The 
same requirement applies to emerging autonomous and highly automated bus platforms, 
where roof-mounted sensor arrays and additional onboard equipment further increase 
the structural demands on the upper body section. Achieving a substantial reduction in 
structural mass while preserving stiffness, strength, durability, and regulatory crashwor-
thiness remains a major unresolved challenge, particularly for tubular bus body structures 
produced by independent body manufacturers [58–60]. Despite the ongoing development 
of passenger vehicle structures [61–65], bus body engineering still retains several design 
principles inherited from the historical coachbuilding era [66–69]. Unlike passenger cars, 
where the chassis and body are generally developed as an integrated structure by a single 
manufacturer [70–73], many buses are still produced by independent body manufacturers 
who mount proprietary body structures onto commercially available chassis supplied by 
major OEMs such as Mercedes-Benz, MAN, Scania, Volvo, Iveco, DAF, or Isuzu. This 
manufacturing approach is particularly common among regional and small-scale bus 
builders, whose annual production typically ranges from several dozen to several hun-
dred vehicles, depending on market segment and company size. Because the body struc-
ture accounts for approximately 35–45% of the total manufacturing cost of a bus (depend-
ing on its class and type), independent manufacturers continuously seek structural solu-
tions that reduce material consumption while maintaining the required levels of stiffness, 
strength, durability, and passenger safety [74–77]. Consequently, bus body structures dif-
fer considerably in their geometric layout, passenger compartment configuration, struc-
tural topology, material selection and tubular cross-sections under diverse operating con-
ditions [78–81]. These differences have resulted in distinctive structural design philoso-
phies adopted by individual manufacturers, each representing a compromise between 
weight, manufacturing cost, crashworthiness and service life [82–85]. 

Increasing market competition places growing demands on lightweight yet stiff body 
structures, stimulating the development of unconventional structural concepts [86–91]. 
Previous studies by the present authors demonstrated that adopting a catenary-curved 
sidewall profile significantly improves the load-carrying behaviour of the body frame [92–
94], while replacing conventional rectangular modules with triangulated structural lay-
outs further increases overall stiffness [95–99]. Despite these advances, all existing ap-
proaches share a common characteristic: the hollow interiors of the structural tubes re-
main unused [100–103]. A further step toward improving the structural efficiency of bus 
bodies was proposed in [74,104], where the hollow inter-window pillars were utilized for 
integrating traction baĴery modules in a low-floor electric bus. Building on the same con-
cept of exploiting the unused internal volume of tubular members, the present study pro-
poses an alternative engineering solution. Prestressed steel cables (hereinafter referred to 
as Cable Spring (CS) joints) are installed within selected structural tubes wherever tech-
nologically feasible and anchored at both ends using turnbuckles, equivalent mechanical 
tensioning devices, or welding processes [105–109]. Additional diagonal CS joints may 
also be introduced to connect opposite corners of rectangular frame modules while re-
maining completely concealed beneath the interior body panels. The proposed CS joints 
are intended to redistribute internal forces within the body frame, thereby improving 
stress uniformity, increasing structural stiffness and suppressing local stress concentra-
tions. The resulting increase in structural efficiency creates the potential to reduce the 
cross-sectional dimensions of the steel members and, consequently, the bus’s curb weight 
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without compromising structural safety. The effectiveness of the proposed concept is eval-
uated under two representative loading conditions: diagonal racking, developed here as 
an extension of the beam-model approach of [110], and the inertial loading cases specified 
by UNECE Regulation No. 100 (hereinafter R100), whose application to the same bus body 
structure was initially investigated in [111]. 

Recent studies have demonstrated the effectiveness of prestressed and cable-based 
reinforcement in a range of structural systems. Gao et al. [112] investigated concrete 
frames strengthened with externally prestressed cables and showed that cable prestress-
ing can improve load-carrying behaviour and modify the deformation response. Wang et 
al. [113] demonstrated that prestressed cable bracing can significantly enhance the global 
stability of spatial glulam gridshell structures, confirming the efficiency of tension-based 
reinforcement in lightweight spatial systems. From a durability perspective, Li et al. [114] 
reported fatigue fracture of stay-cable anchorage components associated with excessive 
cable vibration, highlighting the importance of cyclic cable-force variation, anchorage de-
tailing, and inspection. Wu et al. [115] showed, through vehicle–bridge coupled analysis, 
that the dynamic response of cable-stayed structures is strongly influenced by vehicle-
induced excitation and cable-force characteristics. He et al. [116] combined experimental 
testing and finite-element analysis to demonstrate the structural contribution of pre-
stressed diagonal braces in a cable-stayed bridge system. Related recent transport-engi-
neering studies have also emphasized the importance of integrated modelling of strongly 
coupled railway systems and the development of computationally efficient linearized ap-
proaches for complex vehicle–infrastructure interactions [117]. In a related field of tubu-
lar-structure manufacturing, recent work on spatial spiral-tube multi-roller bending has 
further shown that the final three-dimensional geometry of bent tubular members is 
strongly affected by forming-induced deformation and springback, which can be accu-
rately predicted using combined finite-element and data-driven approaches [118]. 

Prestressed and cable-based reinforcement concepts have been widely investigated 
in civil and thin-walled structures, where tension elements can provide additional load 
paths, improve stiffness and stability, and facilitate load redistribution with a relatively 
small mass penalty. Recent studies have demonstrated the effectiveness of prestressed ca-
bles in thin-walled steel members and tubular steel elements, showing that cable stiffness, 
initial pretension, and spatial cable configuration can significantly influence structural sta-
bility and deformation behaviour [119,120]. Related investigations of lightweight spatial 
and steel-frame systems have further demonstrated that prestressed tension elements can 
redistribute internal forces and provide an alternative to conventional rigid bracing 
[121,122]. Fatigue and serviceability remain important design considerations for pre-
stressed cable systems, particularly under cyclic vehicle-induced loading, where traffic 
excitation, road roughness, corrosion, cable-force variation, and local bending near an-
chorages may significantly influence cable life [123–125]. 

However, their application to spatial tubular vehicle bodies remains comparatively 
limited. In particular, the integration of concealed prestressed tension-only elements into 
hollow bus-body members, together with their influence on global racking stiffness, struc-
tural load redistribution, and serviceability, has not been sufficiently investigated. This 
gap is especially relevant for bus structures, where the effectiveness of reinforcement must 
be balanced against structural mass, packaging constraints, fatigue resistance, and long-
term maintenance requirements. 

The novelty of the present study lies not in the general principle of structural pre-
stressing or in the catenary-curved and triangulated bus-body geometries investigated in 
the authors’ previous studies, but in the implementation of concealed tension-only rein-
forcement within a spatial tubular bus body. In particular, prestressed CS joints are intro-
duced into otherwise unused hollow structural members (or beyond them depending on 
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the configuration) and combined with catenary-curved inter-window pillars to form a 
bow–bowstring load-carrying system. This configuration provides additional load paths 
without introducing conventional rigid diagonal braces or substantially modifying the 
passenger-compartment layout. 

2. Materials and Methods 
This section presents the analytical formulation and finite-element methodology 

used to evaluate the structural effectiveness of the proposed prestressed Cable Spring (CS) 
reinforcement system. The investigation comprises the development of the cable-force 
and stiffness model, its implementation in Ansys Mechanical, and the definition of the 
loading and boundary conditions for the diagonal racking and UNECE R100 simulations. 

2.1. Analytical Model of the Prestressed Cable-Reinforced Frame 

To provide a simplified analytical representation of the proposed cable-reinforced 
bus body structure, a single rectangular frame cell reinforced by a prestressed diagonal 
cable is considered (Figure 1). The frame is characterized by its horizontal span ܮ (mm) 
and vertical height ܪ (mm). A tension-only cable is connected between two opposite cor-
ner nodes of the frame, forming a diagonal load-transfer path (red doĴed line in Figure 
1). 

 

Figure 1. Simplified rectangular frame cell reinforced by a prestressed diagonal cable. 

The initial undeformed cable length ݈଴ (mm) is determined from the frame geometry 
as: 

݈଴ = ଶܮ√ + ଶ. (1)ܪ

The orientation of the cable with respect to the global Cartesian coordinate system is 
defined by the angle ߙ (rad). The corresponding direction cosines are expressed as: 

ܿ = cos ߙ = ܮ
݈଴

ൗ ݏ      = sin ߙ = ܪ
݈଴

ൗ , (2)

where ߙ—cable inclination angle, rad; ܿ—horizontal direction cosine; ݏ—vertical direc-
tion cosine. 

Under external loading, the rectangular frame undergoes deformation, resulting in a 
displacement of the cable end node represented by the nodal displacement vector ܝ௝ 
(mm). 

As a consequence, the cable experiences an elongation Δ݈ (mm) and its length in-
creases from the initial value ݈଴ to a deformed configuration ݈ = ݈଴ + ∆݈ (mm). The geo-
metrical parameters introduced above form the basis for the subsequent formulation of 
cable elongation, tension-force development and stiffness enhancement of the reinforced 
frame structure. 

The mechanical response of the prestressed diagonal cable is governed by the relative 
displacement of its end nodes. Considering a cable element connecting nodes ݅ and ݆, the 
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cable elongation ∆݈௜௝  (mm) can be expressed as the projection of the relative nodal dis-
placement onto the cable axis: 

∆݈௜௝ = ௜௝ܖ
் ൫ܝ௝ − ௜൯, (3)ܝ

where ܝ௜—displacement vector of node ݅, mm; ܝ௝—displacement vector of node ݆, mm; 
௜௝ܖ ,௜௝—unit vector directed along the cable axis; ܶ—transpose operator. Thusܖ

்  denotes 
the transpose of the unit direction vector ܖ௜௝. The unit direction vector is defined by the 
cable orientation as: 

௜௝ܖ
் = [ܿ (4) .[ݏ

Equation (3) indicates that only the component of the relative nodal displacement 
acting along the cable axis contributes to cable elongation. Displacement components per-
pendicular to the cable direction do not generate axial deformation and therefore do not 
affect the cable force. 

Once the cable elongation has been determined, the corresponding axial force can be 
obtained. In contrast to conventional truss elements, the diagonal cable considered in this 
study is assumed to carry only tensile loads and to resist no compression. This assumption 
reflects the actual mechanical behaviour of steel cables and corresponds to the “Tension 
Only” option implemented in the Ansys Mechanical environment. The axial force devel-
oped in the cable is governed by the combined effect of the initial pretension force and the 
additional elastic deformation induced by structural loading. Accordingly, the cable force 
can be expressed as: 

௜ܶ௝ = ൜ ଴ܶ + ݇௖∆݈௜௝ , ଴ܶ + ݇௖∆݈௜௝ > 0
0, ଴ܶ + ݇௖∆݈௜௝ ≤ 0, (5)

where ௜ܶ௝—axial force in the cable element between nodes i and j, N; ଴ܶ—initial preten-
sion force in the cable, N; ݇௖—longitudinal cable stiffness, N/mm. 

Equation (5) indicates that the cable develops force only when the resultant tensile 
action remains positive. If the relative nodal displacement causes the cable to unload to 
the point where the total axial force becomes zero or negative, the cable becomes inactive 
and no longer contributes to the structural response. For computational convenience, 
Equation (5) may be wriĴen in the compact form: 

௜ܶ௝ = ,൫0ݔܽ݉ ଴ܶ + ݇௖∆݈௜௝൯, (6)

which directly represents the tension-only behaviour adopted in the numerical model. 
The tension-only cables contribute to the overall structural stiffness through both 

elastic deformation and initial pretension. The total potential energy stored in a cable-
reinforced frame can therefore be expressed as the sum of the strain energy of the frame 
members, the energy stored in the cables and the work performed by external loads. 

Accordingly, the total potential energy of the system is defined as: 

Π = ଵ
ଶ

ܝ۹௕்ܝ + ∑ ቂଵ
ଶ

݇௖,௘(∆݈௘)ଶ + ଴ܶ,௘∆݈௘ቃ − ௠ܝ۴்
௘ୀଵ , (7)

where Π—total potential energy of the cable-reinforced frame system, N·mm; ܝ—global 
nodal displacement vector of the frame structure, mm; ۹௕—stiffness matrix of the bare 
tubular frame (beam members only), assembled from the element contributions of the 
structural members, N/mm; ݉—total number of cable elements; ݁—cable element index; 
݇௖,௘—axial stiffness of cable element ݁, N/mm; ∆݈௘—elongation of cable element ݁, eval-
uated consistently with (3), mm; ଴ܶ,௘—initial pretension force in cable element ݁, N; ۴—
global external load vector, N. The first term represents the strain energy accumulated in 
the structural frame; the second term accounts for the elastic and prestress contributions 
of the cable system; and the last term corresponds to the work of external forces. 
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Application of the principle of minimum potential energy to the total potential en-
ergy functional defined in (7) yields the governing equilibrium equation of the cable-rein-
forced structure: 

۴ = ۹௘௙௙ܝ௖ = ൫۹଴ + ∑ ൫۹௖,௘ + ۹௚,௘൯௠
௘ୀଵ ൯ܝ௖, (8)

where ۹௘௙௙—effective global stiffness matrix of the cable-reinforced frame, N/mm; ۹଴ ≡
۹௕—the assembled global stiffness matrix of the baseline bus body frame, retained here 
in the global notation used for the effective matrix ࡷ௘௙௙, N/mm; ۹௖,௘—elastic stiffness 
matrix associated with the axial deformation of cable element e, N/mm; ۹௚,௘—geometric 
stiffness matrix generated by the pretension force in cable element e, N/mm; ܝ௖—global 
nodal displacement vector of the cable-reinforced model, mm. 

The term ۹௖,௘  represents the conventional elastic stiffness contribution resulting 
from cable elongation, whereas ۹௚,௘  accounts for the geometric stiffness induced by the 
initial pretension force. 

Consequently, the proposed reinforcement concept increases the overall stiffness of 
the bus body through both material and geometric mechanisms. The effective stiffness 
matrix introduced in (8) is assembled from the contributions of individual cable elements 
distributed throughout the bus body structure. Therefore, the stiffness characteristics of a 
single prestressed cable element must first be established. 

For a two-dimensional cable element connecting nodes ݅ and ݆, the elastic stiffness 
matrix associated with axial deformation can be expressed as: 

۹௖,௘ = ݇௖,௘ ൦
ܿଶ ݏܿ −ܿଶ ݏܿ−
ݏܿ ଶݏ ݏܿ− ଶݏ−

−ܿଶ ݏܿ− ܿଶ ݏܿ
ݏܿ− ଶݏ− ݏܿ ଶݏ

൪, (9)

where ݇௖,௘—axial cable stiffness, N/mm; ܿ = cos ݏ and ߙ = sin  direction cosines of the –ߙ
cable element. 

In addition to the elastic contribution, the initial pretension force generates a geomet-
ric stiffness component that increases the cable’s resistance to transverse deformation. The 
corresponding geometric stiffness matrix is given by: 

۹௚,௘ = బ்
௟బ

൦
ଶݏ ݏܿ− ଶݏ− ݏܿ

ݏܿ− ܿଶ ݏܿ −ܿଶ

ଶݏ− ݏܿ ଶݏ ݏܿ−
ݏܿ −ܿଶ ݏܿ− ܿଶ

൪. (10)

The total stiffness matrix of the cable element is therefore obtained as the sum of the 
elastic and geometric contributions according to (9) and (10): ۹௘ = ۹௖,௘ + ۹௚,௘. This equa-
tion demonstrates that the proposed cable reinforcement mechanism enhances the struc-
tural response through two complementary effects. The first originates from the elastic 
stretching of the cable, whereas the second arises from the geometric stiffening induced 
by the pretension force. Consequently, the prestressed cable system contributes not only 
to increased material stiffness but also to improved geometric stability of the bus body 
structure. 

Since each active tensioned cable introduces an additional positive stiffness contribu-
tion, the cable-reinforced system exhibits a higher effective stiffness than the baseline 
frame. Consequently, under the same external loading conditions, the displacement re-
sponse of the reinforced model is expected to be lower than that of the baseline model. 

The efficiency of the cable reinforcement can be evaluated using the relative reduc-
tions in displacement and stress: 

௨ߟ = ௨బ,೘ೌೣି௨೎,೘ೌೣ
௨బ,೘ೌೣ

ఙߟ      ,100% = ฮఙబ,೘ೌೣฮିฮఙ೎,೘ೌೣฮ
ฮఙబ,೘ೌೣฮ

100%, (11)
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where ߟ௨, ߟఙ—relative reduction in maximum total deformation and maximum equiva-
lent stress respectively, %; ݑ଴,௠௔௫, ݑ௖,௠௔௫—maximum total deformation of the baseline 
model and the cable-reinforced model, respectively, mm; ߪ଴,௠௔௫ , ߪ௖,௠௔௫ —maximum 
equivalent stress in the baseline model and in the cable-reinforced model respectively, Pa. 

This formulation provides a direct analytical basis for interpreting the finite-element 
results, where lower displacement and stress values indicate the mechanical effectiveness 
of the prestressed cable reinforcement. Although the numerical results reported below are 
expressed directly as percentage changes, Equation (11) is retained as the formal definition 
of these measures, so that the proposed assessment procedure remains reproducible and 
transferable to other body-frame configurations and loading cases. 

For a rectangular bus body cell, one of the dominant deformation modes is racking, 
in which the frame tends to transform from a rectangular shape into a parallelogram-like 
configuration. 

Assuming small-angle racking deformation and linear kinematics, the elongation of 
the active diagonal cable can be estimated from the first-order variation in the diagonal 
length. Since the initial cable length is defined by (1) and the horizontal displacement of 
the upper corner associated with small-angle racking deformation can be approximated 
as ߜ ≈  :the cable elongation can be expressed as ,ߛܪ

Δ݈ = ቀడ௟బ
డ௅

ቁ ߜ = ቀ ௅
௟బ

ቁ γܪ =  ቀ௅∙ு
௟బ

ቁ γ, (12)

where γ—racking angle, rad. Substituting the cable elongation caused by racking defor-
mation into the axial force relation gives the elastic contribution of the diagonal cable to 
the angular stiffness of the frame cell. 

Equation (12) is based on the small-angle approximation tan γ = γ. In the present an-
alytical formulation, |γ| ≤ 10° (approximately 0.175 rad) is adopted as a practical small-
angle range, for which the difference between tan γ and γ remains approximately 1% or 
less [126]. This approximation is intended only to describe the initial racking response. In 
the finite-element analyses, no such angular restriction was imposed, since the structural 
response was calculated directly using the geometrically nonlinear formulation with 
Large Deflection enabled. Thus, the effective racking stiffness of the reinforced rectangular 
cell can be wriĴen as: 

ఊ,ୣ୤୤ܭ = ఊ,଴ܭ + ݇௖ ቀ௅∙ு
௟బ

ቁ
ଶ

+ ఊ,௚ , (13)ܭ

where ܭஓ,ୣ୤୤—effective racking stiffness of the reinforced frame cell, N·mm/rad; ܭஓ,଴—in-
itial racking stiffness of the baseline frame cell without cable reinforcement, N·mm/rad; 
ஓ,୥ —geometric stiffness contribution arising from the initial cable pretension force ଴ܶܭ , 
N·mm/rad. 

The term ܭఊ,௚ represents the equivalent geometric contribution to the racking stiff-
ness arising from cable pretension. It corresponds to the angular-stiffness counterpart of 
the geometric stiffness matrix ۹௚,௘  introduced in (10). It can be seen that the elastic cable 

contribution is proportional to ቀ௅∙ு
௟బ

ቁ
ଶ
, indicating that the reinforcement effect becomes 

more pronounced as the dimensions of the rectangular frame cell increase. Consequently, 
diagonal cable reinforcement is particularly effective in structural regions characterized 
by large window bays, door openings, roof frames and floor-frame sections. 

Equation (13) demonstrates that the increase in racking stiffness is governed by two 
cable-related mechanisms: elastic resistance due to cable elongation and geometric stiff-
ness generated by pretension. Therefore, the prestressed diagonal cable system is ex-
pected to be most effective in large rectangular bus-body regions, where racking defor-
mation is dominant, such as window bays, door openings, roof frames and floor-frame 
segments. This analytical prediction is consistent with the finite-element results presented 
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in the following sections, in which the introduction of prestressed diagonal cables reduces 
displacement and stress levels under all investigated loading conditions. 

When translating analytical modeling into FEA boundary conditions used in Ansys 
Mechanical (Figure 2), the following cable parameters were adopted for the numerical 
model: the longitudinal cable stiffness ݇௖ = 3000  N/mm, while the initial pretension 
force was specified as ܶ₀ =  6000 N, which provides sufficient initial activation of the 
tension-only element without excessive prestress loading. 

 

Figure 2. Ansys’s definition of the longitudinal tension-only Cable Spring joint. 

These parameters were selected from the geometric relation for cable length in Equa-
tion (1), the axial force formulation in Equations (5) and (6), and the stiffness contribution 
of the prestressed cable system described in Equations (8)–(10). The adopted values cor-
respond to a practical steel cable with moderate pretension (Table 1), suitable for prelim-
inary implementation in Ansys Mechanical as a tension-only element. 

Table 1. Design parameters of the prestressed cable adopted for the numerical model. 

Parameter Symbol Value Unit 
cable diameter ݀௖  8 mm 

cable cross-sectional area ܣ௖ = ௖݀ߨ
ଶ 4⁄  50.3 mm2 

effective Young’s modulus ܧ௖ 120,000 N/mm2 
cable length ݈଴ 2000 mm 

longitudinal stiffness ݇௖ = ௖ܣ௖ܧ ݈଴⁄  3018 N/mm 
adopted stiffness in Ansys ݇௖ 3000 N/mm 

initial pretension force in Ansys ௢ܶ 6000 N 
initial stress ߪ଴ = ௢ܶ ⁄௖ܣ  119.3 MPa 

initial elongation ∆ܮ௖ = ௢ܶ ݇௖⁄  2.0 mm 

The adopted joint parameters were derived from the equivalent axial behaviour of a 
representative 8 mm steel cable (Table 1). For a cable cross-sectional area of 50.3 mm2, an 
effective axial modulus of 120,000 N/mm2 and a representative length of 2000 mm, the 
equivalent longitudinal stiffness is ݇௖ = ܮ/ܣܧ ≈ 3018 N/mm; therefore, 3000 N/mm was 
adopted in Ansys. An initial pretension of 6000 N corresponds to an axial stress of ap-
proximately 119.3 MPa and an initial elongation of about 2.0 mm. Thus, the adopted stiff-
ness and pretension represent physically consistent equivalent properties of the selected 
cable rather than arbitrary joint parameters. The selected pretension should therefore be 
regarded as a physically justified baseline value for evaluating the proposed reinforce-
ment concept rather than as an optimized value. To evaluate the sensitivity of the struc-
tural response to this parameter and to verify that the reinforcement effect was not de-
pendent on a single pretension value, additional D-2g-CS simulations were performed 
using initial pretension forces of 3000, 4500, 7500, and 9000 N, while the cable stiffness, 
cable layout, structural geometry, material properties, loading, and boundary conditions 
were kept unchanged. Together with the baseline 6000 N case, the investigated range 
therefore covered 0.5–1.5 times the initially adopted pretension. 
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The present study focuses on the structural response of the bus body frame and the 
influence of prestressed cables on its load-carrying behaviour, rather than on the detailed 
mechanical behaviour of the stranded cables themselves. For this purpose, the tension-
only longitudinal joint available in Ansys Mechanical provides an appropriate idealized 
representation, allowing the effects of cable stiffness and pretension to be introduced di-
rectly into the full bus-frame model and efficiently varied between numerical configura-
tions. The adopted joint stiffness was derived from the equivalent axial stiffness of the 
physical cable, while the prescribed pretension defines its initial tensile state. This model-
ling approach is therefore well-suited to the comparative analysis and numerical screen-
ing performed in this study. Detailed effects associated with stranded-cable mechanics, 
including strand interaction, internal contact, friction, and end-fiĴing compliance, are not 
reproduced by the adopted longitudinal-joint idealization and remain outside the scope 
of the present study. The static load transfer through a representative anchorage assembly 
is assessed separately in Section 2.2. 

The reference length of the representative longitudinal tension-only spring element 
illustrated in Figure 2 was specified as 1995.6 mm, which is comparable to the representa-
tive cable length of approximately 2.0 m adopted in the analytical model (Table 1). 

2.2. Diagonal Racking Simulation in Ansys 
The object of the study was the body of a low-entry city bus model “4289” produced 

by JSC “Ukrautobusprom”. Its body layout features a low-floor passenger area, in accord-
ance with UNECE Regulation No. 107 (hereinafter R107), extending over more than 60% 
of the cabin length, whereas the rear section is elevated by 250–400 mm and accessed via 
one or two steps. The resulting semi-supporting frame configuration allows the use of a 
conventional non-portal drive axle and provides sufficient packaging volume for the main 
propulsion system components. 

The finite-element modeling methodology employed in the present study is based on the 
beam-model approach previously developed by the authors [110] for evaluating the stress–
strain state of spatial vehicle body structures under the conventional structural loading modes 
used in vehicle frame design, namely the torsion mode (single-wheel lift) and the bending 
mode (all wheels supported with the dynamic load coefficient ݇ௗ). Nevertheless, the previ-
ously investigated loading cases did not include the combined diagonal suspension of two 
opposite wheels under dynamic loading (݇ ௗ), which represents the most severe quasi-static 
structural loading scenario considered in the present study. Accordingly, the Ansys boundary 
conditions included a “Fixed Support” constraint applied to the suspension-mounting flange 
of the front-right wheel (tag D in Figure 3a) and a “Displacement” constraint applied at the 
diagonally opposite wheel (tag E in Figure 3a). The latter restricted displacement along the 
vertical Z-axis while permitting movement in the horizontal XY-plane—these constraints en-
sured the suspension of diagonally opposite wheels of the bus. 

 
(a) 
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(c) 

Figure 3. Boundary conditions for the loading of a bus body in Ansys: (a) A—powertrain, B—front 
assembly, C—driver, D—Fixed Support, E—Displacement. (b) Seated passengers. (c) Standing pas-
sengers. 

Other boundary conditions included: 

 Concentrated masses representing the principal vehicle subsystems were assigned 
according to the manufacturer’s technical documentation: powertrain (1315 kg—tag 
A in Figure 3a), front assembly (220 kg—tag B in Figure 3a), driver (75 kg—tag C in 
Figure 3a), seated passengers (1972 kg—supports (red lines) in Figure 3b), standing 
passengers (3808 kg—floor elements (red areas) in Figure 3c), remaining onboard 
equipment (3055 kg), together with the self-weight of the bus body (around 2400 kg); 
the corresponding mass allocation and mass–inertia characteristics are described in 
detail in the authors’ previous study [95]. 

 The spatial tubular truss of the body frame was represented by structural members 
with different rectangular hollow cross-sections, including 40 × 40 × 3 mm and 80 × 
40 × 3 mm members in the roof structure, 140 × 60 × 3 mm members forming the 
engine-compartment longitudinal beams, and 80 × 80 × 3 mm as well as 60 × 40 × 3 
mm members used throughout the remaining primary and secondary load-carrying 
structures of the body. 

 The gravitational load was introduced using the Standard Earth Gravity option (݃ =
9.806 m/s2) in combination with a dynamic load coefficient of ݇ௗ = 2.0, representing 
the prescribed design loading condition. 

 The structural members were assumed to be manufactured from S235 structural steel. 
The material behaviour was described by a “Bilinear Isotropic Hardening” constitu-
tive model using properties imported directly from the Granta EduPack materials 
database into Ansys (Granta EduPack). The adopted material parameters were: yield 
strength ߪ௬ = 252  MPa, Young’s modulus ܧ = 2.099 × 10ଵଵ  Pa, ultimate tensile 
strength ߪ௨ = 428  MPa and tangent modulus ܧ௧ = 1.18 × 10ଽ  Pa. Geometric 
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nonlinearity was accounted for by activating the Large Deflection option in Ansys 
Mechanical. 

The adopted body mass of approximately 2400 kg includes the welded load-carrying 
structure together with the body cladding. The masses of the investigated load-carrying 
frames were 2312.2 kg for the conventional rectangular configuration and 1936.0 kg for 
the catenary-curved configuration. Nevertheless, to maintain consistency with the R100 
load cases, the same total body mass of 2400 kg was used for both configurations. Thus, 
the lower structural mass of the catenary-curved frame was not used to reduce the applied 
inertial loading, thereby providing an equivalent and conservative loading basis for com-
parison and accounting for the fact that the masses of the cables and anchorage compo-
nents were not explicitly introduced. 

The cable connections between the bus body frame nodes were modelled in Ansys 
Mechanical 2023 R1 using the “Connection → Joints → Longitudinal—Multiple to Multi-
ple” option with the parameters defined in Figure 2, namely the longitudinal cable stiff-
ness ݇௖ = 3000 N/mm and the initial pretension force ଴ܶ = 6000 N. The “Spring Behav-
iour” option was set to “Tension Only”, meaning that the cable carried axial tensile loads 
while remaining inactive under compression. This modelling strategy reproduces the 
physical behaviour of a prestressed steel cable with one end rigidly anchored to the struc-
ture and the opposite end tensioned and secured using a turnbuckle or an equivalent me-
chanical tensioning device. The adopted arrangement, comprising 29 CS joints (22 in the 
roof structure and 7 in the sidewalls), is illustrated in Figure 4 and represents the final 
outcome of an iterative numerical screening procedure. The roof cable arrangement fol-
lows the principle of criss-cross shoe lacing, thereby tying the roof structure into a unified 
load-carrying system. Likewise, the diagonally intersecting prestressed cables intercon-
nect adjacent roof-frame members to increase the structure’s global stiffness and promote 
more efficient load redistribution. 

 

Figure 4. Implementation of the prestressed cable system in the D-2g-CS model. 

More than twenty alternative CS layouts were preliminarily investigated during an 
iterative numerical screening procedure. The design variables were the number of Cable 
Spring joints and the selection of their aĴachment-node pairs within the roof and sidewall 
frame. The mechanical parameters of the joints were kept unchanged throughout the 
screening, with a longitudinal stiffness of ݇௖ = 3000 N/mm and an initial pretension of 

଴ܶ = 6000  N. The admissible design space was constrained by the existing bus-body 
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topology: CS joints could connect only existing structural nodes, while the cable paths had 
to remain compatible with the roof and sidewall frame geometry and avoid interference 
with functional openings and major onboard equipment. All candidate layouts were ana-
lysed using identical material properties, mesh, loading and boundary conditions, thereby 
isolating the influence of the number and spatial arrangement of the CS joints. The pri-
mary screening criterion was the maximum von Mises stress in the bus-body frame. Can-
didate configurations were iteratively generated by adding, removing or relocating CS 
joints, with configurations producing lower maximum stress retained for further consid-
eration. Total deformation and the spatial distribution of highly stressed regions were 
monitored as secondary response indicators; however, no weighted scalar objective func-
tion was applied. To provide a transparent indication of the screening procedure without 
reproducing all preliminary layouts, two representative one-directional configurations 
were selected for explicit comparison with the retained criss-cross arrangement: D-2g-CS-
1, with the CS diagonals predominantly inclined opposite to the direction of vehicle travel, 
and D-2g-CS-2, with the diagonals predominantly inclined in the direction of travel. Their 
numerical responses are reported in Section 3. This preliminary screening was intended 
to identify an effective configuration for demonstrating the proposed structural concept 
rather than to establish a formally optimized cable layout. A systematic optimization of 
the complete admissible design space is therefore considered a separate subject for future 
research. 

To assess the structural effectiveness of integrating prestressed cable connections into 
the bus body frame under the most severe diagonal suspension loading condition, two 
finite-element models were established in Ansys: the reference model, designated D-2g 
(where “D” denotes the diagonal suspension loading mode and “2 g” corresponds to the 
dynamic load coefficient ݇ௗ = 2.0 ) and the cable-stiffened model D-2g-CS (Figure 4), 
where “CS” denotes the incorporation of Cable Spring joints. 

The dynamic coefficient ݇ௗ = 2.0 was adopted in accordance with the internal struc-
tural testing methodology of the JSC “Ukrautobusprom” engineering bureau. Such inter-
nal procedures reflect empirical knowledge accumulated through previous vehicle-body 
design and testing experience. Within this engineering practice, dynamic coefficients in 
the range ݇ௗ = 1.5 − 2.0 are typically adopted for bus structures, while higher values are 
used for vehicle categories subjected to more severe dynamic loading. Accordingly, ݇ௗ =
2.0 represents the upper bound of the range conventionally adopted for bus-body struc-
tural assessment. Both diagonal orientations (D-2g and mirrored) were evaluated during 
the preliminary numerical analysis. However, due to the structural asymmetry of the bus 
body, primarily caused by the door openings in the right sidewall, the investigated orien-
tation resulted in higher stress and deformation levels and was therefore selected as the 
critical representative case. The opposite orientation resulted in lower structural response 
values and was not presented separately due to limitations in manuscript length. 

The bus body frame was discretized in Ansys Mechanical using two-node quadratic 
BEAM188 elements based on Timoshenko beam theory, enabling an accurate representa-
tion of axial, bending, torsional and shear deformation behaviour of the tubular structural 
members, whereas the sheet-metal components of the body (floor panels) were meshed 
with quadrilateral SHELL181 elements. A global element size of 20 mm was adopted, re-
sulting in a mesh comprising 47,455 finite elements (beam and shell) and 67,398 nodes, 
which provided a sufficiently refined representation of both the global body-frame geom-
etry and overall structural response (Figure 5). 
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Figure 5. FEA mesh of the bus body model “4289”. 

A mesh-sensitivity analysis was additionally performed using global element sizes 
of 50, 30, and 20 mm (Table 2). Refinement from 50 to 20 mm increased the number of 
finite elements from 12,751 to 47,455 and the number of nodes from 20,387 to 67,398, while 
the average mesh-quality parameters remained consistently high: Element Quality ranged 
from 0.978 to 0.982, Aspect Ratio from 1.084 to 1.180, Jacobian Ratio from 0.961 to 0.968, 
and Skewness from 0.046 to 0.055. Considering the predominantly quadratic BEAM188-
based representation of the tubular frame and the stable mesh-quality metrics observed 
throughout the refinement, the 20 mm discretization was adopted for the subsequent fi-
nite-element simulations as the most refined of the investigated meshes. 

Table 2. Mesh-sensitivity analysis and quality metrics for different global element sizes. 

Mesh Smoothing Elements Nodes Element Quality avg. Aspect Ratio avg. Jacobian Ratio avg. Skewness avg. 
50 mm Low 12,751 20,387 0.98211 1.1796 0.96117 0.05503 
30 mm Medium 26,245 39,282 0.97785 1.1170 0.96384 0.05298 
20 mm Medium 47,455 67,398 0.97800 1.0840 0.96800 0.04600 

Since automatic convergence evaluation is not supported in Ansys Mechanical for 
results from line-body models, mesh convergence was assessed manually by comparing 
numerical results across different global element sizes. The relative difference was calcu-
lated as ܺ߂ = (|ܺଶ଴ − ଵܺ଴଴| ܺଶ଴⁄ ) ∙ 100. For example, in an additional coarse-mesh check 
for the D-2g model, refining the global mesh from 100 mm to the adopted 20 mm discreti-
zation changed the maximum equivalent von Mises stress from 316.21 to 307.00 MPa, cor-
responding to a difference of only 3.0%. 

Local anchorage assessment: since the 20 mm discretization adopted in the global 
bus-body model is intended to describe the overall structural response and cannot resolve 
the local stress gradients associated with cable-force transfer, an additional three-dimen-
sional component-level finite-element model was developed for a representative CS an-
chorage. The model consisted of a 500 mm segment of an 80 × 40 × 3 mm rectangular 
hollow section, an 80 × 60 × 8 mm base plate, an 8 mm thick lug plate with a 12 mm diam-
eter pin hole, two 8 mm gussets, and idealized 5 mm fillet welds connecting the anchorage 
assembly to the supporting member. The same S235 material representation adopted in 
the global body-frame analysis was used to maintain consistency between the two mod-
elling scales (Figure 6a). 
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(a) 

 
(b) 

Figure 6. Representative CS anchorage used for the local component-level assessment: (a) anchorage 
geometry and principal dimensions; (b) finite-element mesh, boundary conditions, and applied ca-
ble force. 

The component model was discretized using a nominal element size of 3 mm for the 
RHS (Rectangular Hollow Section) member, while the anchorage components, including 
the lug plate, gussets, base plate, and fillet welds, were discretized using a nominal ele-
ment size of 1 mm. This finer discretization was adopted to beĴer resolve the local stress 
gradients in the anchorage load-transfer region. The average element quality was 0.882, 
while the average aspect ratio and skewness were 1.61 and 0.172, respectively. The maxi-
mum axial cable force obtained from the baseline D-2g-CS model at ଴ܶ = 6000 N, 10.38 
kN (“Force”—tag C in Figure 6b), was applied to the cylindrical surfaces of the lug hole 
in the representative cable-force direction. One end of the RHS member was fully con-
strained (“Fixed Support”—tag A in Figure 6b), whereas at the opposite end the X- and 
Z-translations were restrained while the Y-direction remained free (“Displacement”—tag 
B in Figure 6b). This local model was introduced as a component-level static feasibility 
check of the anchorage load-transfer mechanism rather than as a finalized production de-
sign. 

Screening-level fatigue assessment. In addition to the static structural analysis, a 
comparative stress-life fatigue assessment was performed for the D-2g and D-2g-CS con-
figurations using the Fatigue Tool in Ansys Mechanical. The severe D-2g loading state 
was used as the maximum stress state of a constant-amplitude cycle and was therefore 
treated as a conservative screening envelope rather than as a representative road-load 
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spectrum. A load ratio of ܴ = −0.3 was adopted to represent partially reversed structural 
loading, while the Goodman relation was used for mean-stress correction. The stress-life 
material definition for S235J was based on the estimated fatigue data provided in the An-
sys Granta EduPack Materials Data for Simulation database, which specifies a fatigue-
strength range of 140–270 MPa at 10଺cycles and 180–210 MPa at 10଻cycles for the refer-
ence fully reversed condition ܴ = −1. The imported fatigue material definition was used 
without further modification. Equivalent von Mises stress was selected as the fatigue 
stress measure, and a design life of 109 cycles was specified. Since the same material data, 
loading ratio, mean-stress correction, and fatigue seĴings were applied to both configura-
tions, the resulting fatigue life and safety-factor values were used primarily for a relative 
comparison of the influence of CS reinforcement. 

2.3. R100 Simulation in Ansys 
According to UNECE Regulation No. 100 (R100), the structural integrity of baĴery 

mounting systems shall be verified under prescribed inertial loading conditions corre-
sponding to longitudinal and transverse accelerations of 6.6 g and 5.0 g, respectively. The 
boundary conditions adopted for the numerical model were described in detail in the au-
thors’ previous study [111], thereby ensuring methodological continuity in the investiga-
tion of bus structural safety. The principal loading parameters applied in the Ansys model 
comprised the masses of the air-conditioning unit and baĴeries subjected to the prescribed 
acceleration fields, together with the corresponding concentrated loads applied at each 
mounting point (Table 3). 

Table 3. Boundary loading conditions under the R100 longitudinal 6.6 g and transverse 5.0 g cases. 

Mode Direction Element ࢏࢓, kg Points ࡲࢳ ࢊ࢑, N ࢏ࡲ, N Axis 

6.6 g  longitudinal 
air-conditioning 300 9 6.6 19,423.8 2158.2 Y 

batteries 1875 9 6.6 121,398.8 13,488.8 Y 

5.0 g  transverse 
air-conditioning 300 9 5 14,715.0 1635.0 X 

batteries 1875 9 5 91,968.75 10,218.8 x 

The remaining boundary conditions included: 

 “Fixed Support” applied to the mounting flanges of the front suspension air cylinders 
(tag A in Figure 7); 

 “Displacement” constraint allowing translational movement only along the longitu-
dinal (Y) axis of the bus, thereby enabling realistic transverse bending and torsional 
deformation of the body structure under lateral loading (tag B in Figure 7); 

 Standard Earth Gravity with a gravitational acceleration of g = 9.8066 m/s2; 
 Lumped masses representing the roof-mounted air-conditioning unit (tag C in Figure 

7) and the battery assembly (tag D in Figure 7); 
 Other concentrated masses representing the principal vehicle subsystems are inher-

ited from the D-2g model. 

For clarity, the designations of the investigated loading modes were formed accord-
ing to a unified notation, in which each component identifies the regulatory basis, accel-
eration level and structural configuration of the bus body frame: 

 R100—loading conditions according to R100; 
 6.6 g—longitudinal inertial acceleration applied to the body-frame masses; 
 5 g—transverse inertial acceleration applied to the body-frame masses; 
 r—conventional rectangular body-frame cross-section; 
 c—catenary-curved body-frame cross-section proposed in [92]; 
 CS—incorporation of Cable Spring (CS) joints into the body frame. 



Vehicles 2026, 8, 256 16 of 41 
 

https://doi.org/10.3390/vehicles8100256 

 

Figure 7. Boundary conditions for the UNECE R100 lateral 5 g loading case (R100-5g-r model). 

For example, “R100-6.6g-c” (Figure 8a) represents the finite-element model corre-
sponding to the UNECE R100 loading condition with a longitudinal inertial acceleration 
of 6.6 g, a catenary-curved body-frame cross-section (c), while “R100-6.6g-c-CS” is the 
same model but equipped with integrated CS (Figure 8b). For simplicity, the terms “mode” 
and “model” are treated as equivalent throughout this paper, since each mode corresponds 
to a unique combination of structural configuration and loading condition. 

  
(a) (b) 

Figure 8. Catenary-curved body-frame Ansys model: (a) R100-6.6g-c/R100-5g-c. (b) R100-6.6g-c-
CS/R100-5g-c-CS with integrated Cable Spring joints. 

Since the baĴery system considered in the present model is roof-mounted, the inter-
window pillars play a key structural role in transferring the prescribed inertial loads from 
the roof assembly to the bus body’s lower load-bearing frame. Consequently, their stiff-
ness has a major influence on the transmission and redistribution of the prescribed longi-
tudinal (6.6 g) and transverse (5 g) inertial loads throughout the body structure. To eval-
uate the influence of Cable Spring joints installed exclusively within the inter-window 
pillars on the overall structural stiffness of the bus body, without interference from addi-
tional roof reinforcement (as in the D-2g-CS model), 18 CS were incorporated only into 
the inter-window pillars of the R100-6.6g-c-CS and R100-5g-c-CS models (Figure 8b). The 
roof structure itself remained identical to that of the reference catenary-curved body-
frame models (R100-6.6g-c and R100-5g-c), i.e., without any CS integration. 

The different numbers and locations of CS joints used in the investigated models 
were intentionally selected to match the structural function being evaluated. The D-2g-CS 
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model includes 29 CS joints distributed between the roof and sidewalls to assess their 
contribution to global racking stiffness. In contrast, the R100 models include only 18 CS 
joints located in the inter-window pillars. This differentiation allows the contribution of 
the bow–bowstring reinforcement of the pillars to be evaluated without superimposing 
the effect of additional roof cables. 

3. Results 
The effectiveness of the proposed prestressed Cable Spring (CS) reinforcement strat-

egy was assessed through a comparative finite-element analysis of the investigated bus 
body configurations under diagonal racking and UNECE R100 inertial loading conditions. 
The structural response was evaluated using the von Mises equivalent stress distribution, 
safety-factor maps, and maximum total deformation, thereby quantifying the influence of 
the catenary-curved geometry and integrated CS joints on the global stiffness and load 
redistribution of the body frame. Strain was not considered as a separate comparative 
parameter in the present study. For the adopted S235 constitutive model, the strain re-
sponse is inherently included in the stress–strain relationship used by the finite-element 
formulation. At the same time, the primary engineering criteria of interest were the equiv-
alent stress relative to the material yield strength and the global displacement response of 
the bus body. Therefore, equivalent stress, safety factor, and total deformation were se-
lected as the principal parameters for comparing the investigated structural configura-
tions. 

3.1. Bus Body Diagonal Racking 

The structural strength of the bus body was evaluated using the von Mises equivalent 
stress criterion, which is widely accepted for isotropic ductile materials such as structural 
steels. According to the von Mises yield criterion, yielding occurs when the equivalent 
stress satisfies: 

௩ெߪ = ඥ((ߪଵ − ଶ)ଶߪ + ଶߪ) − ଷ)ଶߪ + ଷߪ) − (ଵ)ଶߪ 2⁄ ≥ ௬ߪ ௬ߪ   , = ܨܵ ∙ ௩ெ, (14)ߪ

where ߪଵ, ߪଶ and ߪଷ—principal stresses, MPa; ܵܨ—corresponding safety factor used in 
Ansys is determined relative to the yield strength ߪ௬. ܵܨ > 1 indicates an elastic strength 
reserve, ܵܨ = 1 corresponds to the onset of yielding, and ܵܨ < 1 indicates that the von 
Mises equivalent stress exceeds the yield strength. The safety-factor values reported be-
low were obtained directly from the Ansys Safety Factor results using the material prop-
erties defined in Engineering Data; minor differences from values calculated using the 
rounded material parameters reported in the text may therefore occur. 

Following the integration of CS joints, the maximum von Mises stress decreased by 
2.7% (from 307.00 to 298.70 MPa—Table 4) while its location shifted from the suspension-
mounting cross-members in the rear overhang (D-2g mode in Figure 9a) to the front-right 
wheel-arch truss (D-2g-CS mode in Figure 9b). This redistribution is favourable because 
it reduces the stress concentration in the vicinity of the engine compartment and may limit 
the relative displacement of the powertrain components. 

Table 4. Comparison of structural response parameters under diagonal racking. 

Mode ₀ࢀ, N ࣌࢜࢞ࢇ࢓,ࡹ, MPa ࣌࢜ࢋ࢜ࢇ,ࡹ, MPa ࢞ࢇ࢓࢛ ࢋ࢜ࢇࡲࡿ ࢔࢏࢓ࡲࡿ, mm 
D-2g - 307.00 46.18 0.83 8.86 128.39 

D-2g-CS 6000 298.70 38.68 0.85 9.77 91.94 
D-2g-CS 3000 296.30 38.66 0.86 9.78 93.11 
D-2g-CS 4500 297.66 38.62 0.85 9.78 92.41 
D-2g-CS 7500 282.62 38.84 0.90 9.74 91.58 
D-2g-CS 9000 299.30 39.05 0.85 9.71 91.23 
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(b) 

Figure 9. Equivalent stress (von Mises) maps under diagonal racking: (a) D-2g. (b) D-2g-CS. 

The pretension sensitivity analysis demonstrated that the global structural response 
of the CS-reinforced body remained relatively stable over the investigated range of ଴ܶ =
3000–9000 N. The maximum total deformation decreased monotonically from 93.11 mm 
at 3000 N to 91.23 mm at 9000 N, corresponding to a variation of only 2.0% across the 
entire pretension range. Relative to the D-2g reference model without CS reinforcement 
௠௔௫ݑ) = 128.39 mm), all investigated pretension levels provided a substantial reduction 
in maximum deformation, ranging from 27.5% to 28.9%. Similarly, the average von Mises 
stress remained within a narrow range of 38.62–39.05 MPa, corresponding to reductions 
of 15.4–16.4% relative to the reference value of 46.18 MPa, while the average safety factor 
varied only between 9.71 and 9.78. In contrast, the maximum von Mises stress exhibited a 
non-monotonic response, ranging from 282.62 to 299.30 MPa and reaching its lowest value 
at ଴ܶ = 7500 N. However, the lower peak stress obtained at 7500 N should not be con-
sidered in isolation when selecting the pretension level. Increasing ଴ܶ  from 6000 to 7500 
N raises the initial cable stress from approximately 119.3 to 149.1 MPa and correspond-
ingly increases the preload transmiĴed to the cable anchorages, while reducing the maxi-
mum total deformation by only about 0.4% and producing virtually no improvement in 
the average stress response. Therefore, the adopted 6000 N pretension represents a more 
balanced baseline value, providing nearly the same global stiffness benefit while main-
taining lower initial cable and anchorage loading and, consequently, a larger theoretical 
reserve for cyclic force fluctuations, installation tolerances, and long-term service effects. 
The sensitivity analysis thus confirms that the effectiveness of the CS concept is robust 
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over a broad pretension range, while supporting 6000 N as a conservative and physically 
justified design value for the present comparative study. 

Unless otherwise stated, the following results refer to the comparison between the 
baseline D-2g and D-2g-CS configurations at the adopted pretension of ଴ܶ = 6000 N. The 
average stress ߪ௩ெ,௔௩௘  throughout the bus body decreased by a substantial 16.2% (from 
46.18 to 38.68 MPa), indicating the potential for further optimization of the structural ma-
terial utilization. Specifically, the reduced stress level may enable the use of smaller steel 
tube cross-sections, thereby reducing both material consumption and overall body 
weight. This observation motivates one of the future directions of the present research. 

The integration of CS joints resulted in a slight increase in the minimum safety factor 
௠௜௡ܨܵ  from 0.83 to 0.85 (Figure 10), while the average ܵܨ௔௩௘  increased more noticeably 
from 8.86 to 9.77 (10.3%). These results (Table 4) indicate an overall improvement in the 
structural safety margin of the bus body owing to the more uniform redistribution of 
stresses. 

 

Figure 10. Safety factor map in D-2g-CS mode. 

In Ansys, the “Total Deformation” ݑ୫ୟ୶ result represents the magnitude of nodal 
displacement relative to the initial (undeformed) configuration rather than material de-
formation (strain). It is calculated as the magnitude of the displacement vector: 

୫ୟ୶ݑ = ඥݑ௫
ଶ + ௬ݑ

ଶ + ௭ݑ
ଶ, (15)

where ݑ௫, ݑ௬ and ݑ௭—displacement components along the global coordinate axes. 
The integration of CS joints into the bus body structure reduced the maximum total 

deformation from 128.39 to 91.94 mm (−28.4%), indicating substantially improved global 
dimensional stability under diagonal racking. In both configurations, the location of ݑ୫ୟ୶ 
remained unchanged (Figure 11) and was situated at the upper right corner of the roof in 
the rear overhang. 

A screening-level serviceability assessment was additionally performed at the 
powertrain mounting point located nearest to the region of maximum global deformation. 
The allowable displacement specified by the powertrain manufacturer is 50 mm. In the 
reference D-2g model, the total displacement at this point reached 73.61 mm, correspond-
ing to a utilization ratio of 1.47 and an exceedance of 47.2%. After introducing the CS re-
inforcement, the displacement decreased to 54.77 mm, corresponding to a utilization ratio 
of 1.10 and an exceedance of 9.5%. Thus, the CS system reduced the displacement at this 
functionally critical point by 25.6%, while the absolute exceedance of the allowable limit 
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decreased from 23.61 to 4.77 mm, i.e., by approximately 79.8%. Although the reinforced 
configuration still slightly exceeds the specified serviceability limit, the result provides a 
bounded quantitative indication of substantially improved local dimensional stability un-
der diagonal racking. 

  
(a) (b) 

Figure 11. Deformation maps under diagonal racking: (a) D-2g. (b) D-2g-CS. 

The screening-level fatigue analysis further indicated a beneficial effect of the CS re-
inforcement under the adopted constant-amplitude loading assumption. For the reference 
D-2g configuration, the minimum predicted fatigue life was 59,465 cycles, whereas the D-
2g-CS model reached 110,810 cycles, corresponding to an increase of approximately 86.3% 
(1.86 times). The minimum fatigue safety factor increased from 0.714 to 0.734, i.e., by ap-
proximately 2.8%. The critical fatigue locations were not identical in the two configura-
tions, indicating that the introduction of CS joints modifies not only the magnitude but 
also the spatial distribution of fatigue-critical stresses. Both minimum safety factors re-
mained below unity for the specified design life of 109 cycles. However, these absolute 
values should not be interpreted as predictions of the operational service life of the bus, 
because the full severe D-2g loading state was repeatedly applied as a constant-amplitude 
cycle. Rather, the calculation provides a conservative comparative screening showing 
that, under identical fatigue assumptions, the CS-reinforced configuration exhibits a sub-
stantially higher minimum predicted fatigue life than the reference body frame. 

3.2. Bus Body R100 Loading 

Under the R100 transverse 5 g inertial loading condition, the maximum von Mises 
stress ߪ௩ெ,௠௔௫  decreased progressively from 477.95 MPa (R100-5g-r mode in Figure 12a) 
to 321.41 MPa (R100-5g-c mode in Figure 12b), corresponding to a 32.7% decrease result-
ing from the adoption of the catenary-curved cross-section. Following the additional inte-
gration of CS joints into the inter-window pillars, the maximum von Mises stress 
௩ெ,௠௔௫ߪ  further decreased to 281.23 MPa (R100-5g-c-CS in Figure 12c), representing an ad-
ditional 12.5% reduction and an overall decrease of 41.2% relative to the reference config-
uration (Table 5). 

Table 5. Comparison of the stressed-deformed-state results under the R100 load. 

Mode ࣌࢜࢞ࢇ࢓,ࡹ, MPa ࣌࢜ࢋ࢜ࢇ,ࡹ, MPa ࢞ࢇ࢓࢛ ࢋ࢜ࢇࡲࡿ ࢔࢏࢓ࡲࡿ, mm 
R100-5g-r 477.95 72.81 0.53 6.87 358.55 
R100-5g-c 321.41 67.54 0.79 7.19 138.74 

R100-5g-c-CS 281.23 54.86 0.90 8.17 89.31 
R100-6.6g-r 328.23 61.95 0.77 7.59 127.88 
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R100-6.6g-c 309.48 61.37 0.82 7.76 109.47 
R100-6.6g-c-CS 298.30 52.60 0.85 8.62 79.06 

 

 
(a) 

 
(b) 

 
(c) 

Figure 12. Equivalent stress (von Mises) maps under R100 transverse (5 g) loads: (a) R100-5g-r. (b) 
R100-5g-c. (c) R100-5g-c-CS. 

The location of the maximum von Mises stress ߪ௩ெ,௠௔௫  (tag “Max” in Figure 12) changed 
considerably between the analyzed configurations. In model R100-5g-r, the maximum stress 
was located in the leftmost inter-window pillar of the rear overhang, whereas in R100-5g-c, it 
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shifted to the corresponding pillar on the opposite side. Following the integration of CS joints 
into the inter-window pillars (R100-5g-c-CS), the global maximum stress shifted to the rear-
seat support frame and reached 281.23 MPa (tag “Max” in Figure 12c), whereas the maximum 
von Mises stress within the inter-window pillars (sidewalls) was limited to 227.42 MPa, re-
maining below the yield strength (ߪ௬ = 252 MPa) of S235 steel. Consequently, R100-5g-c-CS 
mode is theoretically capable of maintaining the inter-window pillars predominantly within 
the elastic range (Hooke’s law), thereby preventing plastic deformation and better preserving 
the sidewall structural geometry under the investigated loading conditions. 

The average von Mises stress ߪ௩ெ,௔௩௘  decreased progressively from 72.81 MPa in the 
reference rectangular mode (R100-5g-r) to 67.54 MPa (−7.2%) after adopting the catenary-
curved cross-section (R100-5g-c) and further to 54.86 MPa (−18.8%) following the integra-
tion of CS joints (R100-5g-c-CS), corresponding to an overall reduction of 24.7% relative 
to the reference configuration. 

The minimum safety factor ܵܨ௠௜௡  increased from 0.53 (Figure 13a) in the reference 
model to 0.79 after adopting the catenary-curved cross-section (49.1%), followed by a fur-
ther increase to 0.90 (Figure 13b) after integrating CS joints (13.9%), corresponding to an 
overall improvement of 69.8%. The average safety factor increased from 6.87 to 7.19 (4.7%) 
owing to the catenary-curved cross-section and further to 8.17 (13.6%) after the integration 
of CS joints, representing an overall increase of 18.9% relative to the reference model. 

Beyond the numerical comparison, particular aĴention should be paid to the distri-
bution of the safety factor within the inter-window pillars. In the reference R100-5g-r 
model, pronounced red regions (ܵܨ < 1) are observed near the upper and lower joints of 
the pillars (Figure 13a), indicating local yielding and the potential initiation of plastic-
hinge mechanisms. Such plastic hinges are characteristic failure locations in lateral impact 
and rollover loading of bus body structures (e.g., UNECE R66), as they indicate the loss 
of elastic load-carrying capacity and may initiate permanent distortion of the body-frame 
geometry. In contrast, the R100-5g-c-CS model exhibits a substantially more favourable 
stress state. In the most highly loaded rear body section (Figure 13b), the inter-window 
pillars are almost entirely free of regions with ܵܨ < 1, suggesting that the pillars remain 
predominantly within the elastic range and are therefore capable of preserving the struc-
tural integrity and overall body geometry under the investigated loading condition. 

 
(a) 
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(b) 

Figure 13. Safety factor maps under R100 transverse (5 g) loads: (a) R100-5g-r. (b) R100-5g-c-CS. 

The structural improvement provided by the combined catenary-curved and CS con-
figuration was less pronounced under longitudinal 6.6 g loading than under transverse 5 
g loading. Specifically, the maximum equivalent (von Mises) stress, ߪ௩ெ,௠௔௫, decreased 
from 328.23 MPa in the R100-6.6g-r mode (Figure 14a) to 298.30 MPa in the R100-6.6g-c-
CS (Figure 14b), corresponding to a reduction of 9.1%. Relative to the catenary-curved 
model alone, the addition of CS joints reduced the maximum and average von Mises 
stresses by 3.6% and 14.3%, respectively, and the maximum deformation by 27.8%. The 
structural configuration of the inter-window pillars can explain the difference between 6.6 
g and 5 g results. 

 
(a) 
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(b) 

Figure 14. Equivalent stress (von Mises) maps under R100 longitudinal (6.6 g) loads: (a) R100-6.6g-
r. (b) R100-6.6g-c-CS. 

In the transverse bus direction, each pillar has a catenary-curved profile whose ends 
are connected by a prestressed CS, forming a structural system analogous to an archery 
bow, where the curved pillar acts as the bow limb and the prestressed cable represents 
the bowstring. Consequently, the catenary arch and the tensioned cable jointly resist the 
transverse (5 g) inertial loads acting in the plane of the curved pillar, resulting in a more 
efficient redistribution of stresses. Under the longitudinal (6.6 g) loading condition, how-
ever, the principal inertial forces act predominantly outside this structural plane, thereby 
reducing the contribution of the bow–bowstring mechanism and the effectiveness of the 
CS joints. This directional dependence confirms that the effectiveness of the bow–bow-
string mechanism is governed by the orientation of the dominant load path relative to the 
plane of the catenary-curved pillar and prestressed cable. 

Under the longitudinal 6.6 g load, the average von Mises stress, ߪ௩ெ,௔௩௘ , decreased 
from 61.95 MPa in the reference model to 61.37 MPa after adopting the catenary-curved 
cross-section (0.9%), followed by a further reduction to 52.60 MPa after integrating CS 
joints (14.3%), corresponding to an overall decrease of 15.1% (Table 5). The minimum 
safety factor ܵܨ௠௜௡  increased from 0.77 to 0.82 (6.5%) and further to 0.85 (3.7%), while the 
average safety factor ܵܨ௔௩௘  increased from 7.59 to 7.76 (2.2%) and subsequently to 8.62 
(11.1%), representing an overall improvement of 13.6% relative to the reference model. 

Among the evaluated parameters, maximum total deformation ݑ௠௔௫ is of particular 
importance because, unlike averaged stress ߪ௩ெ,௔௩௘  and safety-factor ܵܨ௠௜௡  values, it di-
rectly characterizes the global distortion of the body frame. The greatest structural im-
provement was achieved under the R100 transverse (5 g) loading condition, where ݑ௠௔௫ 
decreased from 358.55 mm (Figure 15a) in the reference rectangular model to 138.74 mm 
after adopting the catenary-curved cross-section (61.3%) and further to 89.31 mm follow-
ing the integration of CS joints (Figure 15b), corresponding to an overall reduction of 
75.1%. 

The deformation maps (Figure 15 a,b) reveal a pronounced non-uniform stiffness dis-
tribution in the reference rectangular body frame (R100-5g-r), with the largest defor-
mation concentrated in the rear body section, where ݑ௠௔௫ was recorded (tag “max”). Un-
der the longitudinal (6.6 g) loading condition, the maximum deformation was approxi-
mately 2.8 times lower than in the transverse case (127.88 mm versus 358.55 mm). Never-
theless, the combined catenary-curved and CS configuration (R100-6.6g-c-CS) reduced 
 ௠௔௫ from 127.88 to 79.06 mm (Figure 15c,d), representing an overall reduction of 38.2%ݑ
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(Table 5), thereby further increasing the global stiffness of the body structure and improv-
ing passive safety. 

 
(a) 

 
(b) 

  
(c) (d) 

Figure 15. Deformation maps under R100 loading: (a) R100-5g-r. (b) R100-5g-c-CS. (c) R100-6.6g-r. 
(d) R100-6.6g-c-CS. 

3.3. Cable-Force and Anchorage Assessment 

The mechanical response of the CS joints was additionally evaluated using the Spring 
Probe results in Ansys Mechanical. In the D-2g-CS model, the axial cable forces ranged 
from 4.835 to 10.380 kN, corresponding to cable stresses of approximately 96.2–206.5 MPa 
for the adopted 8 mm cable diameter. In the R100-6.6g-c-CS model, the forces varied 
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within a substantially narrower range of 5.878–6.385 kN, whereas in the R100-5g-c-CS 
model they ranged from 5.668 to 6.707 kN, corresponding to maximum cable stresses of 
approximately 127.0 and 133.4 MPa, respectively. In all investigated cases, the cable force 
remained positive; therefore, complete slackening of the tension-only CS joints was not 
observed. In the adopted idealized global longitudinal-joint representation, the axial cable 
force is transmiĴed directly to the end anchorages. The maximum force obtained from the 
baseline D-2g-CS analysis at ଴ܶ = 6000 N was therefore subsequently used as the loading 
input for the dedicated component-level anchorage assessment described below. 

The component-level anchorage analysis showed that the maximum equivalent von 
Mises stress under the applied cable force of 10.38 kN reached 197.87 MPa (Figure 16a). 
The peak was localized at the perimeter weld connecting the anchorage base plate to the 
RHS member rather than at the cable-aĴachment hole (Figure 16a). This value remained 
below the yield strength of the adopted S235 material, corresponding to a minimum safety 
factor of 1.28. By comparison, the maximum equivalent stress in the lug plate was 87.07 
MPa and occurred locally at the edge of the 12 mm pin hole (Figure 16b). 

 
(a) 

  
(b) (c) 

Figure 16. Results of the component-level finite-element analysis of the representative CS anchor-
age: (a) global equivalent stress distribution with local stress concentration in the welded support 
region; (b) stress distribution in the lug plate; (c) total deformation. 

The maximum total deformation of the anchorage assembly was only 0.244 mm and 
occurred in the upper lug region (Figure 16c). In addition, the maximum equivalent stress 
increased essentially proportionally with the applied load, from 39.58 MPa at 20% of the 
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final load to 79.15, 138.51, and 197.87 MPa at 40%, 70%, and 100%, respectively, indicating 
an elastic structural response throughout the investigated loading interval. 

These results indicate that the proposed representative anchorage is capable of trans-
ferring the maximum cable force obtained from the baseline D-2g-CS model at ଴ܶ = 6000 
N without predicted static yielding or excessive local deformation. The critical load-trans-
fer region is the base-plate-to-tube welded connection, whereas neither the lug plate nor 
the pin-hole region governs the static response. 

3.4. Serviceability and Cable-Layout Screening Under Diagonal Racking 

To complement the strength and fatigue assessment with a serviceability-oriented 
indicator, the in-plane distortion of the three passenger-door openings was quantified 
from the relative change in their two diagonals. Two longitudinal Spring Joints were in-
troduced across each opening: F1 and F2 for the front door, M1 and M2 for the middle 
door, and R1 and R2 for the rear door (Figure 17). These joints were used solely as numer-
ical measuring elements. Their longitudinal stiffness was set to 1.0 × 10ିସ N/mm, with 
zero preload and damping, so that their contribution to the structural stiffness was negli-
gible. Even for the largest measured diagonal change of 16.94 mm, the corresponding 
spring force does not exceed 1.7 × 10ିଷ N and therefore cannot materially affect the cal-
culated response of the bus body. 

 

Figure 17. Numerical scheme for quantifying door-opening distortion using low-stiffness diagonal 
Spring Joints: F1–F2, front door; M1–M2, middle door; R1–R2, rear door. 

The signed changes in diagonal length are presented in Table 6. In each door opening, 
the two diagonals changed in opposite directions and with similar magnitudes, indicating 
predominantly racking-type distortion rather than uniform expansion or contraction of 
the opening. More importantly, the absolute magnitude of the diagonal change decreased 
for all six monitored diagonals after introduction of the CS reinforcement. 

Table 6. Changes in the door-opening diagonal lengths for the reference and CS-reinforced config-
urations. 

Metric Measurement/Opening D-2g, mm D-2g-CS, mm Reduction, % 

Diagonal change Δl 

F1—front door −4.65 −2.98 35.88 
F2—front door 4.60 2.92 36.55 
M1—middle door 16.91 14.18 16.18 
M2—middle door −16.94 −14.26 15.81 
R1—rear door 3.73 3.30 11.40 
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R2—rear door −3.69 −3.30 10.60 

Door-opening racking D_op 
Front door 9.25 5.90 36.22 
Middle door 33.85 28.44 15.99 
Rear door 7.42 6.60 11.01 

Overall six-diagonal mean |Δl| All six diagonals 8.42 6.82 18.97 

For a door-opening-level comparison, the distortion may be represented by a simple 
racking indicator defined from the signed changes of its two diagonals: 

୭୮ܦ = ∣∣Δ݈ଵ − Δ݈ଶ∣∣, (16)

where Δ݈ଵ, Δ݈ଶ—changes in the lengths of the two diagonals of the corresponding door 
opening, mm; ܦ୭୮ —door-opening racking indicator, mm. Because the two diagonals 
change in opposite directions in all investigated cases, ܦ୭୮ is also equal to the sum of their 
absolute changes. 

The relative reduction due to the CS reinforcement is then 

஽ߟ =
஽౥౦,ీషమౝି஽౥౦,ీషమౝషి౏

஽౥౦,ీషమౝ
× 100%, (17)

where ߟ஽—reduction in the door-opening racking indicator, %. 
The front-door opening exhibited the largest relative improvement. Its racking indi-

cator decreased from 9.25 mm in D-2g to 5.90 mm in D-2g-CS, corresponding to a reduc-
tion of 36.22%. The middle door showed the largest absolute distortion in both configura-
tions: ܦ୭୮ decreased from 33.85 to 28.44 mm, or by 15.99%. The rear-door opening was 
less distorted in absolute terms and exhibited a reduction from 7.42 to 6.60 mm, corre-
sponding to 11.01%. 

Thus, the CS system improved the in-plane dimensional stability of all three door 
openings, although the magnitude of the effect was spatially non-uniform. The strongest 
stabilization occurred at the front door, whereas the middle opening remained the ser-
viceability-governing region despite the reduction obtained with the reinforced configu-
ration. This distinction is relevant because global stress or deformation measures alone do 
not necessarily quantify local aperture distortion, which directly affects the dimensional 
stability of door mounting and closure interfaces. 

The consistency of the two diagonal measurements provides an additional check on 
this conclusion. For the front opening, the reductions calculated independently from F1 
and F2 were 35.88 and 36.55%, respectively; for the middle opening, 16.18 and 15.81%; 
and for the rear opening, 11.40 and 10.60%. The close agreement within each pair indicates 
that the calculated improvement is associated with a systematic reduction in opening 
racking rather than with a local displacement anomaly at a single measurement point. 
Considering all six diagonals together, the mean absolute diagonal change decreased from 
8.420 to 6.823 mm, corresponding to an overall reduction of approximately 18.97%. 

No manufacturer-specific admissible limit for door-opening diagonal distortion was 
imposed in the present study. The obtained values are therefore interpreted compara-
tively rather than as a pass/fail serviceability criterion. Nevertheless, the results provide a 
direct quantitative measure of aperture stability and complement the global strength and 
fatigue indicators by demonstrating that the CS reinforcement also reduces local defor-
mation of functional body openings. 

To provide an additional quantitative indication of the layout-screening process, two 
representative one-directional CS configurations were re-evaluated under the same D-2g 
loading conditions and compared with the retained criss-cross D-2g-CS arrangement (Fig-
ure 18). In D-2g-CS-1, where the CS diagonals were predominantly inclined opposite to 
the direction of vehicle travel, the maximum von Mises stress was 302.24 MPa, the average 
von Mises stress was 40.25 MPa, and the maximum total deformation was 98.07 mm. For 
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the opposite diagonal orientation, D-2g-CS-2, where the CS diagonals were predomi-
nantly inclined in the direction of vehicle travel, the corresponding values were 300.89 
MPa, 39.50 MPa, and 96.34 mm, respectively. 

 
(a) 

 
(b) 

Figure 18. Representative one-directional CS layouts used for verification of the numerical screening 
procedure: (a) D-2g-CS-1, with Cable Spring diagonals predominantly inclined opposite to the di-
rection of vehicle travel; (b) D-2g-CS-2, with Cable Spring diagonals predominantly inclined in the 
direction of travel. 

The retained criss-cross D-2g-CS configuration produced lower values for all three 
response measures: 298.70 MPa maximum von Mises stress, 38.68 MPa average stress, and 
91.94 mm maximum total deformation. Relative to D-2g-CS-2, the criss-cross arrangement 
reduced the maximum stress by approximately 0.73%, the average stress by 2.08%, and 
the maximum deformation by 4.57%. Relative to D-2g-CS-1, the corresponding reductions 
were approximately 1.17%, 3.90%, and 6.25%. Thus, although both one-directional layouts 
provided substantial reinforcement relative to the unreinforced D-2g body, the criss-cross 
arrangement produced the most favourable combined stress and deformation response 
among the representative layouts reported here. 

This comparison also illustrates why the cable arrangement itself constitutes an im-
portant design variable. Under diagonal racking, the deformation of the spatial body 
frame does not occur uniformly in a single direction; consequently, a one-directional set 
of tension-only members cannot provide the same degree of restraint for both senses of 
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local frame distortion. The criss-cross arrangement provides complementary diagonal 
load paths and therefore allows the prestressed cable system to participate more effec-
tively in the redistribution of racking-induced forces over the roof and sidewall structure. 
These representative results support the selection of the D-2g-CS layout used in the anal-
yses reported above, while they should not be interpreted as proof of a mathematically 
global optimum. 

4. Discussion 
The numerical results demonstrate that prestressed Cable Spring (CS) joints can im-

prove the structural efficiency of a tubular bus body through two complementary mecha-
nisms: the elastic resistance from cable elongation and the geometric stiffness from initial 
pretension. Unlike additional steel braces, cables primarily act in tension and can be 
routed through otherwise unused hollow members or concealed beneath the interior lin-
ing. Consequently, the proposed system increases stiffness without substantially chang-
ing the external geometry, passenger-compartment layout, or basic manufacturing archi-
tecture of the body frame. From an engineering perspective, the proposed concept can be 
integrated into existing tubular bus-body manufacturing technology with minimal 
changes to the basic frame architecture, while enabling post-assembly pretension adjust-
ment, inspection, replacement, and structural health monitoring of the reinforcing ele-
ments. 

Under diagonal racking, the CS reinforcement produced a substantial reduction in 
global deformation and average stress, whereas the decrease in the peak local stress was 
considerably smaller. The difference between the reductions in average and maximum 
stress indicates that the principal contribution of the cable system is not the elimination of 
the most highly stressed local joint, but the redistribution of loads over a larger portion of 
the spatial frame. The increase in the average safety factor from 8.86 to 9.77 further con-
firms that the structure became more uniformly loaded. The displacement at the critical 
engine mounting point decreased from 73.61 mm to 54.77 mm, indicating that CS joints 
may also improve the dimensional stability of powertrain, door, glazing and suspension 
interfaces. 

The pretension sensitivity study further clarifies the role of the initial cable force in 
the structural response. Increasing ଴ܶ  from 3000 to 9000 N changed the maximum total 
deformation by only 2.0%, while the average von Mises stress varied by approximately 
1.1% across the investigated range. Taken together with the analytical formulation in 
Equations (8)–(13), these results suggest that, within the investigated pretension range, 
the primary reinforcement effect is associated with the additional tension-only load paths 
and the elastic axial stiffness of the cables, whereas pretension provides a secondary geo-
metric-stiffening and tuning contribution. The non-monotonic variation of the maximum 
local von Mises stress further indicates that increasing pretension does not necessarily 
produce a proportional reduction in peak stress. Consequently, selection of the final pre-
tension level should account not only for global stiffness but also for local stress redistri-
bution, cable forces, anchorage loading, fatigue, and serviceability requirements. 

The lightweighting effect can be evaluated directly from the masses of the investi-
gated finite-element body-frame configurations. The conventional rectangular steel frame 
has a mass of 2312.2 kg, whereas the catenary-curved frame has a mass of 1936.0 kg, cor-
responding to a reduction of 376.2 kg (16.3%). Despite its lower structural mass, the cate-
nary-curved configuration exhibited lower stress and deformation levels than the conven-
tional rectangular frame, with further improvements achieved after the integration of CS 
joints. This additional structural reserve suggests that, at an equivalent stress level, further 
mass reduction in the catenary-curved CS-reinforced frame may be theoretically achieva-
ble through additional structural optimisation of the body frame. Interestingly, the 
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observed 16.3% frame-mass reduction is very close to the 16.2% reduction in average von 
Mises stress obtained after CS integration under diagonal racking. Although these values 
originate from different structural comparisons and cannot establish a general relation-
ship, their close agreement suggests a hypothesis for future investigation that relative av-
erage-stress reduction may serve as an indicator of achievable mass reduction during 
structural optimization. The mass penalty of the CS system itself is comparatively small: 
for the CS-model, 29 steel cables of 8 mm diameter and approximately 2 m representative 
length correspond to about 22.9 kg. The final net mass saving should additionally account 
for the anchorage components and requires dedicated structural optimization under 
equivalent strength and stiffness constraints. This demonstrated reduction in steel-frame 
mass provides a direct quantitative sustainability benefit by reducing structural material 
use. 

The proposed concept demonstrated its highest effectiveness under the UNECE R100 
transverse 5 g loading condition. It should be noted that the catenary-curved geometry 
and CS reinforcement are intentionally coupled in the R100 models, since the proposed 
concept relies on their combined bow–bowstring action; therefore, a rectangular configu-
ration with CS reinforcement would not reproduce the same prestressing mechanism. The 
results indicate that the principal advantage of CS joints is achieved when the plane of the 
CS and the inter-window pillars coincides with the dominant deformation plane, thereby 
converting racking or bending deformation into axial cable tension. The lower effective-
ness observed under the longitudinal 6.6 g loading condition further confirms that the 
structural contribution of the CS system depends strongly on the loading direction. 

The comparison of the three loading cases demonstrates a pronounced directional 
dependence of the CS reinforcement effect. Under diagonal racking, the distributed CS 
joints primarily increase global frame stiffness and promote load redistribution through-
out the spatial structure. Under transverse 5 g loading, the reinforcement is most effective 
because the inertial forces act predominantly in the plane of the catenary-curved inter-
window pillars and their prestressed cables, directly activating the bow–bowstring load-
carrying mechanism. In contrast, under longitudinal 6.6 g loading, the dominant forces 
act largely outside this plane, and the same mechanism is therefore activated less effi-
ciently. Thus, the effectiveness of CS reinforcement depends not only on cable stiffness 
and pretension but also on the alignment between the reinforced structural plane and the 
dominant deformation mode. 

In the reference R100-5g-r model, regions with (ܵܨ < 1) developed near both ends of 
several inter-window pillars, indicating local yielding and the initiation of plastic-hinge 
mechanisms. Once such hinges form, the sidewall progressively loses its original geome-
try and load-carrying capability. In the R100-5g-c-CS model, these critical regions were 
almost completely eliminated from the rear inter-window pillars and the maximum stress 
shifted from the sidewall to the rear-seat support frame. This migration of the critical lo-
cation indicates that the sidewall ceased to govern the global failure mechanism. The 
larger reduction in global deformation than in maximum stress reflects the fact that CS 
reinforcement primarily increases overall frame stiffness and redistributes loads, while 
the peak stress remains governed by localized stress concentrations. Although the maxi-
mum stress of 281.23 MPa and the minimum safety factor of 0.90 indicate highly localized 
yielding in the rear-seat support frame, the affected region occupies only a small portion 
of the member, as shown in Figure 13b, and does not indicate yielding of the entire cross-
section or a significant loss of member stiffness or geometry. Such localized overstress can 
be considered acceptable at the present conceptual design stage; if required, it can be fur-
ther reduced by local reinforcement or the use of higher-strength steel. The result is par-
ticularly relevant to rollover safety because UN Regulation No. 66 evaluates the strength 
of bus superstructures and the preservation of the residual survival space during rollover. 
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This concept shows considerable potential to improve bus body structures designed to 
meet the structural requirements of UNECE Regulations Nos. 14, 66, 80, 100 and 110. The 
use of prestress also enables tuning of the completed body after welding and assembly. 
Manufacturing tolerances, welding distortion and asymmetric equipment installation 
may produce an initially non-uniform stiffness distribution. Controlled cable tension 
could partially compensate for these deviations and equalize the deformation response of 
the left and right sidewalls. In a more advanced implementation, individually adjustable 
CS joints could be used as passive structural tuning elements, with the target pretension 
determined from measured body-frame deformation rather than assigned solely from 
nominal design geometry. Integration of strain-gauge-based cable-force monitoring could 
transform the proposed CS joints into elements of a structural health-monitoring system 
capable of detecting pretension loss, structural damage, and overload events. 

However, the introduction of prestressed cables creates several design and mainte-
nance challenges. Cable force may decrease because of seating of the end fiĴings, local 
embedment, strand relaxation, thermal cycling, vibration, corrosion, or permanent defor-
mation of the anchorage regions. Insufficient tension would permit slack, impact loading, 
freĴing and possible noise, whereas excessive pretension could introduce unnecessary in-
itial stresses into the pillars and welded joints. The required pretension tolerance must 
therefore be defined as a permissible operating interval rather than as a single nominal 
value. The service schedule should include tension verification after the initial running-in 
period and subsequently during periodic maintenance. Adjustment can be performed us-
ing a turnbuckle, threaded tensioner, calibrated torque procedure, or direct force meas-
urement. 

The component-level analysis confirms that the anchorage represents an important 
local load-transfer region, but also demonstrates that a practically realizable welded con-
figuration can sustain the maximum cable force obtained from the global model without 
predicted static yielding. The highest stress was transferred away from the lug hole and 
localized at the base-plate perimeter weld, where the minimum safety factor remained 
above unity. This result supports the mechanical feasibility of the CS concept while also 
identifying the welded base connection as the principal region requiring aĴention during 
detailed design. The present component-level assessment addresses the static strength of 
the anchorage; the fatigue screening presented in this study concerns the global body-
frame response and should not be interpreted as a weld-detail fatigue assessment of the 
anchorage. 

The screening-level fatigue assessment presented above provides an initial compar-
ative indication of the influence of CS reinforcement; however, a complete fatigue-life 
evaluation requires representative cyclic road-load histories. The present study considers 
severe quasi-static and inertial loading cases, whereas an operating bus experiences mil-
lions of lower-amplitude cycles caused by road irregularities, cornering, braking, suspen-
sion articulation and body vibration [127–129]. Prestress may be beneficial by keeping the 
cable continuously active and preventing load reversals, but fluctuating tension may ini-
tiate fatigue damage at strand terminations and threaded fiĴings. The influence of pre-
stressing on fatigue should not, however, be interpreted solely in terms of the initial ten-
sile stress. In the tubular frame, cable pretension modifies the initial stress state but also 
redistributes the stresses induced by external loading; therefore, the resulting stress am-
plitude and stress range may be lower than in the corresponding structure without CS 
reinforcement, potentially improving fatigue performance. For the cables and their an-
chorage points, the tensile mean stress introduced by pretension remains an important 
fatigue parameter and must be considered together with the alternating stress amplitude. 
Consequently, quantitative assessment of fatigue performance requires analysis of the 
complete cyclic stress history rather than the prestress level alone. Experimental 
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validation would be required to determine the allowable cable-tension range, pretension 
loss, endurance of the end fiĴings, and sensitivity to installation tolerances under repre-
sentative service loading. Consequently, the screening-level fatigue results obtained here 
should be interpreted as a comparative assessment under a severe constant-amplitude 
loading envelope rather than as a prediction of the actual operational fatigue life of the 
bus. A full service-life assessment would require measured or experimentally validated 
cyclic road-load histories, including road roughness, braking, cornering, suspension ar-
ticulation, vibration, and pretension-loss effects. 

The current finite-element results should be interpreted within the limitations of the 
adopted numerical model. Although the mesh-sensitivity analysis confirmed consistently 
high mesh-quality metrics across the investigated discretizations, experimental validation 
of the proposed CS-reinforced bus body has not yet been performed. Consequently, the 
numerical results should primarily be interpreted as a comparative assessment of the in-
vestigated structural configurations rather than as experimentally validated absolute pre-
dictions. The tubular body was represented by BEAM188 elements, the floor sheet panels 
by SHELL181 elements, and the cables were idealized as tension-only longitudinal joints 
with prescribed stiffness and pretension. This approach is appropriate for evaluating 
global load redistribution but does not fully reproduce local contact, cable bending over 
guides, friction, anchorage deformation, strand construction, joint clearances, weld de-
tails, or progressive cable failure. The selected cable layout was obtained from more than 
twenty numerical variants, but it cannot yet be regarded as a global optimum. 

Future work should extend the present component-level static anchorage assessment 
toward fully nonlinear detailed modelling of the tubular members and cable anchorages, 
combined with component and full-body experiments. The numerical model should in-
clude geometric nonlinearity, contact and friction, pretension losses, temperature effects, 
local anchorage flexibility, cable rupture and post-yield behaviour of the surrounding 
frame. Future studies should therefore focus on local, region-specific optimization of the 
CS system, since different parts of the bus body may require different reinforcement lev-
els. In some structural regions, a pretension of approximately 3000 N may already provide 
sufficient stiffness enhancement, whereas more highly loaded areas may benefit from pre-
tension levels approaching 9000 N, potentially in combination with larger-diameter ca-
bles. Such a differentiated design approach could improve structural efficiency while 
avoiding unnecessary cable mass, pretension, and anchorage loading in less critical re-
gions. 

Overall, the study indicates that CS joints are most valuable not as direct substitutes 
for all tubular members, but as selectively positioned tension-only load paths that sup-
press racking, redistribute stresses and delay the formation of plastic mechanisms. Their 
greatest potential lies in large openings and highly deformable sections of bus bodies 
where rigid triangulation is geometrically or functionally impractical. The reductions in 
deformation observed under diagonal racking and UNECE R100 loading justify further 
development toward experimentally validated, inspectable, replaceable, and potentially 
sensor-equipped cable reinforcement systems. 

5. Conclusions 
The conducted research allows the following main conclusions to be drawn: 

1. The proposed Cable Spring (CS) concept effectively increases the global stiffness of 
the bus body by introducing additional tension-only load paths that redistribute in-
ternal forces through both elastic cable action and geometric stiffening induced by 
pretension. Unlike conventional steel reinforcements, the proposed solution intro-
duces lightweight tension-only load paths that can be routed through tubular 
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members or concealed beneath the interior lining while preserving the external ge-
ometry and functional layout of the passenger compartment. 

2. Under diagonal racking loading, the integration of CS joints at the baseline preten-
sion of 6000 N reduced the maximum total deformation by 28.4% and the average 
von Mises stress by 16.2%, while increasing the average safety factor by 10.3%. The 
improved load redistribution also reduced deformation at the selected powertrain 
mounting point and indicates additional structural reserve for future optimization of 
the body frame. A pretension sensitivity analysis over the range of 3000–9000 N 
showed that the maximum total deformation varied by only 2.0% and the average 
von Mises stress by approximately 1.1%, while substantial reductions relative to the 
non-reinforced model were maintained at all investigated pretension levels. This con-
firms that the global reinforcement effect is not dependent on the single baseline pre-
tension value. The additional screening assessments also showed improved service-
ability of the powertrain and door-opening interfaces, an 86.3% increase in the mini-
mum predicted fatigue life under the adopted constant-amplitude loading envelope, 
and elastic static load transfer through the representative CS anchorage under the 
baseline maximum cable force. 

3. Under the UNECE R100 transverse (5 g) loading condition, the combined catenary-
curved and CS configuration demonstrated the greatest effectiveness, reducing the 
maximum equivalent stress, average equivalent stress, and maximum total defor-
mation by 41.2%, 24.7%, and 75.1%, respectively, relative to the rectangular reference 
model. The redistribution of stresses largely eliminated the regions of local yielding 
within the inter-window pillars and transferred the critical stress location away from 
the passenger sidewall, contributing to improved preservation of the overall struc-
tural integrity and body-frame geometry. 

4. The effectiveness of the proposed reinforcement depends on the loading direction 
and structural load paths. The substantially greater improvement obtained under 
transverse loading confirms that the catenary-curved pillar with an internal pre-
stressed cable behaves as a bow–bowstring structural system, indicating that the lay-
out, pretension, and anchorage of CS joints should be optimized according to the 
dominant loading conditions of individual body regions. 

5. The investigated structural concept provides a quantitative lightweighting benefit at 
the body-frame level: the mass of the catenary-curved steel frame is 16.3% lower than 
that of the conventional rectangular configuration, while maintaining a more favour-
able structural response. Accordingly, the demonstrated sustainability benefit is pri-
marily associated with reduced use of structural materials, whereas further mass re-
duction through structural optimisation remains a subject for future research. The 
potential for concealed installation, modularity, and structural health monitoring via 
cable-force sensing may also make the CS concept potentially applicable to a broader 
range of future bus structures, including autonomous platforms designed to meet the 
structural requirements of UNECE Regulations Nos. 14, 66, 80, 100, and 110; how-
ever, vehicle-level benefits associated specifically with autonomous operation were 
not evaluated in the present study. 
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