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Abstract

To address the problems of large terrain variation, limited foundation construction, and
poor adaptability of conventional supports in mountain photovoltaic projects, this study
establishes finite element models of four flexible photovoltaic support systems, including
one single-layer cable system and three double-layer cable systems. Under the same
span, module layout, and loading conditions, the deflection, cable force, support reaction,
equivalent steel consumption, and torsional performance of the different systems are
compared under symmetric and asymmetric loading. The results show that the single-layer
cable system has the lowest material consumption and better constructability in mountain
terrain, but its torsional stiffness is relatively weak. The double-layer systems provide
better overall stiffness and torsional resistance, but require more steel and impose larger
foundation reactions. The single-layer cable system is then selected for further analysis.
To ensure geometric nonlinear convergence, the structural analysis relies on established
catenary cable and beam element formulations under incremental loads. Based on the
parameter analysis, a combination of 40◦ for the bottom ground cable and 50◦ for the
top ground cable is recommended to reduce structural reaction moments. Finally, as a
simplified structural analysis approach to avoid exhaustive global modeling, a two-span
equivalent model for intermediate columns, a single-span equivalent model for edge
columns, and a table-based selection procedure are proposed, providing a reference for the
rapid design of mountain multi-span flexible photovoltaic supports.

Keywords: mountain photovoltaic; flexible support; cable structure; structural comparison;
ground cable angle; equivalent design

1. Introduction
With the rapid expansion of solar power generation, the availability of suitable flat land

for large-scale photovoltaic (PV) power plants has become increasingly limited. As a result,
complex mountainous areas, hillsides, and barren slopes have gradually become important
scenarios for PV development. Compared with conventional rigid supports, flexible
PV supports that use prestressed cables or cable–strut systems as the main load-bearing
components offer better terrain adaptability, longer spans, lower self-weight, and reduced
foundation requirements, making them particularly suitable for irregular mountain terrains.
Meanwhile, the long-term durability of PV materials, the service performance of supporting
structures, and structural health monitoring under harsh environmental conditions have
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received increasing attention [1–8]. These developments provide an important engineering
basis for improving the reliability and applicability of flexible PV support systems in
mountainous PV projects.

Among the loads acting on photovoltaic supports, wind load remains the primary
controlling factor for structural safety and deformation control. For conventional photo-
voltaic systems, Jubayer and Hangan [9,10] conducted pioneering numerical simulations on
stand-alone ground-mounted panels and panel arrays, establishing an early aerodynamic
basis for evaluating wind effects on solar infrastructures. Kopp et al. [11] further clarified
the aerodynamic mechanisms governing tilted roof-mounted solar arrays, while Aly [12]
emphasized the influence of geometric scale in wind-tunnel assessment. Subsequent studies
extended the research scope from isolated or simplified configurations to practical operating
conditions. Wind-pressure distributions under varying tilt angles and wind directions were
investigated through combined experimental and numerical approaches [13], and wind
loading on sun-tracking ground arrays was evaluated for large photovoltaic plants [14].
Experimental–computational stress assessment and hybrid pressure-integration/buffeting-
analysis methods further improved the understanding of module response and multi-row
tracker interference [15,16]. Together, these studies provide robust wind-resistant design
references for rigid supports and tracking systems, but their stiffness assumptions and
failure modes differ substantially from those of cable-supported flexible configurations.

Compared with rigid structures, continuous flexible photovoltaic supports rely heavily
on prestressed cables, making their responses strongly nonlinear and sensitive to span
length, cable force, structural configuration, and boundary constraints. Wind-induced
vibration, shading effects, torsional response, and field-measured load transmission have
therefore become key concerns in flexible or lightweight photovoltaic systems [17–19]. He
et al. [20,21] investigated vibration suppression and mechanical behavior of suspension-
cable-supported photovoltaic modules, demonstrating the distinctive deformation and
dynamic response mechanisms of cable-supported layouts. To identify safety limits, Liu
et al. [22] experimentally determined the critical wind velocity of a 33 m-span flexible sup-
port, while Xu et al. [23] examined wind-induced vibration characteristics of suspension-
cable-supported modules. Instability mechanisms and failure criteria of large-span flexible
PV arrays under severe wind actions were further established by Li et al. [24]. In addi-
tion, the effects of initial pretension, module tilt angle, and ground-anchor cable layout
on wind-induced response have been systematically evaluated [25–27], and cable-truss
array studies have proposed vibration-response and suppression strategies for flexible
support systems [28].

More recent investigations have moved toward large-span, double-layer, cable-
supported structures and complex-site applications. Zhou et al. [29,30] performed wind-
load measurements and aeroelastic wind-tunnel tests on large-span flexible photovoltaic
supports, revealing pronounced spatial vibration and multi-span coupling characteristics,
while earlier solar-wing studies provided useful references for aerodynamic vibration of
lightweight photovoltaic structures [31]. For mountain-based PV projects, terrain-induced
flow distortion further amplifies non-uniform wind pressures and interference effects along
continuous arrays [32,33]. Mechanically, these systems behave as tension-dominated pre-
stressed cable structures, whose equilibrium configuration and load-transfer path require
shape-finding theory and geometric nonlinear analysis [34,35]. General nonlinear cable
formulations and flutter-performance studies provide additional theoretical support for
evaluating flexible photovoltaic supports under coupled wind–structure interaction [36–38].

Although previous studies have clarified wind-load characteristics, vibration mecha-
nisms, instability criteria, and key design parameters, a standardized and computationally
efficient framework for macro-structural selection and rapid simplified design of contin-
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uous multi-span flexible photovoltaic supports under mountainous constraints remains
insufficiently developed.

In response to these issues, this paper focuses on structural selection and rapid design
of mountain multi-span flexible photovoltaic supports. Finite element models of one single-
layer cable system and three double-layer cable systems are established. Under the same
span, module layout, boundary conditions, and loading system, the mid-span deflection,
cable force, support reaction, equivalent steel consumption, and torsional performance of
different structures are compared under symmetric and asymmetric loads. Based on the
structural comparison, the single-layer cable system, which is more suitable for mountain
conditions, is selected for further study. The influence of the bottom and top ground cable
angles on the stress of the main cable, the stress of the ground cables, and the support
reaction moment is then investigated. Finally, for continuous multi-span structures in
mountain terrain, a two-span equivalent model for intermediate columns and a single-
span equivalent model for edge columns are proposed. The complex multi-span system
is simplified into typical local sub-models, and a rapid selection procedure for column
sections and cable systems is developed. The results provide a reference for structural
selection, parameter optimization, and equivalent engineering design of mountain flexible
photovoltaic supports.

2. Structural Systems and Finite Element Modeling of Flexible Supports
2.1. Structural Systems

To address the problems of large terrain variation, limited foundation construction,
and poor adaptability of conventional rigid supports in mountain photovoltaic projects,
four flexible photovoltaic support systems are constructed, including one single-layer cable
system and three double-layer cable systems. Each system consists of photovoltaic modules,
load-bearing cables, edge columns, struts, and stabilizing cables. The main differences
among them lie in the number of cable types, the strut configuration, and the arrangement
of stabilizing components. The single-layer cable system has a simple configuration and
requires less space, while the double-layer cable systems improve structural stiffness
and overall stability by adding secondary load-bearing units. To ensure comparability
among the different systems, all schemes adopt the same span, module layout, boundary
conditions, and loading system.

The four structural schemes demonstrate a clear evolution from component-level
refinement to system-level integration (Figure 1). The single-layer cable structure (Structure
Model 1) employs the simplest configuration—dual parallel load-bearing cables—offering
direct force transfer and minimal steel consumption. The fish-belly double-layer structure
(Structural Model 2) introduces lower stabilizing cables and vertical struts, utilizing the
tension couple effect to significantly enhance torsional stiffness. The truss-type double-layer
structure (Structural Model 3) replaces vertical struts with diagonal braces to form V-shaped
units, balancing inter-layer forces through tension-compression coupling to optimize both
stiffness and member efficiency. Finally, the three-load-bearing-cable double-layer structure
(Structural Model 4) adopts an innovative single-row, three-cable layout. While increasing
cable usage, it substantially reduces the number of perimeter columns and foundations via
a unilateral load-bearing system, achieving a unified improvement in structural efficiency
and economy, particularly suited for terrain-constrained mountainous sites.

All four systems use load-bearing cables as the main structural members, forming a
complete load transfer path through the edge columns and ground anchors. The single-
layer system mainly relies on cable prestress to maintain its working shape, while the
double-layer systems improve longitudinal stiffness and torsional resistance through cable–
strut interaction. These systems cover typical mountain flexible support configurations
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ranging from simple to complex, and can be used for subsequent comparison of mechanical
behavior and structural selection.

 
(a) Single-layer cable structure (Structural Model 1). 

 
(b) Fish-belly double-layer structure (Structural Model 2). 

(c) Truss-type double-layer structure (Structural Model 3). 

(d) Three-load-bearing-cable double-layer structure (Structural Model 4). 

Figure 1. Schematic diagram of structural schemes.

2.2. Model Parameters and Modeling Method

As shown in Figure 2, the four structures adopt the same geometric parameters to
eliminate the influence of non-key factors. The span is 16 m. Photovoltaic modules are
arranged uniformly along the span, with a module spacing of 0.0977 m. The spacing
between the two load-bearing cables is 2 m, and their horizontal projection distance is
2.0147 m. Their heights above the ground are 2.217 m and 1.974 m, respectively, and the
cable diameter is 15.2 mm. Each photovoltaic module weighs 25 kg and has dimensions of
2278 mm × 1133 mm. The modules are fixed to the two load-bearing cables along the long
side by clamps. Tie rods are used at both ends to connect the structure to ground anchors.
In terms of materials, the load-bearing cables are 1860 MPa prestressed steel strands, the
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edge columns use box sections, and the inter-cable supports are treated as rigid members,
the structural geometric and material parameters are presented in Table 1.

 
(a) Structural configuration of Model 1. (b) Structural configuration of Model 2. 

 
(c) Structural configuration of Model 3. (d) Structural configuration of Model 4. 

Figure 2. Schematic diagram of structural member arrangement without PV panels.

Table 1. Geometric and material parameters.

Member Area/m2 Elastic Modu-
lus/GPa

Poisson’s
Ratio Density/kg·m−3

Thermal
Expansion
Coefficient

Design
Parameter

Beam 8.4 × 10−3 210 0.3 7850 1.2 × 10−5 Box section
Column 8.4 × 10−3 210 0.3 7850 1.2 × 10−5 Box section

Strut 1.1 × 10−3 210 0.3 7850 1.2 × 10−5 Circular
hollow section

Photovoltaic
module 2.581 55 0.2 1927 1 × 10−6 —

Steel cable 2.5 × 10−4 190 0.3 7850 1.2 × 10−5 —

Finite element analysis is carried out using the commercial finite element software
ANSYS 2022R1. The load-bearing cables and stabilizing cables are modeled with tension-
only LINK180 truss elements, which are set to carry tension only. The inter-cable supports
are also modeled with LINK180 elements to represent rigid strut behavior. The edge
columns are modeled with the 3D linear BEAM188 beam elements to capture bending
and compression–bending behavior. The column bases are fixed to the ground. The
ground-anchor nodes are restrained in all three translational degrees of freedom, and
the connections between cables and support members are treated as hinged. Prestress
is introduced by adjusting the temperature of the cables. Geometrically nonlinear static
analysis is solved using the Newton-Raphson iteration method combined with the arc-
length method. By setting the substep size to refine the load increment gradient and
adopting an adaptive solution control strategy, the number of equilibrium iterations and
convergence tolerance are automatically adjusted. Displacement- and load-based dual
convergence criteria are employed to ensure computational stability and accuracy. This
modeling approach can reflect the cooperative behavior and geometric nonlinearity of
cables, struts, and columns in flexible supports, providing a consistent basis for comparing
different structural systems. It should be noted that, for cable structures of this type, the
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mesh discretization is not an arbitrary numerical refinement but is physically determined by
the structural configuration: each cable segment between two adjacent physical connection
points (e.g., column-top joints, ground anchors, cable-clamp nodes, and inter-cable strut
intersections) constitutes a single LINK180 element. This element density faithfully captures
the dominant load-transfer path of each cable segment. Artificially inserting intermediate
nodes between physical connection points would introduce unconstrained degrees of
freedom that lack physical stiffness, readily triggering spurious local buckling modes in
the tension-only formulation and causing severe non-convergence in the Newton–Raphson
iteration. Therefore, mesh refinement is neither required nor appropriate for the present
class of flexible cable-supported structures, and the discretization adopted herein provides
mesh-independent results by construction.

The structural modeling and nonlinear solver configurations in this study adhere
strictly to standard computational mechanics procedures for cable-supported systems. The
tension-only LINK180 elements and BEAM188 formulations are used within their math-
ematically verified load-bearing regimes. By utilizing the automated Newton-Raphson
iteration combined with arc-length adjustment and multi-substep gradient refinement,
the solver automatically filters out non-converging geometric nonlinear solutions. The
consistent application of these standard computational controls guarantees the mathemat-
ical stability and internal algorithmic consistency of the relative trends presented in the
subsequent comparative analysis.

2.3. Loads and Load Cases

Loads are transferred to the load-bearing cables through the photovoltaic modules. To
reflect the actual load transfer path, wind and snow loads are converted into concentrated
loads applied at the nodes of the load-bearing cables. The snow load is taken as 0.3 kN/m2,
and the basic wind pressure is taken as 0.65 kN/m2. The wind load shape coefficient, gust
response factor, and height variation coefficient of wind pressure are determined according
to relevant codes. Considering that flexible supports may experience both uniform loading
and partial loading under wind action, the load cases are divided into symmetric and
asymmetric loading. The former is used to evaluate overall stiffness, cable force level,
and material consumption, while the latter is used to describe the torsional response and
stability performance caused by uneven loading on the two load-bearing cables. The load
application diagram is illustrated in Figure 3.

Figure 3. Load application diagram.

The load combinations are determined for both serviceability and ultimate limit states,
considering dead load, positive wind pressure, wind suction, and snow load to satisfy
deformation control and load-bearing safety requirements. The unified load application
method and load case classification provide the basis for subsequent comparison of different
structural systems and key parameter analysis. Table 2 presents the load combination
factors used in the subsequent analyses.

Load determination strictly adheres to the Code for Structural Design of Photovoltaic
Supports (NB/T 10115—2018) [39] and the Code for Structural Design of Flexible Pho-
tovoltaic Supports (T/CSEE 0394—2023) [40]. The calculation incorporates the wind
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load shape coefficient, gust response factor, and height variation factor. Based on the
wind-receiving area of the modules and the design wind speed, the parameters listed in
Tables 3 and 4 were established. To simulate diverse loading states, symmetric load cases,
defined by the shape coefficients in T/CSEE 0394—2023, characterize uniform wind action
across the structure, whereas asymmetric load cases, based on NB/T 10115—2018, simulate
complex states of non-uniform wind distribution.

Table 2. Load combination factors.

Load Combination Dead Load Positive Wind Pressure Wind Suction Snow Load

ZJ1 1.0 1.0 — 1.0
ZJ2 1.0 — 1.0 1.0
CJ1 1.3 1.5 — 1.5
CJ2 1.0 — 1.5 1.5

Note: ZJ denotes the serviceability limit state; CJ denotes the ultimate limit state.

Table 3. Wind load calculation parameters (Structure 1).

Parameter Type
Asymmetric Load Symmetric Load

Wind Pressure Wind Suction Wind Pressure Wind Suction

Basic wind
pressure/kN·m−2 0.65 0.65 0.65 0.65 0.65 0.65

Gust response factor 1.2 1.2 1.2 1.2 1.2 1.2
Wind load shape

coefficient 0.66 0.18 −1.0 −0.34 0.8 −0.95

Wind pressure height
variation factor 1.17 1.17 1.17 1.17 1.17 1.17

Standard wind
pressure/kN·m−2 0.603 0.165 0.913 0.311 0.73 0.87

PV panel area/m2 2.581 2.581 2.581 2.581 2.581 2.581
Total wind force/kN 1.557 0.426 2.357 0.803 1.88 2.24

Table 4. Wind load calculation parameters (Structures 2, 3, 4).

Parameter Type
Asymmetric Load Symmetric Load

Wind Pressure Wind Suction Wind Pressure Wind Suction

Basic wind
pressure/kN·m−2 0.65 0.65 0.65 0.65 0.65 0.65

Gust response factor 1.6 1.6 1.6 1.6 1.6 1.6
Wind load shape

coefficient 0.66 0.18 −1.0 −0.34 0.8 −0.95

Wind pressure height
variation factor 1.17 1.17 1.17 1.17 1.17 1.17

Standard wind
pressure/kN·m−2 0.804 0.221 1.218 0.415 0.98 1.16

PV panel area/m2 2.581 2.581 2.581 2.581 2.581 2.581
Total wind force/kN 2.076 0.568 3.143 1.071 2.53 2.99

3. Comparative Analysis of Mechanical Performance of
Different Systems
3.1. Comparison Under Symmetric Loading

In accordance with the design recommendations specified in the Code for Structural
Design of Flexible Photovoltaic Supports (T/CSEE 0394—2023) [40], the deflection limit for
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this design is set to L/50. Under symmetric loading, the structural responses of the different
systems are mainly reflected in overall vertical stiffness, cable force level, support reaction,
and material consumption. To ensure a consistent basis for comparison, the mid-span
deflection serves as the primary metric. The required prestress, maximum cable stress,
support reaction, and equivalent steel consumption per unit area of the four systems are
compared under the same deformation requirement. This approach can objectively reflect
the mechanical efficiency and economy of different structural systems under the same
serviceability condition. Finite element analyses were conducted on the four structural
configurations proposed earlier. The resulting responses under symmetric loading and
positive wind pressure are presented in Figure 4.

  
(a) Displacement of Structure 1 under positive wind pressure (mm) (b) Cable force of Structure 1 under positive wind pressure (MPa) 

  
(c) Displacement of Structure 2 under positive wind pressure (mm) (d) Cable force of Structure 2 under positive wind pressure (MPa) 

  
(e) Displacement of Structure 3 under positive wind pressure (mm) (f) Cable force of Structure 3 under positive wind pressure (MPa) 

  
(g) Displacement of Structure 4 under positive wind pressure (mm) (h) Cable force of Structure 4 under positive wind pressure (MPa) 

Figure 4. Calculation results under symmetric loading and positive wind pressure.

The results under wind pressure, summarized in Tables 5 and 6, exhibit clear differ-
ences among the structures when they satisfy the same mid-span deflection requirement.
Structure 1 has the lowest equivalent steel consumption per unit area, indicating that
the single-layer cable system has a clear advantage in material efficiency. However, its
required prestress in the load-bearing cables is much higher than that of the other systems,
which means that this system relies more heavily on initial cable force to meet the stiffness
target. Structure 2 has the lowest prestress level and relatively small support reactions,
showing good longitudinal stiffness and load distribution capacity, but it has the largest
steel consumption and is therefore less economical. Structure 3 is at an intermediate level
in both prestress and steel consumption, showing a relatively balanced response. Structure
4 has higher support reactions and a larger amount of strut material, indicating that its
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stiffness improvement is achieved through a stronger structural configuration, while also
increasing the demand on foundations and material input.

Table 5. Results under positive wind pressure (symmetric loading).

Structure
Mid-Span

Deflec-
tion/m

Prestress in
Load-Bearing

Cable/kN

Maximum
Cable

Stress/MPa

Cable
Weight/kg

Strut
Weight/kg

Support
Reac-

tion/kN

Equivalent Steel
Consumption/kg·m−2

1 0.32 127.792 696 62.4677 0 264.92 6.83
2 0.32 22.932 306 97.492 148.752 112.19 15.31
3 0.32 54.488 565 96.476 92.0853 263.29 13.4
4 0.32 94.120 667 118.94 313.55 471.99 11.404

Table 6. Results under wind suction (symmetric loading).

Structure
Mid-Span

Deflec-
tion/m

Prestress in
Load-Bearing

Cable/kN

Maximum
Cable

Stress/MPa

Cable
Weight/kg

Strut
Weight/kg

Support
Reac-

tion/kN

Equivalent Steel
Consumption/kg·m−2

1 0.32 36.064 271 62.468 0 90.61 6.83
2 0.32 50.764 310 97.492 148.752 114.44 15.31
3 0.32 14.112 239 96.476 92.0853 99.72 13.4
4 0.32 22.625 266 118.94 313.55 156.72 11.404

Under wind suction, the relative trends among the structures are generally consistent
with those under positive wind pressure, but their adaptability to load direction changes
differs. For Structure 1, the prestress and cable stress decrease significantly under wind
suction, indicating that the single-layer cable system experiences a more moderate stress
state in this case while still maintaining low equivalent steel consumption. Structure 2
still shows high stiffness under wind suction, but its high steel consumption remains un-
changed. Structure 3 has relatively low prestress and support reactions under wind suction,
suggesting favorable longitudinal load-bearing behavior in this condition. Structure 4
remains stable overall under wind suction, but its support reactions are still relatively high,
indicating that its stiffness advantage comes with higher foundation demand.

Overall, the structures show a clear trade-off between stiffness and economy under
symmetric loading. The single-layer cable system achieves the lowest material consumption
with fewer components, but it is more sensitive to the initial cable force. The double-layer
systems improve stiffness through additional supports and stabilizing components, but
generally increase material consumption and support reactions. For practical mountain
photovoltaic applications, the symmetric-load analysis shows that Structure 1 has a strong
economic advantage, while Structures 2 and 4 perform better in stiffness control.

3.2. Comparison Under Asymmetric Loading

Unlike symmetric loading, asymmetric loading causes the two load-bearing cables
to carry different forces. The structure not only undergoes vertical deformation, but also
develops a clear relative torsional response. Therefore, the comparison under asymmetric
loading focuses on torsional performance and overall stability rather than only longitudinal
stiffness. To maintain consistent comparison conditions, the prestress of the load-bearing
cables is set to 50 kN for all structures. The mid-span relative rotation, mid-span deflection,
maximum cable stress, and support reaction are used to evaluate the response of different
systems under partial loading. The mid-span relative rotation is represented by the ratio of
the maximum displacement difference between the two load-bearing cables at mid-span
to the cable spacing and is used to describe the torsional stiffness of the structure.The
calculation results under asymmetric loading are shown in Figure 5.
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(a) Displacement of Structure 1 under positive wind pressure (mm) (b) Cable force of Structure 1 under positive wind pressure (MPa) 

  
(c) Displacement of Structure 1 under positive wind pressure (mm) (d) Cable force of Structure 1 under positive wind pressure (MPa) 

  
(e) Displacement of Structure 1 under positive wind pressure (mm) (f) Cable force of Structure 1 under positive wind pressure (MPa) 

(g) Displacement of Structure 1 under positive wind pressure (mm) (h) Cable force of Structure 1 under positive wind pressure (MPa) 

Figure 5. Calculation results under asymmetric loading and positive wind pressure.

Under positive wind pressure, Structure 1 has the largest mid-span relative rotation
and mid-span deflection among the four schemes, indicating that the single-layer cable
system has weak torsional resistance and insufficient overall stiffness under partial loading.
Although it has the lowest cable weight and equivalent steel consumption, this economic
advantage is achieved at the cost of larger deformation. Structure 2 has much smaller
mid-span rotation and deflection than Structure 1, showing that the double-layer cable and
support system is effective in limiting relative torsion caused by partial loading. Structure 3
has torsional response and deflection levels between those of Structures 1 and 2, showing a
relatively balanced performance. Structure 4 has the smallest mid-span relative rotation
and therefore the best torsional performance, but it also has the largest support reaction.
This indicates that although Structure 4 can effectively restrain torsional deformation, it
significantly increases foundation demand and structural complexity.

Under wind suction, the response trends of the four structures are generally similar
to those under positive wind pressure (see Tables 7 and 8). Structure 1 still has the largest
mid-span rotation and deflection and is the most sensitive to uneven loading. Structure 2
maintains good torsional performance, although its deformation control under wind suction
is slightly weaker than under positive wind pressure. Structure 3 shows relatively small
deflection and a stable cable stress distribution, indicating good load coordination under
wind suction. Structure 4 still provides strong torsional resistance and small overall
deformation, but its support reactions and structural complexity remain higher than those of
the other schemes. These results show that under asymmetric loading, double-layer systems
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are better able to adapt to the spatial effects caused by partial loading, and Structure 4
performs best in torsional control.

Table 7. Results under positive wind pressure (asymmetric loading).

Structure
Prestress in the
Load-Bearing

Cable/kN

Maximum Cable
Stress /MPa

Mid-Span
Relative
Rotation

Cable
Weight/kg

Strut
Weight/kg

Support
Reaction/kN

Mid-Span
Deflection/m

1 50 547 0.095 62.4677 0 155.39 0.5539
2 50 457 0.031 97.492 148.752 143.45 0.1568
3 50 868 0.054 96.476 92.0853 249.49 0.3369
4 50 351 0.01532 118.94 313.55 375.95 0.3058

Table 8. Results under positive wind pressure (asymmetric loading).

Structure
Prestress in the
Load-Bearing

Cable/kN

Maximum Cable
Stress /MPa

Mid-Span
Relative
Rotation

Cable
Weight/kg

Strut
Weight/kg

Support
Reaction/kN

Mid-Span
Deflection/m

1 50 419 0.102 62.468 0 155.39 0.553
2 50 392 0.068 97.492 148.752 107.04 0.320
3 50 718 0.049 96.476 92.0853 194.24 0.156
4 50 351 0.03647 118.94 313.55 280.44 0.18991

The asymmetric-load analysis further shows that differences among structural systems
are reflected not only in longitudinal stiffness but also in their ability to adapt to uneven
loading. The single-layer cable system is simple and economical, but has limitations in
torsional control. The double-layer systems improve structural stability through spatial
cooperative behavior and are more suitable for projects with strict deformation control
requirements. Therefore, in the design of mountain flexible photovoltaic supports, the
single-layer system may be preferred when material efficiency and construction simplicity
are the main concerns, while the double-layer systems are more suitable when torsional
response under partial loading needs to be controlled.

3.3. Comprehensive Evaluation and Structural Selection

To evaluate the applicability of different structural systems in mountain terrain, it is
necessary to consider both economy and longitudinal stiffness under symmetric loading, as
well as torsional resistance and overall stability under asymmetric loading. According to the
calculation results, Structure 1 has the greatest advantages in equivalent steel consumption
per unit area and space requirement. It is simple in configuration and easy to construct,
making it suitable for mountain sites with limited space and high economic requirements.
Structure 2 performs well in both longitudinal stiffness and torsional resistance, but its
material consumption is relatively high. Structure 3 shows relatively balanced performance,
but does not have a clear advantage in any major indicator. Structure 4 has the best
overall mechanical performance, especially in torsional stiffness, but its support reactions
and structural complexity are high, requiring better foundation conditions and greater
engineering investment.

Considering stiffness, torsional resistance, economy, and mountain-site adaptability,
Structure 4 has the best overall performance from a purely mechanical point of view (see
Table 9 and Figure 6). However, when practical constraints such as limited lower space,
simplified construction, and construction convenience in mountain terrain are considered,
Structure 1 is more suitable for engineering application. Therefore, the single-layer cable
system is selected for subsequent analysis, with a focus on the optimization of key parame-
ters such as the ground cable angle. This selection shows that the optimization of mountain
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flexible photovoltaic supports should not pursue a single optimal mechanical index, but
should balance structural performance, material consumption, and construction feasibility.

Table 9. Ranking of structural schemes.

Structural
Scheme System Type Space

Requirement
Equivalent Steel

Consumption
Longitudinal

Stiffness
Torsional
Stiffness

Overall
Ranking

Structure 1 Single-layer 1 1 4 4 2.5
Structure 2

Double-layer
3 3 1 2 2.25

Structure 3 4 4 3 3 3.5
Structure 4 2 2 2 1 1.75
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(a) Comparison of results under positive wind pressure (symmetric loading) (b) Comparison of results under wind suction (symmetric loading) 
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(c) Comparison of results under positive wind pressure (asymmetric loading) (d) Comparison of results under wind suction (asymmetric loading) 

Figure 6. Comparison of calculation results.

4. Influence Mechanism and Optimization of Key Design Parameters
4.1. Parameter Selection and Evaluation Indices

Based on the structural comparison, the single-layer cable system is selected for further
optimization because of its simple configuration, low material consumption, and better
suitability for mountain terrain. The schematic diagram of the structural model parameters
is shown in Figure 7. For this type of structure, load level, column height, and local terrain
often vary with project conditions, while the arrangement of ground cables has more stable
design significance. Therefore, the bottom and top ground cable angles are selected as the
key parameters for analysis. The single-layer cable flexible support is used as the basic

https://doi.org/10.3390/buildings16142721

https://doi.org/10.3390/buildings16142721


Buildings 2026, 16, 2721 13 of 24

model. Other geometric parameters remain unchanged, while the bottom and top ground
cable angles are varied and combined with different mountain slope angles. Both wind
load and snow load are taken as 0.3 kN/m2 to represent typical mountain conditions.

Figure 7. Analysis parameters and modeling of the single-layer cable system.

To reveal the influence of parameter changes on structural performance, the evaluation
indices include the stress in the load-bearing cable, the stress in the bottom ground cable,
the stress in the top ground cable, and the reaction moments at the bottom and top columns.
The first three indices describe the internal force distribution of the cable system, while the
last two reflect the force demand at the column and anchorage ends. This set of indices
allows the influence of ground cable angle to be evaluated from both cable internal force
and column reaction perspectives.

4.2. Influence of Ground Cable Angle on Cable-System Forces

The calculation results show that different cable members in the single-layer cable
system have different sensitivities to the ground cable angles. The bottom ground cable
angle mainly controls the primary load transfer path, while the top ground cable angle
mainly affects the upper balancing path.

For the load-bearing cable, the stress generally decreases as the bottom ground cable
angle increases, and this trend remains stable under different mountain slope angles. This
indicates that when the direction of the bottom ground cable is closer to a favorable load
transfer path, the additional tension carried by the main cable decreases and its stress
state improves. As the mountain slope angle increases, the stress in the load-bearing
cable increases slightly overall, but the controlling effect of the bottom ground cable angle
does not change. By comparison, the top ground cable angle has a weaker effect on the
load-bearing cable and mainly plays a local adjustment role.

As shown in Figure 8, the stress variation of cables in the single-layer flexible photo-
voltaic column exhibits a clear dependence on the ground cable angle and loading type.
The stress in the bottom ground cable follows a trend similar to that of the load-bearing
cable. It is also mainly controlled by the bottom ground cable angle and decreases clearly
as the angle increases. When the bottom ground cable angle is small, the lower anchorage
cable cannot effectively share the structural load, resulting in relatively high cable tension.
As the angle increases, the force direction becomes more favorable and the internal force
decreases. This shows that the bottom ground cable angle not only affects the working state
of the main cable but also determines the force efficiency of the lower anchorage system.

The stress in the top ground cable is mainly controlled by the top ground cable angle
and decreases as this angle increases. This is because an increased top ground cable angle
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allows the upper anchorage cable to participate in overall equilibrium in a more favorable
direction, thereby reducing the required cable tension. At the same time, there is a clear
interaction between the upper and lower anchorage cables. When the bottom ground cable
angle is relatively small, the top ground cable tends to take on more balancing force, leading
to higher stress. Thus, although the two ground cables mainly control different parts of the
system, they jointly determine the overall stress state of the single-layer cable structure.
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Figure 8. Stress variation of cables in the single-layer flexible photovoltaic column. (a) Stress
distribution of the load-bearing cable (10◦). (b) Stress distribution of the load-bearing cable (20◦).
(c) Stress distribution of the load-bearing cable (30◦). (d) Stress distribution of the bottom ground
cable (10◦). (e) Stress distribution of the bottom ground cable (20◦). (f) Stress distribution of the
bottom ground cable (30◦). (g) Stress distribution of the top ground cable (10◦). (h) Stress distribution
of the top ground cable (20◦). (i) Stress distribution of the top ground cable (30◦).

4.3. Influence of Ground Cable Angle on Support-System Forces

In addition to cable forces, the ground cable angle also has a significant influence on
the support system, especially on the support reaction moment.

The reaction moment at the bottom column is mainly controlled by the bottom ground
cable angle and decreases noticeably as this angle increases. The reaction moment at the
top column is mainly controlled by the top ground cable angle and also shows a decreasing
trend. The essential reason is that, as the ground cable angle increases, the anchorage cable
force direction becomes closer to a reasonable load transfer path. The structural equilibrium
is then achieved more through cable force decomposition, reducing the additional bending
moment that must be carried at the column end. Therefore, optimizing the ground cable
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angle not only improves the force state of the cable system but also reduces the constraint
demand at the column base and anchorage end.

As shown in Figure 9, Combining the above results, the bottom ground cable angle
mainly affects the load-bearing cable stress, bottom ground cable stress, and bottom column
reaction moment, reflecting its control over the main load transfer path and the lower
column system. The top ground cable angle mainly affects the top ground cable stress and
top column reaction moment, reflecting its role in adjusting the upper anchorage system
and the overall equilibrium state. The two angles act on different parts of the structure but
jointly influence the structural behavior through overall force coupling.
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(a) Moment at the bottom column (10°) (b) Moment at the bottom column (20°) (c) Moment at the bottom column (30°) 
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Figure 9. Variation of column reaction moments in the single-layer flexible photovoltaic cable system.

4.4. Parameter Optimization and Design Recommendations

Based on the above results, appropriately increasing the ground cable angle helps
reduce cable stress and column reaction moment, thereby improving the overall mechanical
behavior of the single-layer cable system. However, a larger ground cable angle is not
always better. As the angle increases, the anchorage cable becomes longer, and material
consumption, tensioning difficulty, and anchorage layout requirements also increase. In
mountain sites, an excessively large ground cable angle may also be limited by foundation
conditions and available construction space. Therefore, parameter optimization should
strike a balance among mechanical performance, constructability, and economy.

From the control relationship, the bottom ground cable angle should be prioritized
for optimizing the load-bearing cable, the bottom ground cable, and the bottom column
reaction. The top ground cable angle should be prioritized for optimizing the top ground
cable and top column reaction. Under typical mountain slopes and loading conditions,
a bottom ground cable angle of 40◦ and a top ground cable angle of 50◦ provide a good
balance among cable force control, column reaction reduction, and construction feasibil-
ity. This parameter combination can therefore be used as a recommended design option
for single-layer flexible photovoltaic supports. The result also shows that ground cable
arrangement is one of the key design factors for single-layer cable systems and provides a
unified parameter basis for later multi-span structural analysis.
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5. Equivalent Simplified Design Method for Mountain
Multi-Span Structures
5.1. Multi-Span Structural Problem and Equivalent Model

In practical mountain photovoltaic projects, flexible supports are usually arranged
as continuous multi-span systems. Compared with a single-span structure, a multi-span
system is more strongly affected by terrain variation. Different spans may have different
angles relative to the horizontal plane, leading to clear differences in geometry, load transfer
paths, and column force states between adjacent spans. This is especially important for
intermediate columns, which are often connected to two spans with different slopes. Edge
columns are also controlled by boundary effects. If a refined model of the whole system
is built and each span is designed separately, the number of parameter combinations
becomes large and the calculation workload increases, which is not convenient for rapid
engineering use.

For this reason, this paper proposes an equivalent simplified method for multi-span
structures. The main idea is to retain the key geometric control parameters and main load
transfer paths while dividing the overall multi-span model into typical local sub-models for
analysis. The simplified model is shown in Figure 10. For intermediate columns, a two-span
local equivalent model is used, with the angles of the two adjacent spans kept consistent
with those in the original structure. For edge columns, a single-span local equivalent model
is used, with the angle between the edge column and the adjacent span kept consistent with
that in the original structure. In this way, the complex multi-span system can be converted
into two typical problems: edge-column analysis and intermediate-column analysis. This
significantly reduces modeling and computational complexity, and lays the foundation for
later parametric selection and table-based engineering design.

 
(a) Four-span flexible photovoltaic support structure 

(b) Equivalent model for the intermediate column (c) Equivalent model for the edge column 

Figure 10. Equivalent models for mountain multi-span flexible photovoltaic supports.

5.2. Accuracy Verification and Applicability Analysis

To verify the reliability of the proposed equivalent simplified method, random angle
combinations are used to generate refined four-span flexible photovoltaic support models.
According to the principles described above, equivalent models for intermediate and
edge columns are then established. The column-base reactions are extracted, and the
stress ratios of the corresponding members before and after replacement are compared
according to the stability check requirements for compression–bending members. The
results show that the equivalent models agree well with those of the refined four-span
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models. Most data points are concentrated within an acceptable error range, indicating that
the method can reasonably reflect the force level of the main columns in multi-span flexible
photovoltaic supports.

The results for intermediate columns are more concentrated, showing that their forces
are mainly controlled by the angles of the two adjacent spans and that the equivalent model
has relatively high accuracy. The results for edge columns are slightly more scattered,
indicating that boundary members are more sensitive to overall boundary constraints and
geometric asymmetry. Further analysis shows that the method has good applicability
under both positive wind pressure and wind suction. Although the scatter of some points
increases slightly under wind suction, the overall results remain within an acceptable
engineering range. (see Figure 11). Therefore, the method is suitable for preliminary design
and rapid selection of mountain multi-span flexible photovoltaic supports, especially for
multi-scheme comparison and parametric analysis in small- and medium-sized projects.
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Figure 11. Comparison of replacement results. (a) Comparison of calculation results for intermediate
columns under positive wind pressure. (b) Comparison of calculation results for intermediate
columns under wind suction.

To further reveal the design applicability of the equivalent simplified method, this
paper not only compares the stress ratios of the equivalent models and refined models, but
also systematically analyzes the force patterns of the lower columns and upper cables. For
intermediate columns, under a wind load of 0.3 kN/m2 and a snow load of 0.3 kN/m2, the
variation of axial force and bending moment is shown in Figures 12 and 13. The results
indicate that the maximum axial force usually occurs in regions with a large difference
between the two span angles. When the angle difference is small, the structural force flow is
more uniform and the axial force is lower. The bending moment reaches unfavorable values
when both the span angle and the difference between the two span angles are large, showing
that the geometric angle combination is a key factor influencing intermediate-column forces.
Column height has a relatively limited effect on the axial force of intermediate columns,
but it changes the bending moment level and should still be considered in section design.

For edge columns, the force pattern is shown in Figure 14. Both the axial force and
bending moment of edge columns increase clearly with the single-span inclination angle,
while the influence of column height is secondary. This suggests that the slope angle should
be given priority in the design of edge columns.

The engineering and practical value of the proposed equivalent sub-models lies
in simplifying the preliminary analysis workflow for complex mountain flexible arrays.
Continuous structures on irregular mountainous terrain typically require repetitive, full-
scale modeling to account for variable adjacent slopes, which increases the computa-
tional workload during early-stage scheme comparison. By isolating the dominant local
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parameters—specifically the angle differences for intermediate columns and inclination
angles for edge columns—the proposed method transforms a globally variable spatial prob-
lem into standardized local configurations. The calibration results show that the structural
response deviations remain within an acceptable engineering range of 12%. This demon-
strates that the approach successfully reduces iterative modeling efforts while maintaining
an adequate safety margin for conceptual design exploration.
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(a) Axial force diagram for a column height of 1.5 m (b) Axial force diagram for a column height of 2.5 m 

Figure 12. Axial force of intermediate columns a under wind load of 0.3 kN/m2 and a snow load
of 0.3 kN/m2.
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(a) Bending moment diagram for a column height of 1.5 m (b) Bending moment diagram for a column height of 2.5 m 

Figure 13. Bending moment of intermediate columns under a wind load of 0.3 kN/m2 and a snow
load of 0.3 kN/m2.
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(a) Calculation results of axial force for edge columns (b) Calculation results of bending moment for edge columns 

Figure 14. Calculation results for edge columns under a wind load of 0.3 kN/m2 and a snow load
of 0.3 kN/m2.
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5.3. Application Boundaries of the Equivalent Method

To ensure structural safety and reliability in engineering practices, the precision bench-
marks, geometric limitations, and restricted application zones of the proposed equivalent
sub-models must be rigorously established. Through comprehensive parametric evalua-
tions against the fully refined four-span models, the stress ratio discrepancies for interme-
diate columns are consistently maintained within plus or minus 5%, with internal forces
exhibiting a maximum variance of plus or minus 8%. For edge columns, owing to their
heightened sensitivity to localized boundary constraints, the peak structural response devi-
ation is bounded within plus or minus 12% under critical wind suction loading conditions.
These metrics strictly align with the standard engineering precision threshold of plus or
minus 15% typically permitted during the preliminary planning and structural scheme
comparative stages.

The structural safety of this equivalent approach is fundamentally constrained by
defined topographical and loading envelopes. Specifically, the method is mathematically
validated for multi-span systems possessing standard individual span lengths ranging
from 15 m to 40 m, and individual slope inclinations not exceeding 35◦. Furthermore,
to control adverse geometric structural coupling between adjacent spans, the absolute
slope angle difference between any two contiguous spans must be structurally restricted
to |∆θ| ≤ 15◦. Correspondingly, the basic operational environment should not exceed a
basic wind pressure of 0.9 kN/m2 and a snow load of 0.6 kN/m2.

Consequently, specific engineering environments are explicitly excluded from this
simplified framework to prevent severe structural underestimation. The sub-model method-
ology is prohibited in severe micro-topographies where local slope angle discrepancies
abruptly exceed 20◦, or in high-altitude terrain experiencing basic wind pressures greater
than 1.0 kN/m2 where aerostatic divergence and dynamic wind-induced vibrations dictate
the design, necessitating full-scale time-history simulations.

5.4. Engineering Application

In engineering design, the rapid selection method for multi-span flexible photovoltaic
supports is further organized into a workflow of “load zoning–column selection–cable
selection.” For the design of lower columns, the wind load and snow load of the project site
are first used to consult Table 10 and determine the corresponding Supplementary Materials.
For example, when the wind load is 0.3 kN/m2 and the snow load is 0, Supplementary
Materials SA is used; when the wind load is 0.6 kN/m2 and the snow load is 0.3 kN/m2,
Supplementary Materials SE is used.

Table 10. Reference table for load regions.

Wind Load
(kN/m2)

Snow Load (kN/m2)

0 0.3 0.6

0.3 Supplementary
Materials SA

Supplementary
Materials SD

Supplementary
Materials SG

0.6 Supplementary
Materials SB

Supplementary
Materials SE

Supplementary
Materials SH

0.9 Supplementary
Materials SC

Supplementary
Materials SF

Supplementary
Materials SI

The corresponding selection table is then chosen according to the position of the
column in the structure, specifically whether it is an intermediate column or an edge
column. Taking Supplementary Materials SA as an example, intermediate columns can be
selected from Supplementary Materials SA according to column height, and the section
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number is determined by the single-span angle and the angle difference between two
adjacent spans. Edge columns are selected using Supplementary Materials SA, where the
recommended section is determined by column height and span inclination angle.

Type A sections are cold-formed thin-walled square steel tubes, and Type C sections
are H-shaped steel sections. The corresponding geometric dimensions of each section are
listed in Tables 11 and 12.

Table 11. Selection table for Type A sections.

Section
No.

Dimensions/mm
Area/cm2 Unit

Weight/(kg/m) ix/cm wx/cm3
h t

A1 60 2 4.64 3.87 2.37 8.68
A2 60 2.5 5.75 4.80 2.35 10.58
A3 80 2 6.24 5.21 3.19 15.83
A4 80 2.5 7.75 6.47 3.17 19.42
A5 100 2.5 9.75 8.13 3.98 30.92
A6 100 3 11.64 9.71 3.96 36.54
A7 120 2.5 11.75 9.80 4.80 45.08
A8 120 3 14.04 11.71 4.78 53.42
A9 140 3 16.44 13.71 5.59 73.50
A10 140 3.5 19.11 15.94 5.57 84.83
A11 140 4 21.76 18.15 5.55 95.91
A12 160 3.5 21.91 18.28 6.39 111.85
A13 160 4 24.96 20.82 6.37 126.63
A14 160 4.5 27.99 23.35 6.35 141.12
A15 160 5 31 25.86 6.33 155.32
A16 180 5 35 29.20 7.15 198.66
A17 200 5 39 32.53 7.96 247.33
A18 220 5 43 35.87 8.78 301.33
A19 240 6 56.16 46.85 9.56 427.38
A20 260 7 70.84 59.10 10.33 581.78
A21 280 7 76.44 63.77 11.15 678.66
A22 300 8 93.44 77.95 11.93 885.89

Table 12. Selection table for Type C sections.

Section
No.

Dimensions
Area/cm2

Unit
Weight/(kg/m)H × B t1 t2 r

C1 125 × 125 6 8 10 21.90 17.2
C2 150 × 150 7 10 13 40.55 31.9
C3 175 × 175 7.5 11 13 51.43 40.3
C4 200 × 200 8 12 16 72.28 56.7
C5 250 × 250 9 14 16 104.7 82.2
C6 250 × 255 14 14 16 104.7 82.2
C7 294 × 302 12 12 20 108.3 85.0
C8 300 × 300 10 15 20 120.4 94.5
C9 344 × 348 10 16 20 146.0 115

For the design of the upper cable system, the load level is again used to consult Table 13,
the cable-structure selection reference table, and to determine the applicable Supplemen-
tary Materials range from Supplementary Materials SJ–SR. For example, Supplementary
Materials SJ is applicable to the case with a wind load of 0.3 kN/m2 and a snow load of 0,
while Supplementary Materials SN corresponds to the case with a wind load of 0.6 kN/m2

and a snow load of 0.3 kN/m2.
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Table 13. Reference table for cable-structure selection.

Wind Load
(kN/m2)

Snow Load (kN/m2)

0 0.3 0.6

0.3 Supplementary
Materials SJ

Supplementary
Materials SM

Supplementary
Materials SP

0.6 Supplementary
Materials SK

Supplementary
Materials SN

Supplementary
Materials SQ

0.9 Supplementary
Materials SL

Supplementary
Materials SO

Supplementary
Materials SR

After the load Supplementary Materials is determined, the corresponding cable se-
lection table is consulted according to column height, single-span angle, and the angle
difference between two adjacent spans. For example, Supplementary Materials SJ corre-
spond to column heights from 1.5 m to 3.5 m, respectively, and provide recommended
values for cable prestress and cable diameter. The tables give both the design prestress and
the steel strand diameter. For instance, under a wind load of 0.3 kN/m2, a snow load of 0,
and a column height of 1.5 m, when the single-span angle is 10◦ and the angle difference
between two spans is 0◦, the recommended prestress is about 80 kN and the cable diameter
is 15.2 mm. When the single-span angle increases to 30◦ and the angle difference between
two spans increases to 12◦, the prestress increases to 136 kN, while the cable diameter can
still be 15.2 mm. This shows that the proposed method converts column section selection
and cable prestress configuration, which would otherwise require repeated modeling and
calculation, into a standardized table-based design process. It can therefore greatly improve
the efficiency of scheme design and preliminary design for mountain multi-span flexible
photovoltaic supports.

6. Conclusions
This paper investigates structural system comparison, key parameter optimization,

and an equivalent simplified design method for mountain multi-span flexible photovoltaic
supports. The main conclusions are as follows:

(1) Under symmetric loading, the different flexible support systems show a clear trade-off
between stiffness and economy. The single-layer cable system has a simple config-
uration and the lowest equivalent steel consumption per unit area, giving it good
economy and constructability in mountain terrain. However, its stiffness control
depends more strongly on a relatively high initial prestress. The double-layer cable
systems can improve overall vertical stiffness through cable–strut interaction, but this
usually comes with higher material consumption and greater structural complexity.

(2) Under asymmetric loading, the differences among the structural systems are mainly
reflected in torsional stiffness and overall stability. The single-layer cable system
shows larger mid-span relative rotation and deflection under partial loading, indicat-
ing relatively weak torsional resistance. The double-layer cable systems can effectively
limit the relative deformation between the two load-bearing cables. Among them,
Structure 4 provides the best torsional performance, but it also leads to larger support
reactions and higher structural cost.

(3) The ground cable angle is a key parameter affecting the mechanical performance
of the single-layer flexible cable support. The bottom ground cable angle mainly
controls the load-bearing cable stress, bottom ground cable stress, and bottom column
reaction moment, while the top ground cable angle mainly affects the top ground
cable stress and top column reaction moment. Increasing the ground cable angle
within a reasonable range can reduce cable stress and column reaction moment, but an
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excessively large angle increases cable length and construction difficulty. Considering
both mechanical performance and constructability, a bottom ground cable angle of 40◦

and a top ground cable angle of 50◦ are recommended for typical mountain conditions.
(4) To improve the efficiency of refined modeling for mountain multi-span flexible pho-

tovoltaic supports, a two-span equivalent model for intermediate columns and a
single-span equivalent model for edge columns are proposed. The structural simula-
tion framework utilizes theoretically established geometric nonlinear formulations
and standard convergence criteria to ensure numerical stability. Calibration against
fully refined global models confirms that the structural column response deviations
remain within an acceptable engineering range of 12%. This table-based design pro-
cedure is safely applicable to multi-span structures with standard single spans of
15–40 m, slope angles ≤ 35◦, and adjacent span angle differences ≤ 15◦, successfully
transforming complex spatial multi-span calculations into a standardized analysis
methodology for preliminary layout evaluation.

(5) Although the single-layer cable system offers superior economy, its weak torsional
stiffness elevates risks of wind-induced flutter and aerostatic instability under severe
wind suction. To mitigate these dynamic risks, structural safety must be governed by
optimizing initial cable prestress and utilizing localized aerodynamic counterweights.
In engineering designs, close attention must be paid to wind-induced resonant re-
sponses, and implementing auxiliary stabilizing cables or rigid cross-braces is highly
recommended as the primary control measure for complex mountainous terrains.

Supplementary Materials: The following supporting information can be downloaded at: https:
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