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ABSTRACT: Large-span cable-net roof systems used in public infrastructure require efficient and reliable inspection
or structural health monitoring because local prestress loss is frequently observed, which significantly affects structural
safety and mechanical performance. To address the high computational cost of dynamic analysis and over-reliance
on baseline in conventional methods, this study proposes a baseline-free damage localization framework for two-
dimensional periodic cable-net structures by integrating periodic structural design, recursive finite element analysis,
and frequency-response-based identification. First, a square periodic cable-net unit cell with crossed diagonal cables is
established, and the two-dimensional dispersion curve considering initial pre-stress is derived based on the Floquet-
Bloch theorem. Then, a pre-stressed dynamic model is established, and an efficient two-dimensional recursive finite
element method is developed to construct the global dynamic stiffness matrix by recursively assembling a single unit
cell, which can significantly reduce the computational degrees of freedom. Local damage is simulated by pre-stress loss
in a single cable, and the structural dynamic response is obtained using the frequency response function. Numerical
results show that the proposed method can efficiently capture local dynamic changes induced by damage. By comparing
the energy variation of adjacent periodic cells within a characteristic frequency band, the damaged cell can be accurately
localized without the damage-free baseline model. The proposed framework offers an efficient and promising approach
to the online monitoring of large periodic cable-net structures.

KEYWORDS: Periodic cable-net; recursive finite element method; baseline-free damage detection; structural health
monitoring

1 Introduction

Large-span cable-net structures have been extensively applied in public facilities such as stadiums,
opera houses, and airport terminals due to their superior spanning ability, light self-weight, and flexible
architectural form [1-3]. However, their low global stiffness and high flexibility also make them particularly
vulnerable to local deterioration during long-term service. Under repeated loading, environmental corro-
sion, and other adverse service conditions, the pre-stress of cables may gradually decrease [4-6], significantly
affecting structural safety and service performance. Therefore, the development of efficient and accurate
structural health monitoring or inspection methods for the on-site, real-time, early detection and localization
of damage in cable-net structures is very important and urgent for engineering application.
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In the landscape of structural health monitoring techniques, vibration-based damage detection tech-
niques show many merits over other methods because they offer global sensing capability and can be
implemented without direct access to all structural components [7,8]. The corresponding principle is
that local damage induces stiftness degradation, which can change the structural dynamic characteristics,
including natural frequencies, mode shapes, and frequency response function (FRF) [6]. Nevertheless, the
application of conventional vibration-based methods to large and complex cable-net structures still faces
many challenges. First, cable-net systems typically have many degrees of freedom, and repeated FE dynamic
analyses are computationally expensive. Second, the influence of environmental noise, temperature variation,
and boundary-condition uncertainty may submerge the subtle variations in modal parameters caused by
minor damage, thereby impairing the detection sensitivity [9-11]. Moreover, many conventional methods
highly depend on an accurate baseline model representing the undamaged state, whereas the construction
and verification of those models are difficult in practical engineering applications [12].

To overcome these limitations, some researchers have attempted to introduce the phononic crystal
concept [13-15] with structural damage detection by utilizing the natural periodic configuration in the
structure [16-18]. To this end, the structure is first divided into identical unit cells arranged regularly in
space, and the Floquet-Bloch theorem is then employed to characterize the wave propagation behavior of the
periodic system [16]. Based on this methodological framework, local dynamic characteristics less affected
by structural boundaries can be extracted, which can provide a useful benchmark for damage-sensitive
analysis. Moreover, efficient numerical approaches, such as the recursive finite element (RFE) method, can
be applied to periodic systems [17-20]. So, only a single representative unit cell needs to be modeled, and
the dynamic stiffness matrix of the entire structure can be obtained through recursive assembly. As a result,
the computational cost associated with large-scale dynamic analysis can be greatly reduced. Several studies
have successfully demonstrated the potential of integrating periodic design with efficient algorithms for
structural damage detection. For example, Can et al. [18] applied this concept to a one-dimensional periodic
steel truss system and combined it with a frequency-response-based strategy to achieve damage localization
without requiring a baseline model. Koh and Yoon [19] developed a repetitive substructuring approach
for large-scale dynamic problems, showing significant computational savings in periodic system analysis.
Pei et al. [20] proposed a deep learning-based method utilizing multi-order frequency correlations for
damage identification, achieving over 95% detection accuracy. Hussein et al. [13] provided a comprehensive
review of phononic materials and periodic structures, highlighting their unique dynamic characteristics and
potential applications in sensing and diagnostics. Wang et al. [14] investigated the generation of phononic
band gaps in periodic structures using piezoelectric shunts, demonstrating the feasibility of controlling
wave propagation for damage detection purposes. Kabir et al. [15] explored the use of phononic crystals
to enhance acoustic emission detection of fatigue cracks, further validating the role of periodic design in
damage sensing. These studies collectively demonstrate the strong potential of integrating periodic design
with efficient computational algorithms for structural damage detection.

Despite these baseline-free methods making many advances, most existing studies have focused only on
one-dimensional periodic members or assemblies, such as beams, bars, and trusses, whereas investigations
of two-dimensional periodic cable-net systems remain limited. Extending periodic analysis and recursive
algorithms from one-dimensional systems to two-dimensional cable-net involves both theoretical and
computational challenges. On the one hand, a wave propagation framework suitable for two-dimensional
planar periodic grids should be established first [12]. Second, the corresponding numerical methods that
can efficiently handle two-dimensional recursive assembly need to be developed [17-19,21]. In addition, pre-
stress loss is one of the most common forms of local damage in cable-net structures [21-25]. So, developing
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a framework that can simultaneously exploit structural periodicity, enable efficient dynamic analysis, and
support the sensitive localization of pre-stress loss damage remains an important unresolved problem.

Therefore, motivated by those challenges, this study extends the integrated framework of periodic
design, efficient dynamic analysis, and baseline-free damage localization from one-dimensional periodic
truss systems to two-dimensional periodic cable-net structures. The novelty lies in three aspects: (1) extend-
ing the recursive finite element method to bidirectional periodic assemblies; (2) establishing a baseline-free
localization framework using adjacent-cell energy comparison; and (3) addressing pre-stress loss, a unique
damage form in cable-nets. To this end, a recursive finite element method suitable for two-dimensional
periodic grids is developed, and the corresponding assembly procedure enables efficient dynamic analysis of
large cable-net systems. Local damage is simulated by pre-stress loss in a single cable, and a damage index
based on dynamic-response differences between adjacent unit cells is used for localization. The study aims to
provide a computationally efficient and baseline-free strategy for structural health monitoring of a large-span
cable-net system.

2 Theory Model of Two-Dimensional Periodic Cable-Net

Fig. 1 illustrates the logical sequence of the theoretical derivation presented in this section. The frame-
work begins with the definition of the overall periodic structure and its unit cell, followed by Floquet-Bloch
wave analysis, derivation of the unit cell dynamic stiffness matrix, static condensation, two-dimensional
block recursive assembly, and finally the formation of the global dynamic stiffness matrix for frequency
response function (FRF) solution.

| Overall periodic structure I

}

[ Unit cell definition |

|

I Floguet-Bloch wave analysis |

|

[ Unit cell dynamic stiffness derivation |

!

| 2D block recursive assembly |

FRF solution

Figure 1: The overall theoretical framework.

2.1 Periodic Unit Cell and Structural Configuration

Large-span cable-net structures, including the roof of the speed skating arena (Fig. 2a), are typical three-
dimensional spatial structures. For the purposes of dynamic analysis and damage detection, this structure
is simplified into a two-dimensional periodic cable-net, which serves as the subject of this study, as shown
in Fig. 2b. This infinite periodic configuration is composed of the repetitive arrangement of a fundamental
unit cell along both x and y directions, with the detailed layout of a single unit cell illustrated in Fig. 2c.
The unit cell has a square outer frame with side length a, consisting of four cable members. The interior
contains two crossed diagonal cables. All nodes are considered as ideal hinged joints. In total, each unit
cell contains eight cable members, which share identical material properties, namely, elastic modulus E,
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density p, and cross-sectional area A. In the initial state, each cable is subjected to an initial pre-stress force of
magnitude T. For clarity in the subsequent theoretical derivation, a more general rectangular periodic case
is first considered, with periodic lengths a and b along the x and y directions, respectively. In the numerical
validation that follows, the unit cell will be specialized to a square shape (a = b).

(a) (b) (c)

Figure 2: From engineering practice to theoretical model. (a) Three-dimensional cable-net structure; (b) assembly of
the periodic unit cells; (c) periodic repeatability unit cell.

2.2 Dynamic Formulation of the Unit Cell with Initial Prestress

Spatial periodicity endows structures with distinctive dynamic behavior [9,10]. As established by
Mead [11] and extended to two dimensions, the Floquet-Bloch theorem provides the theoretical foundation
for analyzing wave propagation in planar periodic cable-nets, relating the dynamic states on adjacent unit cell
boundaries through propagation constants. The “square-exterior, crossed-interior” cable-net unit cell shown
in Fig. 2¢ is arranged periodically in the plane. Its periodic lengths are a and b in the x and y directions,
respectively. For a square arrangement, a equals b. To analyze the dynamic behavior of the periodic cable-net,
two different approaches are employed. The first method, grounded in the Floquet-Bloch theorem, imposes
two-dimensional periodic boundary conditions on a single unit cell. This reduces the infinite system to a
representative cell, from which wave propagation characteristics can be derived. The second method utilizes
a RFE model tailored for two-dimensional grids.

2.2.1 Floquet-Bloch Analysis of Wave Propagation

When an elastic wave propagates in a two-dimensional periodic cable-net, its system solution exists. This
solution follows the extension of the Floquet-Bloch principle [9] to two-dimensional space. This principle
states that, in an infinite periodic system, the dynamic states (displacements and internal forces) on the
corresponding boundaries of adjacent unit cells are not independent. Instead, they are related by a pair of
frequency-dependent propagation constants A, and A, [12].

u; = Acup,uy = Ayup 1)
fl = -A M. 7 = -1, fp (2)

According to the Floquet-Bloch theorem [10,12], in an infinite periodic system, the dynamic states on the
boundaries of adjacent unit cells are related by propagation constants. As a result, each unit cell exhibits an
identical response that is independent of the boundary conditions imposed at the structure’s terminals. This
phenomenon is applied to periodically assembled cable-net systems, meaning that the frequency response
repeats from one cable-net unit cell to another.
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2.2.2 Recursive Finite Element Formulation for Periodic Cable-Nets

The RFE method was proposed by Duhamel and Mencik [16]. Its purpose is to efficiently solve the FRF
of periodic structures under harmonic excitation. The effectiveness of this method is rooted in the full use
of structural periodicity [16-18]. Its core idea is as follows. For a structure formed by N identical unit cells
arranged periodically in space, there is no need to mesh and solve the entire large-scale structure. Instead, a
conventional finite element model is built for one representative unit cell. This model includes the stiffness
matrix K, mass matrix M, and the damping matrix C. We carry out this numerical modeling via commercial
finite element software, and on this basis, acquire the dynamic stiffness matrix d corresponding to the unit
cell at frequency w. The research object of this paper is a planar periodic cable-net. Its unit cell model is
established in a three-dimensional global coordinate system. Each node has three translational degrees of
freedom: u,, Uy, and u,. Therefore, in the global coordinate framework, the stifftness matrix K of the unit
cell is constructed to account for six degrees of freedom. The geometric stiffness K,, formed by the initial
pre-stress, and the material’s own elastic stiftness K, are integrated into the total matrix K. Its calculation

formula is
[qg w O -q -w 0
w e 0 -w —-e 0
0 0 k 0 0 -k
K=K, +K, = ¢ £ (3)
-q -w 0 q w 0
-w —e 0 w e 0
| 0 0 —kg 0 0 kg ]

here, g = keI> + kgm*, w = Im (k. — k), e = kem® + kgl*, k. = EA/L, ky = T/L, L is defined as the length of

the cable element, calculated as \/(x2 —x1)> + (y2 - »1)’; parameters [ = (x, — x;) /Land m = (y, — y1) /L;
where E represents Young’s modulus and A corresponds to the cross-sectional area of the cable member.
Subsequently, the global stiffness matrix of the element is assembled, and the mass matrix is defined in the
form of a concentrated mass.

For the two-dimensional planar cable-net structure investigated in this study, the RFE technique is
employed to streamline the computational modeling process. Under a harmonic load with frequency w,
the dynamic stiffness matrix d of the unit cell can be constructed as follows: d = K — iwC — w?>M. Here, K
represents the comprehensive stiffness matrix of the unit cell, which integrates both the material-based elastic
stiffness and the stiffness induced by initial pretension, C denotes the damping matrix, while M corresponds
to the mass matrix. By multiplying this matrix with the nodal displacement vector u, the discrete dynamic
equilibrium equation for the unit cell is derived: f = d - u, where f stands for the external load vector applied
to the unit cell.

Within the framework of two-dimensional block recursion, the dynamic degrees of freedom (DoFs) for
each periodic unit cell are categorized into two parts. These include the internal DoFs g; and the boundary
DoFs g3 associated with the four periodic edges. The boundary degrees of freedom include nodes on the left,
right, top, and bottom edges. The internal DoFs are subsequently eliminated through static condensation.
This procedure leads to a condensed dynamic stiffness matrix dc that solely retains the boundary degrees of
freedom: dc = dBB - dBIdIIdIB-

When assembling four adjacent substructures (denoted as A, B, C, and D, forming a 2 x 2 block) into
a larger supercell, the cohesion matrices of each substructure are placed along the diagonal. The shared
interfaces become the new internal boundaries: the right side of A and the left side of B, the right side of
C and the left side of D, the bottom of A and the top of C, the bottom of B and the top of D, as well as the
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four internal corner nodes. Compatibility of displacements and equilibrium of forces at these interfaces are
enforced by assembling the corresponding DoFs into a set of internal interface DoFs g;. The resulting system
is then condensed again by eliminating q;, yielding a new condensed dynamic stiffness matrix d,, that has
the same dimensions as d of a unit cell, retaining only the outer boundary DoFs of the larger super unit cell.

The core step of the block recursion is assembling the dynamic stiffness matrices of four adjacent
2 x 2 identical substructures. These four matrices are assembled into a larger super unit cell of the next
level. During this assembly, the common boundary degrees of freedom between the four blocks become
new internal interfaces. These interfaces are eliminated again through static condensation. The result is a
condensed dynamic stiffness matrix. This new matrix has the same dimensions as the condensed matrix of
the original unit cell. It only retains the new outer boundary degrees of freedom. In other words, each level
of recursion merges a 2 x 2 block of substructures at the current scale. This forms a new super unit cell with
doubled dimensions. Its condensed matrix is then updated. This process is repeated (as shown in Fig. 3). For
a two-dimensional periodic lattice composed of N x N unit cells (with N = 2°), this block merging process is
repeated log, N times. after which the global dynamic stiffness matrix for the full structure is subsequently
derived. For cases where the total number of units N is not a power of 2, express N in binary form and
then assemble the matrix bit by bit. For example, a 7 x 7 grid can first be viewed as having 7 units in one
dimension; the binary representation of 7 is 111;, meaning 7 = 4 + 2 + 1. The assembly process is as follows:
First, use recursion to compute the matrix a consisting of 4 cells, then compute the matrix b consisting of 2
cells. Finally, combine these with the single-cell matrix c to obtain the 7-cell matrix. For a two-dimensional
7 x 7 grid, the one-dimensional binary assembly described above is applied independently to the x direction
and the y direction, and the overall matrix is then obtained through two-dimensional block assembly.

2"x2"
8x8 8x8/”
axa || 4xd
2x2 - 2%2
H —~ - L1
1 2 4 n

Figure 3: Block-based recursive process.

The recursive finite element method can handle harmonic loads at any location. Its standard pro-
cedure is as follows. The structure is divided into two independent periodic substructures at the load
application point. These two parts are the left and right parts (or the top and bottom parts). The dynamic
stiffness matrices of these substructures are synthesized recursively. Then, these matrices are assembled.
Finally, the applied load and boundary conditions are incorporated to resolve the resulting system of
equations. The FRF methodology adopted in this work is tantamount to computing the harmonic response
behavior of the structure under broadband frequency excitations within the frequency domain. Therefore,
this method is fully applicable to the RFE framework described above. This lays the foundation for
efficiently predicting the frequency response of periodic cable-nets and extracting damage indicators in
subsequent steps.

After solving the condensed global system for the boundary displacement vector g% under harmonic
excitation, the interior displacements g; of any desired unit cell can be reconstructed using the stored
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condensation relations. During each static condensation step, the relation q; = —Dj Diq$ is established
and stored for every substructure. Starting from the top-level super cell, the boundary displacements of its
child substructures are extracted, and the interior displacements of each child are computed via the stored
matrices. This back-substitution proceeds recursively down to the original unit cells, where the displacements
(and thus accelerations) of interior nodes, such as the central node of each cell, are fully recovered. The
additional computational cost of this recovery is negligible compared to the recursive assembly and solution.

3 Validation of Periodic Behavior in Finite Cable-Net Models

The theoretical framework of periodic structural analysis rests on the fundamental premise of an
infinitely extended periodic system. In practice, both physical cable-net structures and their corresponding
numerical models are constructed from a finite quantity of repeating unit cells. Consequently, it is essential
to assess whether the dynamic response of a finite-scale cable-net structure aligns with the idealized
periodic behavior predicted by the theoretical model. This evaluation is a key prerequisite for ensuring the
effectiveness of the subsequent recursive finite element method and damage detection strategy. This section
aims to investigate, through numerical simulation, whether the local dynamic responses in the inner region
of a planar cable-net converge as its size changes. The goal is to determine the minimum practical size that
can be approximately considered to satisfy the “approximately infinite periodic” boundary condition.

To achieve this goal, four distinct finite element models of two-dimensional periodic cable-nets are
established within the COMSOL finite element analysis platform. Their total numbers of unit cells are 7
x 7,15 x 15, 35 x 35, and 55 x 55. In each model, a 3 x 3 array of unit cells at the geometric center is
selected as the observation region, as illustrated in Fig. 4, respectively. All models employ the same unit cell
topology, material properties, and boundary conditions, as described below. The basic repeating cell features
a square structure with side lengths a = b = 3 m, as shown in Fig. 2c. Each cell consists of four outer frame
cables and two intersecting diagonal cables. All cable members are modeled as truss elements, with all nodes
connected via hinged joints. For the entire cable-network model, all nodes on the outer boundary are fixed.
The cable material is steel. The material properties of the cable-net model are detailed in Table 1. Every cable
adopts a circular cross-sectional shape, with a diameter of d = 18 mm, corresponding to a cross-sectional
area A = md* /4. A uniform pre-stress force T = 18000 N is applied to each cable in the initial state to simulate
the actual prestressed condition. All nodes on the outer boundary of the entire cable network model are fixed.
No additional constraints are applied to internal nodes. Damping effects are incorporated via the complex
Young’s modulus formulation E (1 + i7; ), in which the structural loss factor 7, = 0.008.

Corner cell <+——

Boundary cell <+—— > Center cell

Figure 4: Schematic of a periodic cable-net model showing the central 3 x 3 observation region and three representative
unit cells.
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Table 1: Material and geometric properties of the cable.

Parameter Value
Density 7850 kg/m’
Young’s modulus 200 GPa
Poisson’s ratio 0.3
Pre-stress 18,000 N
Diameter 18 mm
Cross-sectional area 2.545 x 107* m?

To eliminate the interference of boundary effects and focus on the core periodic behavior, all analyses
are conducted in the central region of the structure. In each model, a 3 x 3 array of unit cells at the geometric
center is selected as the observation region. Due to the symmetry of the cable-net unit cells, only three
representative unit cells need to be observed. These are the center unit cell, the edge unit cell, and the corner
unit cell. The FRF is used as the key indicator for evaluating periodic behavior. A unit harmonic force is
applied at the central node of each of these three unit cells. The out-of-plane (z-direction) acceleration
frequency responses at the corresponding nodes of these three unit cells in the 3 x 3 array are calculated.
By comparing the degree of coincidence of these three frequency response curves, it is possible to intuitively
judge whether the central region exhibits consistent dynamic characteristics for a given grid size.

Fig. 5 shows the comparison results. For a small grid dimension (7 x 7 unit cell), the frequency
response profiles of the three unit cell elements exhibit obvious dispersion within the studied frequency range
(0-20 Hz), this observation reveals that boundary constraints exert a pronounced influence on the central
region of the structure, which fails to display stable periodic characteristics. Nevertheless, the acceleration
responses of the three unit cells at 11.19 Hz are highly consistent. The frequency response curves around this
peak frequency also show good agreement. At this frequency, the structure meets the minimum practical
unit cell size requirement for “infinite periodicity”. This provides a basis for the subsequent damage detection
study. When the number of unit cells increases to 15 x 15, the frequency response curves become much
more consistent, especially in the high-frequency range. With a further increase in the number of unit cells,
the three curves nearly overlap over the whole analyzed frequency band. Moreover, the improvement in
curve consistency gradually becomes less pronounced as the number of unit cells continues to increase. This
suggests that, at this scale, the dynamic response in the central region shows a high level of consistency.
Therefore, the influence of boundary effects can be considered negligible.

4 Validation of the Two-Dimensional Recursive Finite Element Method

To assess the accuracy and computational efficiency of the two-dimensional RFE method proposed
in this study, it is implemented for the two-dimensional periodic cable-net model established herein.
Subsequently, the obtained results are compared with those calculated using the commercial finite element
software COMSOL Multiphysics, following the validation procedure adopted in previous studies [16-18].

The numerical model is constructed in strict accordance with the theoretical framework presented in
Chapter 2. The cable mechanical parameters are the same as those listed in Table 1, and all cable elements are
modeled with circular cross sections. Damping is characterized by the form of complex Young’s modulus,
expressed as E (1+ i#), with the loss factor 7 assigned a fixed value of 0.008.
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Figure 5: Comparison of acceleration frequency response functions of representative unit cells for cable-net models
with different grid sizes: (a) 7 x 7; (b) 15 x 15; (¢) 35 x 35; (d) 55 x 55.

For validation, two periodic cable-net models with different sizes are established, namely a 16 x 16
unit-cell grid and a 32 x 32 unit-cell grid. A self-developed MATLAB program is used to implement the
two-dimensional RFE algorithm. First, the stiffness matrix K and mass matrix M of a single “square-exterior,
crossed-interior” cable-net unit cell are formulated using standard finite element expressions. Finally, a
harmonic concentrated load with an amplitude of 1 N is applied at the central node of the structure. Using
the RFE method, the frequency response function of the z-direction displacement at the same excitation
point can be obtained efficiently. For comparison, an identical global finite element model is also established
in COMSOL Multiphysics. In COMSOL, the “Structural Mechanics Module” together with a “Frequency
Domain” study is employed to obtain the displacement frequency response at the same excitation location.

Fig. 6 compares the displacement frequency responses at the excitation point obtained by the RFE
method and by direct COMSOL analysis for two different model sizes. It can be seen that the results obtained
from the two approaches are in close agreement. Moreover, the agreement becomes more evident for the
model containing more unit cells than for the smaller model. There are two main reasons for this: in larger
grids, the central region is farther from the boundary, so the influence of the boundary on it is reduced,
which makes the internal region more closely resemble the ideal state of an infinitely periodic structure. On
the other hand, the number of iterations in the recursive finite element method was increased from 4 to
5. The additional recursive merging allowed the internal degrees of freedom to be more fully consolidated,
bringing the model’s dynamic stiffness matrix closer to the theoretical value for an approximately infinitely
periodic structure. The combined effect of these two factors resulted in the 32 x 32 model exhibiting superior
frequency response consistency compared to the 16 x 16 model. In addition, for the unit-cell topology
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adopted here, the number of independent boundary degrees of freedom is much smaller than the number of
internal degrees of freedom. Through recursive assembly, the RFE method finally solves a condensed system
involving only these boundary degrees of freedom. Taking 16 x 16 and 32 x 32 unit cell grid as examples, as
shown in Table 2. the effective number of degrees of freedom solved by the RFE method depends only on
the boundary degrees of freedom of a single unit cell. This quantity is only on the order of several hundred.
In comparison, the conventional finite element method in COMSOL requires solving the complete system
containing all three translational degrees of freedom for every node, leading to a degree-of-freedom count
exceeding the order of 10*. This large difference in magnitude gives the RFE method clear advantages in
both computational time and memory usage. This confirms the reliability of using the RFE method in the
subsequent damage-detection analysis.

1072 : 1072 . ;
~ —— FE-COMSOL ~ —— FE-COMSOL
E ‘ ---- RFE-MATLAB code|| E -~ RFE-MATLAB code
g107°F 1 g 10
@ | o ]l\ f
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Figure 6: Comparison of displacement frequency response functions obtained by the recursive finite element method
and COMSOL for cable-net models with different sizes: (a) 16 x 16; (b) 32 x 32.

Table 2: Comparison of computational performance between COMSOL and RFE.

Model Size Method Total DoFs Retained DoFs Time Per Freq. Point (s) Peak Memory (GB)

16 x 16 COMSOL 1635 N. A. 0.24 5.49
RFE 1635 192 0.048 0.52
32 x32 COMSOL 6339 N. A. 1.15 10.46
RFE 6339 384 0.17 0.45

5 Frequency-Response-Based Damage Localization in Periodic Cable-Net Structures

To validate the efficacy of the newly proposed frequency-response-based damage identification
approach for two-dimensional periodic cable networks, numerical simulations are performed using COM-
SOL Multiphysics. The model is a 7 x 7 unit cell grid. Although Section 3 shows that the 7 x 7 model
exhibits boundary effects over the full frequency range, the central 3 x 3 observation region demonstrates
sufficient dynamic consistency within the characteristic frequency band (10.4-11.5 Hz) around 11.19 Hz
(Fig. 5a), justifying its use for damage localization. Each unit cell has a “square-exterior, crossed-interior”
configuration. The material parameters employed are consistent with those presented in Table 1. A single unit
cell has dimensions of a = b = 3 m, resulting in an overall cable-net size of 21 m x 21 m. All cable members
have a circular cross-section. Their cross-sectional area is calculated as A = 7d*/4. All nodes in the cable-
net plane are hinged connections. All boundary nodes are fixed to simulate actual boundary conditions, as
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shown in Fig. 7. Damping is considered in the form of a complex Young’s modulus. The loss factor is set to
0.008.

Figure 7: Cable-net model with the central 3 x 3 observation area.

The selection method employed in this paper follows the “adjacent cell comparison” strategy demon-
strated in one-dimensional truss systems [15] to achieve damage detection. At the same time, due to the
symmetry of the cable-net unit cells, a 3 x 3 unit cell grid region at the center of the structure is selected
as the observation region. Since the first row (or column) and the third row (or column) in the observation
region are equivalent, unit cells in the first row and the second row (or equivalent columns) are chosen for
focused analysis. This selection method forms a group of unit cell pairs that are spatially close to each other.
This perfectly fits the principle of locating anomalies by comparing the dynamic consistency of adjacent unit
cells. At the same time, it makes full use of the structural symmetry to avoid redundant calculations. For the
convenience of subsequent analysis, the unit cells in the first row (or column) are named Cell Al, Cell A2,
and Cell A3, respectively. The unit cells in the second row (or column) are named Cell Bl, Cell B2, and Cell
B3, respectively.

Through frequency response analysis of the undamaged model, a peak is found at 11.19 Hz. This peak is
sensitive to local damage, and the responses of adjacent unit cells at this frequency show high consistency.
Therefore, a narrow frequency band centered at this peak (10.4-11.5 Hz) is selected as the characteristic
frequency band. This bandwidth is sufficient to cover the peak shifts caused by damage, while not being so
wide as to introduce energy contributions from other peak frequencies. This band is used for subsequent
energy calculations and damage index construction.

Damage is simulated by reducing the pre-stress in a specific cable within a particular unit cell. Three
damage levels are set: 10%, 25%, and 40% loss. The red cables in the figures indicate the specific target
members where damage is introduced. First, damage is simulated within unit cell 1 located at the first row.
Asillustrated in Fig. 8, the frequency response characteristics of the three adjacent unit cells exhibit distinct
deviations compared to the undamaged condition. This discrepancy becomes increasingly pronounced as the
magnitude of damage intensifies. Conversely, the dynamic response of Unit Cell 3, which is geographically
and structurally distant from the damaged zone, maintains a high degree of similarity to its initial intact
state. Next, damage is introduced into unit cell 2. The dynamic responses of the three unit cells under this
scenario are recorded and presented in Fig. 9. The analysis reveals that the most significant alterations in
frequency response are confined to the unit cell that has undergone damage. Following this, damage is
induced in Unit Cell 3, with the corresponding response data depicted in Fig. 10, similar conclusions are
obtained. Subsequently, the above process is applied to the three unit cells of the second row. Their response
diagrams are shown in Figs. 11-13, respectively. The same conclusions as above are also obtained.
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Figure 8: Frequency response of 1st row unit cells with damage in Al: (a) damaged unit cell Al; (b) undamaged unit
cell A2; (c) undamaged unit cell A3.
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Figure 9: Frequency response of 1st row unit cells with damage in A2: (a) undamaged unit cell Al; (b) damaged unit
cell A2; (c) undamaged unit cell A3.
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Figure 10: Frequency response of 1st row unit cells with damage in A3: (a) undamaged unit cell Al; (b) undamaged
unit cell A2; (c) damaged unit cell A3.
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Figure 11: Frequency response of 2nd row unit cells with damage in Bl: (a) damaged unit cell Bl; (b) undamaged unit
cell B2; (¢) undamaged unit cell B3.
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Figure 12: Frequency response of 2nd row unit cells with damage in B2: (a) undamaged unit cell Bl; (b) damaged unit
cell B2; (¢) undamaged unit cell B3.
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Figure 13: Frequency response of 2nd row unit cells with damage in B3: (a) undamaged unit cell Bl; (b) undamaged
unit cell B2; (¢) damaged unit cell B3.

To quantify this effect, the energy E of each unit cell within the characteristic frequency band (10.4-
11.5 Hz) is calculated. It is worth noting that although this characteristic frequency band is selected from
an undamaged model, in practice, it can be directly determined based on any measured response of the
structure, even when the structure is in a damaged state. Compared to undamaged elements, damaged
elements exhibit increased peak amplitudes and slight frequency shifts; however, this has no impact on the
selection of the frequency band. It follows that the frequency bandwidth can be determined solely from the
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frequency responses of adjacent elements and used for subsequent energy calculations, without the need for
baseline data from the undamaged state. The peak energy E (m, p) of the mth horizontal and pth vertical
unit cell is defined as

fn
E(m’p):./fl Afdf (4)

here, Ay is the response amplitude at frequency f, f; and f, are the boundary frequencies of the frequency
band, where d; is the frequency differential. Figs. 14 and 15 show the changes in unit cell energy when
damage is located at different positions. Regardless of which row the damage is in, the energy change is
highly concentrated in the damaged unit cell. The energy of unit cells in adjacent rows remains stable. This
verifies the local nature of the damage effect. On the other hand, this result provides strong evidence for
the equivalence between different rows of the periodic structure and the universality of the proposed energy
metric across different spatial locations.
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Figure 14: Variation in unit-cell response energy for damage located in 1st row cells: (a) damage located in unit cell Al;
(b) damage located in unit cell A2; (c) damage located in unit cell A3.
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Figure 15: Variation in unit-cell response energy for damage located in 2nd row cells: (a) damage located in unit cell
BI; (b) damage located in unit cell B2; (c) damage located in unit cell B3.

For one-dimensional periodic truss structures, the damage index is established by comparing the FRF
energy of adjacent unit cells within a selected frequency range. For two-dimensional periodic cable-net
structures, each interior unit cell has four neighboring cells, namely the top, bottom, left, and right cells,
excluding those located on the boundary. In this study, the damage-index scheme originally developed for
one-dimensional systems is extended to the two-dimensional case.
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1
DI(p,py = —

h de{adjacent}

E(m,p) — Ea

Emin (5)

here, n is the number of selected adjacent unit cells used to calculate the damage index. The value of n ranges
from 1 to 4. For the row of unit cells under evaluation, the damage index is determined from the energy
difference between the left and right neighboring unit cells. In this case, n = 1. E (m, p) is the peak energy
of the target unit cell, and E; is the energy of its adjacent unit cells. Ey,j, is the minimum peak energy in
the measurement step. The damage index is evaluated for unit cell 2 in each row, that is, by comparing it
with the adjacent unit cells 1 and 3. Figs. 16 and 17 present the comparison results for the first row and the
second row, respectively. When the damage is introduced into unit cell 1, the DI from unit cell 1 to unit cell 2
increases compared to the DI from unit cell 2 to unit cell 3. When the damage is introduced into unit cell 2,
both the DI from unit cell 1 to unit cell 2 and from unit cell 2 to unit cell 3 increase as the stiffness reduction
increases. When the damage is introduced into unit cell 3, the DI from unit cell 2 to unit cell 3 increases
compared to the DI from unit cell 1 to unit cell 2. This demonstrates that the response pattern in the first and
second rows is consistent, which further confirms the validity of the proposed method. For an observation
region composed of a 3 x 3 unit-cell grid, all cells within the region can be used for damage identification by
means of the aforementioned method. Therefore, the energy comparison between adjacent unit cells can be
employed for local damage identification in two-dimensional periodic cable-net structures.
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Figure 16: Damage-index comparison using A2 as the target unit cell: (a) damage located in unit cell Al; (b) damage
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When 7 = 4, the central unit cells of the 3 x 3 observation region and the four adjacent unit cells (upper,
bottom, left, and right) are selected as the subjects of study. Fig. 7 shows the specific damage locations of
the central unit’s cables. It can be observed that the left unit cell is symmetrical with respect to the down,
up, and right unit cells. Since the frequency response curves for the left, up, and right unit cells have already
been presented, the frequency response plots for the corresponding unit cells (including the down unit cell)
are not shown here. In this case, the corresponding data are substituted into Eqs. (4) and (5). The results are
shown in Figs. 18 and 19. Fig. 18 depicts the energy changes of the five cells under three damage states. As the
damage severity of the central cell gradually increases, its energy also gradually increases, while the energy of
the four adjacent unit cells to the central cell gradually decreases. At the same time, the data in the bar charts
clearly show that the energy of the left and bottom unit cells, as well as that of the top and right unit cells, is
consistent, which verifies the symmetry relationship mentioned earlier. Fig. 19 shows the two-dimensional
damage index of the central unit cell when n = 4. It can be clearly observed that the damage index of the
central unit cell increases as its own damage severity deepens. This result indicates that damage modeling is
also feasible in two-dimensional configurations.
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Figure 18: The peak energy of the central unit cell and its four adjacent unit cells within the characteristic frequency
band (10.4-11.5 Hz).
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Figure19: The relationship between the two-dimensional damage index of the center unit cell and the level of prestress
loss.
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To evaluate the minimum damage level that the proposed method can reliably detect, the DI was
calculated for the central cell and its adjacent cells across a range of prestress loss from 1% to 10%. The results
are summarized in Table 3. The DI value for the intact state is 0.0345. A conservative detection threshold was
set at 1.5 times the DI value for the undamaged state (i.e., 0.05175) to ensure that changes caused by damage
clearly exceed the noise level observed in the baseline. As shown in Table 2, the DI value at 6% damage is
0.0394 (below the threshold), while at 7% damage it reaches 0.0528 (above the threshold). Therefore, under
ideal noise-free conditions, the minimum distinguishable prestress loss is estimated to be 7%. It should be
noted that damage levels below 3% result in a DI value lower than that of the intact state, which is attributed
to numerical noise and frequency discretization; such minor losses are considered unreliable to detect.

Table 3: Damage index for pre-stress loss levels (1%-10%).

Loss DI Loss DI
0% 0.0345 6% 0.0394
1% 0.0226 7% 0.0528
2% 0.0107 8% 0.0665
3% 0.0014 9% 0.0805
4% 0.0137 10% 0.0949
5% 0.0263

6 Conclusions

This study generalizes the concept of periodic-structure-based damage identification from one-
dimensional systems to two-dimensional cable-net structures. A combined theoretical and numerical
framework is established by integrating Floquet-Bloch analysis, recursive finite element modeling, and
frequency-response-based damage localization. For the structural health monitoring of large-span cable-
net structures, this framework addresses issues such as high computational cost and strong dependence on
baseline data. The key outcomes of this study are outlined below:

(1)  The results show that the proposed two-dimensional recursive finite element approach can accurately
reproduce the dynamic behavior of periodic cable-net structures while significantly reducing the
computational cost. For the 32 x 32 model, the effective degree-of-freedom count is decreased from
over 10* to several hundred.

(2) A baseline-free damage localization method relies on the frequency-response energy differences
between adjacent unit cells is further proposed. Numerical results demonstrate that local prestress-
loss damage can be effectively identified within the selected observation region. However, the current
method can only locate damage at the cell level; it cannot identify which specific cable within a damaged
cell has been affected.

To sum up, the proposed approach provides an efficient and promising strategy for structural health
monitoring of large-span periodic cable-net structures. This approach holds significant promise for practical
engineering applications, such as stadiums, opera houses, and airport terminals, where early detection
of cable prestress loss is crucial for ensuring structural safety and serviceability. Although the method
is demonstrated under ideal harmonic excitation, future research will extend it to output-only scenarios
(e.g., ambient wind) using transmissibility-based features. The present study focuses on demonstrating the
feasibility of the method using relatively large damage levels (10%-40%). Future work will investigate the
minimum detectable pre-stress loss through finer parametric studies. Although the present study assumes
clamped boundaries for simplicity, the proposed adjacent-cell comparison method is expected to be robust to
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realistic compliant edge conditions because it relies on relative energy differences within the interior region.
Future work will quantify the influence of elastic boundary supports. The current study is limited to noise-
free numerical simulations; future research will systematically investigate the robustness of the method under
various noise levels and environmental disturbances. However, this study is limited to numerical validation,
and experimental verification will be conducted in future work.
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