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Suspended ancient timber structures, characterized by complex construction and unique load-
transfer mechanisms, are prone to pronounced dynamic responses under pedestrian walking loads.
This study aims to systematically investigate the structural responses from both deterministic and
stochastic perspectives. Graded vertical loading tests were conducted to reveal the mechanical
behavior and safety redundancy of the structure under pedestrian loads. Based on a stochastic load
model, a comprehensive crowd-structure interaction model was developed by incorporating step-
frequency synchronization, spatial coherence, and weak crowd-structure coupling effects, enabling
accurate prediction of vibration responses. Monte Carlo simulations were employed to evaluate
dynamic responses and explore the nonlinear relationship between pedestrian numbers and structural
behavior. A parametric prediction model with 95% accuracy was established, allowing reliable
response prediction and safety warning. Finally, safety prediction and graded pedestrian control
strategies are proposed to support refined protection, intelligent monitoring, and visitor management

of such heritage structures.

Suspended ancient wooden structures are often built against steep cliff faces
to expand usable space within extremely limited terrain. As a result, their
corridors and platforms are typically narrow, with passage widths allowing
passage for only one or two people side by side. While this compact layout
creates a unique touring experience characterized by “changing views with
every step” and a sense of exploration, it inevitably restricts pedestrian flow
efficiency and evacuation capacity. Due to these confined pathways, bidir-
ectional movement is difficult to achieve, making one-way circulation routes
not only a management necessity but also a spatial constraint. Visitors
follow a prescribed unidirectional path, which means that congestion at any
point can quickly propagate throughout the system. With the growing
popularity of heritage tourism, these suspended structures attract increasing
numbers of visitors. During peak periods, dense crowds in such confined
spaces can induce significant dynamic structural responses. More critically,
in emergencies such as fires or strong winds, the limited evacuation routes
heighten the risk of severe congestion and serious safety hazards'. In
extreme cases, dynamic effects induced by crowd loads may even lead to
structural instability or collapse”. Therefore, thoroughly understanding and

accurately predicting pedestrian-induced loads on suspended ancient tim-
ber structures has become an essential prerequisite for ensuring structural
safety, long-term usability, and preventive conservation™.

Vibration serviceability assessment plays a crucial role in ensuring the
comfort and safety of building occupants. Current guidelines for evaluating
structural vibration responses induced by human walking loads™ typically
rely on simplified approaches that model pedestrians as independent
moving load sources and employ deterministic step frequencies with sim-
plified harmonic functions to compute structural responses™’. However,
several studies have highlighted limitations and shortcomings in these
guideline methodologies™’. To address these limitations, researchers have
gradually introduced probabilistic approaches. For instance, Demartino et
al'"! conducted a numerical study on footbridge vibrations induced by a
single pedestrian, proposing both deterministic and probabilistic methods
for vibration serviceability assessment. Picozzi et al.”” proposed a reliability
quantification method that accounts for the variability in pedestrian walking
loads and uncertainties in footbridge properties, establishing design
response spectra for vertical and lateral vibrations. While such studies
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provide fundamental vibration response data, their practical applicability
remains limited due to the greater complexity of real crowd loading con-
ditions. Specifically, single-person excitation models fail to adequately
simulate the combined effects of multiple pedestrians walking simulta-
neously with different gait patterns, leading to limited representativeness of
the results under actual crowd load conditions''.

The vibration response under multiple pedestrian excitations is often
greater than that under a single pedestrian excitation'>'’. Wang et al."”'*
suggested approach to predict the human-induced vibration of Cross-
Laminated Timber (CLT) floors was based on multi-person loads. They also
proposed a temporary spectral model to analyze crowd loads on building
floors. However, this approach also has limitations, including the assump-
tion that pedestrians are stationary individuals and the neglect of variations
in walking paths. These constraints may potentially limit its practical
applicability in real-world scenarios”.

Considering the randomness of actual walking load scenarios and
walking paths, Georgakis et al.”’ proposed a response spectrum method to
calculate the peak acceleration response of pedestrian bridges. By adopting a
probabilistic walking load model and performing a series of Monte Carlo
simulations, a reference response spectrum was established. Piccardo et al.”’
introduced an equivalent spectral model to analyze the dynamic response of
pedestrian bridges under normal, unrestricted pedestrian traffic while
accounting for random excitation sources. Building on existing pedestrian
bridge models, Bayat et al.”* proposed an analytical expression for the
equivalent power spectral density function of modal forces. In addition, they
derived a formula for calculating the mean peak acceleration response of
floors. These methods, which consider the influence of random factors, can
enhance the accuracy and reliability of structural vibration suitability
assessments.

However, the load-bearing system of suspended ancient timber
structures exhibits notable specificity and complexity. The main load-
bearing timber beams are embedded at one end into the mountain rock.
Due to limited embedment depth and the slippage and rotation at the
rock-timber interface, a semi-rigid embedded boundary is formed,
resulting in relatively low overall structural stiffness and granting the
structure a certain degree of deformability and energy dissipation
capacity. Meanwhile, the narrow passageways not only restrict free
pedestrian movement but also promote significant step-frequency
synchronization and path-coupling effects in high-density crowds.
Furthermore, stiffness degradation due to timber aging, the semi-rigid
behavior of mortise-tenon connections, and variations in historical
construction techniques collectively constitute the distinctive dynamic
system foundation of such structures.

Existing stochastic crowd load models typically rely on assump-
tions such as independent pedestrian motion and normally distributed
step frequencies and lengths, making it difficult to accurately char-
acterize the specific dynamic behavior of such ancient timber struc-
tures and their coupling mechanisms with crowds. Particularly in cases
where structural flexibility is significant, and boundary conditions are
complex, existing models neither adequately account for the influence
of time-dependent structural properties on system frequency and
damping, nor do they effectively represent high-density crowd phe-
nomena such as synchronization behavior, spatial coherence, and
human-structure dynamic feedback (e.g., step-frequency lock-in and
gait adaptation). Moreover, the approach of simply superimposing
single-pedestrian loads to simulate collective crowd behavior proves
insufficient in the confined spaces of heritage structures, where
pedestrian motion is highly correlated and structural dynamic char-
acteristics are complex.

To address these limitations, this study proposes an improved
human-structure dynamic interaction model. Within the framework of
traditional stochastic load modeling, the model systematically incorpo-
rates step-frequency synchronization effects, spatial coherence func-
tions, and weak human-structure coupling mechanisms. By equivalently
modeling key characteristics such as timber aging and semi-rigid joint

behavior, the model more realistically reflects the coupled dynamic
behavior between dense crowds in confined spaces and flexible ancient
timber structures. This model aims to reveal the vibration response
mechanisms of suspended ancient timber structures under crowd
loading and provides a more tailored numerical analysis tool for evalu-
ating their vibration comfort and long-term safety performance, speci-
fically adapted to the features of heritage structures.

Furthermore, existing studies offer very limited measured data under
high-density conditions, and current design codes lack specific vibration
limits or risk thresholds tailored to cultural heritage structures™. Based on
this, this study takes suspended ancient wooden buildings as the object, and
the innovation and contribution of the research are mainly reflected in the
following aspects:

¢ Unlike previous studies focusing on main load-bearing components,
this research quantitatively reveals through graded vertical loading tests
and mechanical coupling analysis, the implicit safety redundancy
mechanism of wooden columns under crowd loads: although not
significantly sharing main beam stresses, they effectively suppress
structural displacement, thereby enhancing overall structural deforma-
tion controllability. This finding advances the conventional under-
standing of “non-load-bearing components” in conservation practice,
providing new scientific basis for integrated structural behavior control
of suspended ancient timber structures.

* Aiming at the limitations of existing stochastic crowd load models in
representing pedestrian behavior within narrow passageways, this
study innovatively develops an integrated crowd-structure interaction
model that incorporates step-frequency synchronization, spatial
coherence, and weak structure-pedestrian coupling mechanisms. The
model systematically reveals the intrinsic relationship between crowd
density and structural acceleration response and, further, proposes
critical crowd density thresholds for safety warning and comfort
management from the dual perspectives of structural safety and
pedestrian comfort. This model overcomes the analytical limitations of
traditional stochastic load models and provides key quantitative
management criteria for preventing structural resonance overload risks
and ensuring normal serviceability comfort.

Methods

Features of suspended ancient wooden structure

The suspended ancient structure is built along the cliffs, closely integrated
into the mountain terrain. The Suspension wooden boardwalk connects the
various pavilions of the temple. The design cleverly takes into account the
height difference between the pavilions and uses a slope transition to ensure
convenience and comfort for tourists. The wooden structures are made of
pine wood and treated with tung oil, making it durable and structurally
stable. It can effectively resist the erosion of the natural environment while
being both practical and beautiful. As shown in Fig. 1.

The main structure of the wooden boardwalk is composed of wooden
beams and wooden columns. These components are tightly connected by
mortise and tenon joints to form a solid structure. The wooden beams are
placed horizontally and serve as the main load-bearing structure of the
wooden boardwalk. The wedge design at one end of the wooden beam
allows it to be fastened after being inserted into a stone hole with a large
inside and a small outside. This method is equivalent to the modern
“expansion screw” and supports the weight of the wooden boardwalk. As
shown in Fig. 2, the bottom of the wooden column is embedded in the rock
and fixed by drilling holes. Under normal circumstances, the wooden col-
umn does not directly bear the weight of the wooden boardwalk. However,
when tourists walk across, it provides additional support, turning the bridge
from a “statically determinate structure” to an “over-statically determinate
structure” capable of bearing walking loads. The wooden boardwalk consists
of wooden boards laid on the wooden beams, with wooden railings on either
side of the road. These railings not only ensure people’s safety, but they also
add a decorative element that is harmonious to the Temple’s overall
architectural style.
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Fig. 1 | Suspended AQ6 wooden boardwalk 0
structure. The Hanging Temple's geographical
location and structural form.
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Fig. 2 | Suspended wooden boardwalk structure construction techniques.
a Anchoring the crossbeam by embedding its end into the mountain body.
b Connecting the cantilevered end of the crossbeam to the wooden column.

Reverse reconstruction

This study takes the wooden boardwalk of Mount Heng as the research
object. Using a NavVis MLX handheld 3D laser scanner, integrated interior
and exterior data acquisition of the entire Hanging Temple complex was
conducted, obtaining high-precision, continuous 3D point cloud data.
During point cloud preprocessing, the walkway structure was segmented
into four categories of semantic components: pillars, beams, deck panels,

and railings, achieving component-level spatial identification and data
decoupling. Key geometric parameters of the components were subse-
quently extracted based on the segmentation results, including span, cross-
sectional dimensions, joint locations, and spatial orientations, for 3D solid
model reconstruction.

To address the issue of missing point clouds caused by partial
occlusion of the wooden boardwalk, this study performed geometric
inference and completion of hidden structures based on traditional
timber joinery (mortise-and-tenon) techniques. In the beam-column
connection zones, concealed features such as hidden tenons and mortises
were identified and reconstructed by supplementing the geometric
relationships of the joints, thereby achieving an authentic representation
of the component connections. Furthermore, geometric dimensions,
timber material properties (e.g., elastic modulus and density of hemlock),
structural connection types, and spatial topological relationships were
integrated into the Building Information Modeling (BIM) geometric
model and structural database. This provides complete input conditions
for subsequent finite element analysis, realizing end-to-end parametric
continuity throughout the entire workflow from point cloud acquisition
and geometric modeling to mechanical simulation™. The specific
modeling workflow is shown in Fig. 3.

Finite element static analysis model to determine tourist-induced
pedestrian loads

The BIM model was exported in IGES format and imported into
ABAQUS for finite element simulation. Historical records and on-site
investigation indicate that the wooden walkway is primarily constructed
of hemlock wood. Based on data from relevant literature, the mechanical
properties of hemlock are summarized in Table 1, showing a density of
0.506 g/cm?, which indicates a material with relatively high stiffness and
strength. Considering the structure’s long service period since its last
reconstruction and its status as a cultural heritage site, the effects of long-
term loading, material aging, and service-induced degradation were
accounted for. In accordance with relevant code provisions, a reduction
factor of 0.90 was applied to the elastic modulus to reflect the actual in-
service mechanical condition. To accurately obtain the stress and dis-
placement distributions of the deck and identify potential stress con-
centration areas, the entire structure was discretized using solid elements
for meshing and numerical analysis. The beam extends 1 m into the cliff
wall, with constraints applied to its vertical and lateral displacements.
The beam-plate contact was modeled as a fixed connection. To inves-
tigate the load-bearing contribution of the wooden columns, two
working conditions were designed: Condition 1, where the column base
is hinged, and the beam-column interaction is defined by tangential and

npj Heritage Science| (2026)14:53


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-026-02319-8

Article

Fig. 3 | Parametric modeling technology process.
A reverse engineering workflow for the wooden
boardwalk based on point cloud data.
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Table 1| Physical and mechanical properties of hemlock wood

Ec. Ecr Ecr foL for fer
11509 890 493 38.1 3.3 2.9
HLr Hir HRT Gir Gt Ggr
0.54 0.46 0.40 829.4. 663.5 199.1

Ec,, Ec g, Ec 1 represent the compressive elastic modulus of wood in the smooth grain, transverse
radial, and transverse diagonal directions, respectively. fc |, fc g, fc. 1 denote the compressive
strength of wood in the smooth grain, transverse radial, and transverse chordal directions,
respectively. ui g, ULT, UrT are the Poisson’s ratio of wood in radial, chordal, and transverse sections,
respectively. G g, G 1, Grr represent the shear modulus of wood in radial, chordal, and transverse
sections, respectively. The unit of strength is MPa.

hard contact behavior; and Condition 2, without wooden columns at the
beam ends. The resulting finite element model is shown in Fig. 4.

Crowd-structure interaction (CSI) model

Human walking is a periodic cyclic motion, starting from one foot touching
the ground until the same foot touches the ground again to complete a
complete gait cycle. Each step will generate a periodic impact force on the
structure, which is composed of the static effect of the body weight and the
dynamic effect of walking. The static effect can be approximated as a con-
stant gravity load, while the dynamic effect is a periodic change, which can
usually be decomposed into multiple harmonic components by Fourier
series to describe the main frequency characteristics of the walking force. In
the behavior induced by tourists, vertical, lateral and longitudinal dynamic
loads act together, among which the vertical force is usually considered to
have the greatest impact on the structure, so it has become the focus of
research. In order to more accurately simulate the dynamic load in the
vertical direction, the classic single tourist loading model is introduced, and
the multi-frequency superposition model is introduced into the statistical
distribution characteristics of the pedestrian step frequency. The total load
can be expressed as:

N
Fou(t) =G+ Y _ Ga; sin2rif, + ¢,) 6))
i=1
Where G is the weight of the tourist, 7 is the order of the harmonic, «; is the
Fourier coefficient of the ith harmonic, called the dynamic load factor, f , is
the step frequency, ¢ is the walking harmonic phase angle.

The model combines the Fourier series and the statistical distribution
characteristics of the step frequency, uses a multi-frequency superposition
method to describe the walking-induced force, and focuses on the main
harmonic components in the force spectrum, so as to more realistically

reflect the dynamic impact of tourists walking on the structure. However,
under the deterministic analysis framework, traditional models often have
difficulty in fully describing the randomness and time-varying character-
istics of tourist-induced pedestrian loads, and in accurately reflecting their
dynamic impact on structures. Therefore, it is crucial to introduce a spa-
tiotemporal model, which describes the time-varying distribution and
spatial action characteristics of tourist-induced pedestrian loads by con-
structing time and space functions, thereby more comprehensively revealing
the impact mechanism of tourist groups on structural responses.

The Heaviside step function can describe the impact load or vibration
load applied over a period of time. Mathematically defined as When ¢ <0,
H(#) =0,and when ¢ > 0, H(t) = 1. When ¢ = 0, it may be defined as 0.1 or 0.5
according to different requirements. As shown in the Fig. 5a.

Pedestrian groups are represented as a dynamic collection of discrete
action points in space, as shown in Fig. 5b. Pedestrian walking behavior has
significant random characteristics. The step length, step frequency and path
selection are all affected by individual differences and environmental factors.
Assuming that pedestrians only move in the positive direction along the
parallel line of the x-axis during movement, in order to reasonably express
this characteristic, the dual-scale single-person walking load F(f) based on
time and space is expressed as:

N
Fuat) = G+ Gasin (2mif, £ + ¢,
i=1 '

X, = X+ vt )

B
Yo = Yy, 0sts< Zti

i=1

To this end, the Dirac delta function & (x-x,) is used to limit the action
area of the force in space, and the Heaviside function H (¢-f,) is used to limit
the action period of the force in time. Based on the single person load F(t),
the crowd load in the spatiotemporal random distribution model is
expressed according to the superposition principle as follows:

Ny N,

F(x, 1) = ; }; Giay; sin(hf , t + ;)0 (x - xp’i(t)) o

]

where, Np and N, denote the total number of tourists and walking har-
monig; a, ; is dynamic load factor; 8 is Dirac delta function; & is the order
number of harmonic of pacing rate ; 7, is the arrival time; L,,,; is the length
of the walking path; v; is the walking speed of the ith tourist; x,; is the
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Fig. 4 | Finite element model of working condition
1 and working condition 2. a Condition 1.
b Condition 2.

(b)

Fig. 5 | Schematic of the mathematical and load
models used in the simulation. a Heaviside step
function used to regulate the application of force.
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location reached by the tourist at time ¢. This formula fully considers the load
impact of multiple tourists on the structure, and sums the number of tourists
and the harmonic components respectively through the double summation
symbol, reflecting the diversity of the number of tourists and the complexity
of the walking load.

Pedestrian dynamic parameters such as step frequency and walking
speed are not isolated variables but exhibit significant nonlinear char-
acteristics that vary with crowd density. At low densities (typically below 1.0
pers./m’), individuals maintain considerable spacing and are in a state of free
walking. Their parameters, including step frequency and stride length, are
primarily determined by personal habit, walking purpose, and environ-
mental layout, and can be treated as mutually independent random

variables. Under these conditions, traditional stochastic load models, which
assume normal distributions for step frequency and stride length and
superimpose them independently, can effectively simulate crowd loads.

However, as density increases and available space diminishes, pedes-
trian movement becomes constrained, manifesting trends of collective
synchronization and spatial coherence. In this regime, the limitations of
traditional independent stochastic models become apparent:

(1) Enhanced step-frequency synchronization: Pedestrian step frequencies
are influenced by neighboring individuals and tend to converge,
making complete independence unsustainable.

(2) Significant spatial coherence: The footfall impacts of adjacent or nearby
pedestrians show correlations in both time and space.

npj Heritage Science| (2026)14:53


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-026-02319-8

Article

(3) Emergence of crowd-structure interaction: Structural vibrations can
provide feedback that influences pedestrian gait, potentially triggering
phenomena such as “frequency lock-in” or gait adaptation, thereby
altering the input loading.

To overcome these limitations, this study introduces an integrated
crowd-structure interaction mechanism into the stochastic load framework,
aiming to develop a load model that more accurately represents high-
density crowd behavior.

First, step-frequency synchronization is the primary source of
enhanced collective dynamic behavior under high-density conditions. A
crowd synchronization coefficient p (0<p<1) is defined to quantify the
degree of convergence in pedestrian step frequencies: a larger p indicates
greater synchronization. The synchronized step-frequency distribution can
be expressed as:

fi=fi+pfo—f) (4)

where f; is the average step frequency of the crowd, and f; is the free step
frequency of the ith pedestrian. When p—1, the step frequencies of all
pedestrians tend to converge; when p—0, the model reduces to the tradi-
tional independent random form.

Furthermore, to account for the feedback effect of structural vibrations
on pedestrian gait, a coupling coefficient  (with a value range of 0-0.3) is
introduced to describe this weak coupling mechanism. The adjusted step
frequency is then defined as:

£ O =f; + B ¥(ux(b), 1), i(x, (1), 1)) (5)

where, and # are the displacement and velocity of the structure
at the pedestrian’s location x;(t), respectively, and ¥ is the feedback
function.

Based on the adjusted step frequency f j*(t), the basic excitation force
generated by pedestrian i is given by:

N,

Fis(t) = G, ah, i sinhf) (0 + ¢,.) ©
h=1

Considering the synchronization effect, the synchronized crowd
excitation can be expressed as:

N
Fy (6, 1) =Y FM(1)8(x — x,(1)) @)
i=1

Next, to account for the spatial correlation of footfall impacts between
adjacent pedestrians, a coherence function is defined:

Cr) = e "k (8)

Where r is the distance between two pedestrians, and L. is the
coherence length. The multi-pedestrian coherent excitation can be
expressed as:

N

LS™ st - x0) - F=() ©)

j=1 =i

Fcohj(t) =

The spatial distribution of the coherent excitation is given by:

N
Fo(6,) =Y Foy (D8(x — x,(1)) (10)
i=1

The final coupled multi-pedestrian excitation is expressed as:

Fcoupled(x1 t) = ZFj(xv t) (11)

By integrating the above mechanisms, a comprehensive CSI model is
established:

N

Ny,
Fro(x,1) = Z G; Z ,; sinQahf; (Ot + ¢,,) +

i=1 h=1

Np(t)

> oy - F,”"‘”(r)] S 8(x — x,(8) - Wit)

Ny, 457,
(12)

Where:

W) = H(t — 1,) — H(t -1, - Lvﬂ) (13)

i

According to the Euler-Bernoulli beam theory, the dynamic equation
is:

3'p(x, 1)

ox*

(14)

mp(x, t) + ¢p(x, y) + EI = Foa(x, 1)
Where x€[0 Lx] are the coordinates of a point on the wooden boardwalk,
pisthe speed, p is the acceleration, E is the elastic modulus of the material, I is
the moment of inertia of area.

In order to predict the vibration characteristics of the suspended
structure under the load of tourists and ensure its safety and comfort, we
need to calculate the deformation of the structure under the load. By using
the beam structure to represent the dynamic response of the tourist load to
the suspended structure, according to the modal decomposition method,
the vertical deflection can be expressed as:

P, £) =Y 9;(x)q,(1) (15)
j=1

Where g is vertical deflection, ¢; is the vibration, g; is the generalized
coordinate.

Assuming the damping is proportional, the acceleration dynamic
response formula of the structure is:

ij.k(t) + ij,k(t) + Kpj,k(t) = F(x, 1) (16)

Where M is the mass matrix, C is the stiffness matrix, K is the damping
matrix.

Random parameters

Considering the walking force of each tourist is different to one another, we
next analyzed the randomness of the step excitation of different people in the
normal walking process. From a probability perspective, the step frequency,
step length, weight, dynamic load factor, etc., are regarded as random
variables. They are all required to obey the normal distribution, which is
defined as:

fp ~ 1 (14 Vg N(O, 1)
v~ p,(1+V.N(©,1))

G ~ pg(1+ VGN(0, 1))
ay ~ i, (L+V,, (0,1))

17)

Where p and V represent the mean value and the coefficient of variation of
the random variables, they all follow the standard normal distribution
of N (0,1).
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Fig. 6 | Probability density functions. a Walking
frequency. b Step length.
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The stochastic parameters are constrained according to the following

specifications:

* The influence of step frequency on structural vibration response is
particularly significant. The cadence of normal walking tourists is
generally 1~3 Hz, which can be divided into three walking speeds: slow
1~1.6 Hz, medium 1.2~2.0 Hz, and fast 2~3 Hz*’. Through on-site
investigations and surveillance video analysis, it was found that tourists
walked relatively slowly on the wooden boardwalk. Therefore, this
paper sets the tourists’ step frequency to follow the normal distribution
f,~N (1.3,0.15%) (Hz).
Step frequency and step length can be approximately considered as two
independent random variables. Walking speed can be calculated
through these two parameters generated by Gaussian distribution.
From the results of applying the Gaussian distribution, we can then
calculate walking speed. In addition, the literature also points out that
walking speed is linearly related to step frequency”. Therefore, this
paper assumes that step length follows a normal distribution with a
mean of 0.65 m and a standard deviation of 0.070 m, as shown in Fig. 6.
The normal distribution of walking speed is V ~ N (0.845, 0.1338?).
We assume that the phase angle distribution follows a uniform dis-
tribution of ¢, ~ U (0, 27).
The weight of tourists follows a normal distribution with a mean of
75kg and a standard deviation of 15 kg”, G ~ X (75,15).

Even when walking at the same step frequency, different individuals
can generate different dynamic load factors. This study employs the classical
Bachmann model to determine the dynamic load factor for each harmonic
order. The model, established based on extensive field measurement data,
calculates the factor using the following formula:

a, = 0.41(f, — 0.95)
&, = 0.069 + 0.0056f,
& = 0.033 + 0.0064f,

(18)

For the synchronization coefficient, p: Based on observational studies
of dense crowds, this study sets p = 0.2 for the primary analysis.

The coherence length, L, which relates to the perceived distance
between pedestrians, typically ranges between 1 and 3 metres; here, L.=2m
is adopted.

The coupling coefficient, f3, is treated in this work as a conceptual
parameter aimed at qualitatively revealing the potential influence of the
human-structure feedback mechanism; a value of f=0.15 is used in the
analysis.

Numerical analysis: Monte Carlo simulations

100 simulations of the dynamic response of random pedestrian
loads were carried out in MATLAB. To ensure consistency between the
static and dynamic analyzes, both the ABAQUS and MATLAB models
were developed based on the same geometry, material parameters, and

boundary conditions. In the ABAQUS model, the timber walkway and
transverse beams were modeled using solid elements to accurately
capture local stress and deformation under static loads. However,
compared with solid elements, the number of degrees of freedom in the
beam-element model grows exponentially slower, which is essential for
reducing computational cost in large-scale Monte Carlo simulations that
require numerous iterations. The timber walkway primarily undergoes
bending and shear deformations, which are well aligned with the fun-
damental assumptions of beam theory. Therefore, to simplify the geo-
metric representation and improve computational efficiency, the
structure was idealized as a transverse-longitudinal beam lattice system
in MATLAB. In this modeling system, the bridge deck is idealized as
seven longitudinal girders arranged in parallel over the cross-beams,
which are rigidly connected at the nodal points to form an integrated
finite-element discretized system, as illustrated in Fig. 7. The railings are
equivalently applied as a static load on the outermost nodes at the
cantilever ends of the cross-beams. Subsequently, pedestrian walking
loads, determined by the crowd density, are applied on the longitudinal
girders to investigate the vertical dynamic response of the structure.
Although the ABAQUS and MATLAB models differ in element types,
their equivalence was ensured by maintaining consistent material
properties, geometry, and boundary conditions. Consequently, the
simplified beam-lattice model can reliably reproduce the overall
dynamic behavior observed in the detailed solid-element model, pro-
viding an efficient and accurate foundation for the stochastic dynamic
response analysis under pedestrian excitation. Assuming that the initial
displacement of both the pedestrians and the structure is zero, Rayleigh
damping was adopted in the analysis. The modal parameters and
damping ratios of the timber walkway were obtained through on-site
dynamic testing, with the measurement points and field layout shown in
Fig. 8. A comparison between the modal frequencies and mode shapes
derived from the finite element analysis and those measured in the field
indicates good agreement, as summarized in Table 2. Specifically, the
experimentally measured first and second natural frequencies are
3.257Hz and 4.203 Hz, respectively, while the corresponding fre-
quencies predicted by the finite element model are 3.963 Hz and
4.937 Hz, both within the acceptable range of engineering error.
Moreover, the simulated and measured mode shapes exhibit a high
degree of consistency in their dominant vibration patterns, particularly
in the fundamental bending and torsional deformation modes of the
wooden deck. These results validate that the developed finite element
model can reliably capture the actual dynamic characteristics of the
timber walkway, providing a credible numerical foundation for sub-
sequent analyzes of dynamic responses under pedestrian loads.

The first two natural frequencies are selected as 3.26 HZ and 4.20 HZ,
respectively. The damping ratio is 0.03, and the damping parameters « and 8
are determined’".

C=aM+ K (19)
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Fig. 7 | Finite Element Model. Schematic of the
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Table 2 | Modal parameters
Degree Modal (Hz) Damping ratio (J) Shaking type
1 3.257 0.030 ._'_._._.\../
2 4.203 0.014
1 3.963 -
2 4.937 —
a= 20,05 (20) andits time history at the monitored locations. The specific arrangement of
W, +w; the monitoring points is illustrated in Fig. 8. To further investigate the
2 dynamic effects of visitor loads on the suspended ancient timber structure
p=—">— (21) and considering the load-bearing capacity limit per unit area, this study
©, + 5 defined four crowd-density scenarios in the load simulation: 1 person/m’

The structural dynamic response was analyzed numerically using the
Newmark-f8 method, with a focus on the mid-span vertical displacement

(sparse), 2 persons/m” (moderate), 3 persons/m” (dense), and 4 persons/m’
(over-dense).
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Results

Static analysis under pedestrian load

To systematically evaluate the mechanical behavior and load-bearing
capacity of the wooden boardwalk under crowd loading and to examine its
safety margin under extreme conditions, four crowd-density scenarios were
defined for vertical static graded loading analysis in this study: 1 person/m’
(sparse), 2 persons/m® (moderate), 4 persons/m’ (over-dense), and 6 per-
sons/m’ (ultimate loading). This design aims to systematically reveal the
nonlinear evolution patterns of structural response with increasing crowd
density and to provide clear graded loading benchmarks for safety assess-
ment. As shown in Table 3, the loading test results of the wooden boardwalk
under different crowd densities show that its stress and displacement are
always within the design allowable range. Both the stress and displacement
of the wooden walkway exhibit a significant increase with rising pedestrian
density. Under Condition 1 (with supporting columns), displacement grows
from 1.15 mm to 4.27 mm and stress from 0.06 MPa to 0.21 MPa as density
increases from 1 to 6 persons/m’. This moderate growth indicates that the
columns effectively distribute the load, reducing overall deformation and
stress concentration. In contrast, Condition 2 (without columns) results in
consistently higher displacement and stress, with a peak displacement of
5.19 mm, indicating a noticeable reduction in structural stiffness and load-

Table 3 | Stress-displacement results under different
population densities

Number of 1 2 4 6

people persons/ persons/ persons/ persons/
m? m? m? m?

1.77 mm 2.99 mm 4.27 mm

0.09MPa 0.15MPa 0.21Mpa

2.16 mm 3.02 mm 5.19 mm

0.07MPa  0.15MPa  0.16 MPa

conditions

Condition 1 1.15mm
0.06 MPa
1.37 mm

0.05 MPa

Displacement

Stress

Condition2  Displacement

Stress

(@)

U, Magnitude
+4.267e-03
+3.911e-03
+3.556€-03
+3.200e-03
+2.844e-03
+2.489¢-03
+2.133e-03
+1.778e-03
+1.422e-03
+1.067e-03
+7.111e-04
+3.556e-04
+1.390e-08

(c

U, Magnitude

+2.163e-03
+1.731e-03
- +1.299-03
+8.661e-04
+4.337e-04
+1.338¢-06

bearing capacity. Overall, the supporting columns substantially enhance the
mechanical performance, particularly at high pedestrian densities (4-6
persons/m’), by restraining excessive deformation and mitigating stress,
thereby improving structural stability and safety. Figure 9 illustrates the
displacement and stress contour distributions under a crowd load of 6
persons/m’. The extreme displacement values for both conditions occur at
the mid-span region of the timber deck, while the maximum stress is
concentrated at the connection between the timber beam and the mountain
body, exhibiting an increasing trend along the cliff wall direction.

Dynamic analysis with random loads

As shown in Fig. 10a, as the crowd density increases from 0 to 4 persons/m’,
the maximum vertical accelerations predicted by both the stochastic model
and the integrated model exhibit a monotonic upward trend. In the low-
density range (1-2 persons/m®), the peak accelerations predicted by the
stochastic model are significantly higher than those from the integrated
model. In the high-density range (3-4 persons/m’), the results of the two
models gradually converge and essentially coincide near 4 persons/m’. It can
be observed that, in the low-density stage, the stochastic model tends to
overestimate peak accelerations due to statistical superposition while
neglecting human-structure interaction constraints. In the high-density
stage, synchronized pedestrian behavior becomes dominant, leading to
similar characterizations of the equivalent excitation across different
models, and thus a convergence in predictions. To verify the reliability of the
models, field tests under pedestrian-induced excitation were conducted at
the monitoring points on site. Restricted by visitor flow control in the scenic
area, the measured data were mainly collected under low-density conditions
(0.5,1.0,and 1.5 persons/mz). As shown in Fig. 10b, the measured average
peak accelerations are 0.17 m/s’, 0.26 m/s’, and 0.38 m/s’, respectively.
These results align more closely with the predictions of the integrated model,
indicating that the integrated model can reasonably reflect
human-structure interactions under low crowd densities. Moreover, its
convergent trend with the stochastic model at high densities reflects a

(b) S, Mises

+2.083e+05
+1.909e+05
+1.735e+05
+1.562e+05
+1.388e+05
+1.215e+05
+1.041e+05
+8.678e+04
+6.942e+04
+5.207e+04
+3.471e+04
+1.736e+04
+3.998e+00

(d)

S, Mises

+1.613e+05
- +1.479¢+05
+1.344e+05
+1.210e+05

+2.700e+04
- +1.357e+04
+1371e+02

Fig. 9 | Comparative distributions of displacement and stress at 6 persons/m’. a Displacement cloud map for Condition 1. b Stress cloud map for Condition 1.

¢ Displacement cloud map for Condition 2. d Stress cloud map for Condition 2.
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Fig. 10 | Acceleration response curve. a Mean value
of maximum vertical acceleration response. b On-
site acceleration measurements during normal
tourist walking.
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physically sound representation of group synchronization and coupling
mechanisms, thereby validating the reliability and predictive superiority of
the integrated model across the full density range.

RMS acceleration reflects the accumulated level of vibration energy
rather than instantaneous peaks. The distribution results in Fig. 11a indicate
that as crowd density increases, the overall vibration energy level of the
structure rises. At medium densities, although the energy input from the
crowd increases, structural damping and modal energy dissipation can still
partially dissipate this energy. Under high-density conditions, the duration
of pedestrian excitation is prolonged, and the effective number of partici-
pants in vibration increases, causing the structural vibration energy to
accumulate more easily in a statistical sense, thereby amplifying the RMS
response and its variability. This suggests that high crowd density not only
elevates the average vibration level but may also significantly increase the
uncertainty of structural vibration response, which has important impli-
cations for comfort and serviceability assessments.

The distribution results in Fig. 11b show that increasing crowd density
notably raises the likelihood of extreme dynamic responses in the structure.
Particularly under high-density conditions, although most response sam-
ples remain within an acceptable range, a small number of simulated results
exhibit significantly amplified peak responses. This highlights the need to
focus on low-probability, high-risk scenarios in safety evaluations.

As shown in Fig. 12, the acceleration time-history responses under four
crowd density conditions indicate that the structural vibration is con-
sistently dominated by a frequency component of ~3.25 Hz, which matches
the first natural frequency of the structure. This confirms that the structural
response is primarily governed by the fundamental mode across all density
levels. As crowd density increases, the peak, mean, and RMS (root mean
square) values of the response signal show a systematic rise, while the
response dispersion band (the +1 standard deviation interval) gradually
widens. This reflects an overall increase in both the vibrational energy and
the fluctuation range of the structure with higher density.

Under low-density (sparse crowd) conditions, the structural response
exhibits forced vibration dominated by the first mode, with weak interaction
among pedestrian step frequencies. The excitation can therefore be
approximated as a superposition of independent random inputs. As density
increases, the widening of the dispersion band suggests that interaction
among pedestrian step frequencies begins to emerge. Statistically, the step
frequencies of some pedestrians approach the fundamental frequency of the
structure, thereby enhancing the sustained excitation of this mode. Con-
currently, the average response amplitude rises significantly. The multiple
simulated response curves form a distinct “band-like” distribution around
the mean, with waveforms becoming more regular and random noise
characteristics diminishing—indicating a gradual strengthening of step-
frequency synchronization.

With further density increase, the excitation from adjacent pedestrians
exhibits stronger temporal and spatial correlation. The combined effect of
spatial coherence and step-frequency synchronization allows the main
structural mode to receive continuous energy input, leading to a quasi-
resonant state. At this stage, the average response waveform becomes highly
regular. Despite the larger dispersion band, the vibration remains locked
near 3.25 Hz. This implies that the structural vibration has begun to influ-
ence pedestrian gait, causing some pedestrians to adjust or lock their step
frequencies, thereby establishing a weak human-structure coupling feed-
back mechanism that further reinforces the excitation of the first mode.

In summary, the increase in crowd density does not alter the inherent
dynamic characteristics of the structure. Instead, it progressively amplifies
the excitation intensity on the fundamental mode through three mechan-
isms: step-frequency synchronization, spatial coherence, and weak
human-structure coupling. This observed behavior is consistent with the
predictions of the established crowd-structure interaction model, validating
its physical rationality under high-density crowd excitation.

According to the evaluation of vibration comfort based on the EU
HiVoSS guidelines in Table 4, the results shown in Fig. 13 indicate that: at a
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Table 4 | Vibration comfort criteria

Comfort level Excellent Good Fair Unacceptable
Horizontal acceleration <0.1 0.1-0.3 0.3-0.8 >0.8
Vertical acceleration <0.5 0.5-1.0 1.0-2.5 >2.5

crowd density of 1 person/m’, the structural vibration falls within the
“Excellent” grade, with almost no discomfort perceived. When the density
increases to 2 persons/m?, the vibration response intensifies but remains in
the “Good” category, meeting normal serviceability requirements. At a
density of 3 persons/m’, the average acceleration approaches 0.9 m/s’,
reaching the comfort threshold, where the superposition of crowd loads and
step-frequency synchronization effects become significant. When the den-
sity rises to 4 persons/m’, the average acceleration reaches about 1.15 m/s’,
entering the “Acceptable” range. At this point, vibration perception is dis-
tinct, comfort decreases noticeably, and the structural service performance
approaches the comfort limit, indicating potential risks.

Figure 14 shows the fluctuation of peak displacement under mul-
tiple conditions due to the randomness of pedestrian walking loads. In
order to more accurately describe the complex nonlinear dynamic effects
of the system’s displacement response with varying numbers of pedes-
trians and to rapidly evaluate the wooden boardwalk, a cubic polynomial
model was adopted to fit the peak displacement, thereby establishing a
parametric prediction model. Specifically, the formula for fitting peak
displacement under multiple-person random discrete walking loads is
expressed as follows:

y=2.11573 7% — 0.00263 x> + 0.15429 x + 0.4234  (22)

The goodness of fit of the model was assessed by its R* value of 0.95,
indicating that the fitted curve explained the data variation well.

According to the Chinese standard GB 50005-2017 for timber struc-
tures, the deflection of flexural members must comply with specified limits.
The wooden gallery in this study serves a structural function equivalent to
“floor joists and beams” as defined in the code, with a prescribed deflection

limit of 1/250 (where 1 is the calculation span of the member). This value
represents the fundamental requirement for evaluating structural stiffness
and ensuring safe usage. However, as a heritage structure directly subjected
to pedestrian loads, the wooden boardwalk of the Xuankong Temple
functions more similarly to a footbridge and is particularly sensitive to
vibrations. To ensure user comfort, prevent noticeable vibration-induced
discomfort among visitors, and address the special conservation require-
ments of heritage buildings, engineering practice generally adopts more
stringent deflection control criteria. Therefore, this study employs a tiered
evaluation system for comprehensive assessment:
* Basic requirement: The calculated deflection must satisfy the manda-
tory code limit of 1/250 to guarantee structural safety.
* Comfort requirement: To achieve superior user experience and higher
safety redundancy;, it is recommended to concurrently meet a recom-
mended limit of 1/400, which effectively controls structural vibration.

This tiered approach not only fulfills the mandatory provisions of the
code but also reflects advanced concepts in the refined conservation of
heritage structures and human-centered design. Based on this, it can be
concluded that a deflection of w < 12 mm at the monitoring point represents
the basic limit for structural safety, while w <7.5 mm corresponds to the
requirement for pedestrian comfort. According to the occupant-
displacement fitting curve, when the crowd density reaches 4 persons/m’,
the peak displacement reaches 6.43 mm, approaching the comfort limit.
This indicates a degradation in visitor experience and suggests potential
safety risks.

Discussion

This study addresses the issue of dynamic response prediction and safety

assessment of suspended ancient timber structures under tourist walking

loads. By integrating field tests, numerical simulation, and theoretical

modeling, it systematically investigates static graded loading, pedestrian

load modeling, dynamic response prediction, and comfort evaluation. The

main conclusions are as follows:

(1) Static graded loading tests reveal that although timber columns do not
significantly share the stress of the main beams, they effectively restrain
structural displacement. At a crowd density of 6 persons/m’, the
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Fig. 13 | Comfort rating. ISO 10137 Vibration
comfort assessment.
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Fig. 14 | Number of people-displacement fitting curve. Used to predict peak
displacement under crowd loading.

maximum displacement for the condition with columns (4.27 mm) is
~17.7% lower than that for the condition without columns (5.19 mm).
This confirms the important safety redundancy function of timber
columns in controlling overall structural deformation and enhancing
deformation controllability.

(2) The integrated model, which incorporates step-frequency synchroni-
zation, spatial coherence, and weak human-structure coupling
mechanisms, demonstrates high predictive accuracy across the full
density range (0.5-4 persons/m’). Its predictions show good agreement
with measured data, significantly outperforming the traditional
stochastic model. In the high-density stage, the results of the two
models converge due to the dominant role of synchronization effects,
validating the integrated model’s reasonable representation of group
synchronization and coupling mechanisms.

(3) As crowd density increases, the peak, mean, and RMS values of
structural acceleration response show a systematic increase, indicating
significant accumulation of vibration energy. When the density exceeds
3 persons/m’, the average acceleration approaches 0.9 m/s’, reaching
the comfort threshold. At a density of 4 persons/m’, the average
acceleration is about 1.15 m/s*, where comfort decreases noticeably,
and structural service performance approaches the safety boundary.

This study follows the principle of non-destructive investigation and
adopts an integrated research approach combining field monitoring,
numerical simulation, and theoretical analysis. Although staged progress
has been achieved in modeling crowd-structure interaction and conducting

safety assessment of suspended ancient timber structures, several limitations

remain, as discussed below:

First, constrained by practical considerations in cultural heritage pre-
servation, it is currently difficult to carry out invasive tests or load tests on
such precious heritage structures that may cause damage. As a result, in-
depth experimental validation of the “safety redundancy” mechanism of
timber columns is not feasible, and a systematic investigation into the
applicability of Rayleigh damping parameters under higher-order vibration
modes and varying crowd densities remains challenging. Additionally,
existing research lacks directly comparable findings from similar structures.
Second, although this study differentiates between structural safety and
vibration comfort evaluation, in the vibration comfort analysis, non-
structural components (such as wooden railings) are only included in the
model as equivalent mass, without explicitly considering the subtle influence
of their local stiffness on the overall dynamic characteristics. This simplifies
the actual vibration propagation mechanism to some extent. Finally, current
safety assessments primarily rely on static analysis and have yet to achieve
real-time sensing and early warning of structural conditions.

Looking ahead, future research will be deepened in the following two
directions:

(1) Refinement of models and mechanisms: Utilize long-term structural
health monitoring data to continuously calibrate damping models and
crowd-structure interaction models; where conditions permit, experi-
ments on similar structures or full-scale tests may be conducted to
further elucidate the collaborative working mechanisms of timber
columns and other components.

(2) Development of an intelligent monitoring and early warning system:
Integrate technologies such as IoT sensing, computer vision, and
machine learning to build an intelligent platform capable of vibration
monitoring, crowd density identification, and safety status early
warning. This will promote the transition of safety assessment from
“post-event analysis” to “pre-warning,” gradually establishing a new
paradigm for heritage conservation characterized by “intelligent sen-
sing — precise prediction — dynamic control”.

Data availability

All figures in this manuscript are original and were created by the authors.
The datasets generated and/or analyzed during the current study are not
publicly available due to restrictions concerning the preservation and site
security of the immovable cultural heritage involved. Detailed geometric,
material, and structural weakness data could be misused if openly shared.
However, they are available from the corresponding author on reasonable
request. The custom MATLAB scripts and the Abaqus finite element
model files developed for this study contain specific parameters and geo-
metric details of the heritage structure. They are subject to a confidentiality
agreement with the cultural heritage administration but are available from
the corresponding author on reasonable request for academic or pre-
servation purposes, subject to a formal data-sharing agreement. The
commercial software used were MATLAB R2022a and Abaqus 6.14. Key
parameters (including material properties, boundary conditions, and load
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combinations) required to interpret the findings are provided in the
Methods section.

Code availability

The custom MATLAB scripts and the Abaqus finite element model files
developed for this study contain specific parameters and geometric details of
the heritage structure. They are subject to a confidentiality agreement with
the cultural heritage administration but are available from the corre-
sponding author on reasonable request for academic or preservation pur-
poses, subject to a formal data-sharing agreement. The commercial software
used were MATLAB R2022a and Abaqus 6.14. Key parameters (including
material properties, boundary conditions, and load combinations) required
to interpret the findings are provided in the Methods section.
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