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ABSTRACT: This study investigates the wind-resistant performance of a masonry pagoda using ABAQUS. Modal
analysis was first conducted to identify the first six vibration modes. Wind speed time histories generated via the
harmonic superposition method in MATLAB were converted into wind pressure and applied to the pagoda’s surface.
The time-history analysis method was employed to study wind-induced vibrations, obtaining nodal displacement time-
history responses. Comparative analyses of structural responses were performed under 0° and 90° wind directions.
Finally, Carbon fiber reinforced plastic (CFRP) reinforcement was applied, with post-reinforcement damage analysis
systematically compared to the pre-reinforcement damaged state. The results demonstrate that the door openings and
damaged areas of the pagoda exhibit heightened wind sensitivity. The structural displacement response primarily occurs
along the Z-axis, with magnitudes increasing proportionally to elevation. The 90° wind direction is identified as the
most critical, inducing maximum dynamic responses. CFRP reinforcement eftectively reduces displacement and stress
values while significantly improving structural stability.

KEYWORDS: Ancient masonry pagoda; harmonic superposition method; fluctuating wind; ABAQUS; time history
analysis

1 Introduction

Structural wind engineering, foundational to the discipline’s development, remains central to wind
engineering research, with mitigating wind-induced disasters constituting a critical mission for human
survival and development. Consequently, research on structural wind engineering holds critical significance.
Substantial advancements in computational wind engineering have been achieved through extensive schol-
arly efforts [1-3]. Chinese ancient architecture, characterized by its millennia-old history, aesthetic elegance,
and unique cultural value, represents architectural treasures of global significance. The conservation of
heritage structures has gained increasing attention, evidenced by 280 ancient buildings (36.7%) among 762
sites in the 8th batch of National Key Cultural Relics Protection Units. Current research predominantly
focuses on structural strength and seismic performance [4], while wind resistance studies remain limited.
Pagoda structures, as wind-sensitive tall constructions, exhibit pronounced vulnerability to lateral loads,
frequently experiencing vibration and deformation under wind actions.

Scholars worldwide have conducted preliminary investigations on ancient structures, particularly
pagoda configurations, under wind loads. These studies primarily focus on wind load modeling, structural
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response analysis, and wind resistance performance evaluation of pagodas. For instance, Li et al. [5] inves-
tigated wind load effects on a historic wooden pagoda with distinctive architectural profiles through wind
tunnel tests, revealing wind pressure distribution patterns under varying wind speeds, thereby providing
a scientific reference framework for sustainable heritage conservation. Additionally, Computational Fluid
Dynamics (CFD) simulations have been extensively applied to wind load analysis of pagodas. For example,
Li et al. [6] conducted comparative analyses of geometric models with varying levels of detail via CFD
simulations, assessed wind effects on ancient Asian wooden pagodas, proposed structural optimization
strategies for enhancing wind resistance and structural stability, and established scientific guidelines for
conservation and restoration practices.

Research on ancient structures also focuses on structural responses and wind resistance. Wu et al. [7]
developed a numerical model of a vase-shaped masonry pagoda using ABAQUS finite element software,
analyzing its dynamic responses under seismic waves and revealing principal tensile stress distribution
patterns and seismic damage mechanisms. Furthermore, Li et al. [8] proposed a non-destructive approach by
planting artificial vegetation around the Yingxian Wooden Pagoda to mitigate wind loads and wind-induced
responses. This method centers on creating vegetation barriers to alter flow field characteristics, thereby
reducing wind loads acting on the structure, offering an innovative strategy for heritage conservation.

The coupled effects of wind and seismic loads on tall pagodas constitute a key research focus. Tan
et al. [9] investigated the vulnerability of seismically isolated high-rise structures under wind actions,
establishing a theoretical framework for wind-induced vulnerability assessment validated through case
studies. Lu et al. [10] analyzed the dynamic performance and damage patterns of super-tall pagodas under
combined seismic and wind loads through field dynamic testing and numerical simulations. Structural
optimization strategies have been proposed to enhance wind resistance, including aerodynamic shape
optimization of high-rise configurations to mitigate wind load effects as demonstrated by Al-Azri et al. [11].
Han etal. [12] employed CFD simulations and finite element analysis to characterize wind-induced vibration
mechanisms in traditional Chinese city gate towers like Nanjing Drum pagoda, providing quantitative
foundations for structural retrofitting.

In China, many ancient pagodas have experienced structural damage due to wind loads. A notable
example is the Shengxiang Pagoda during the construction of Wuhan Metro Line 5. During tunnel blasting
for the metro line, the pagoda exhibited noticeable cracks and displacement due to combined effects of
blast-induced vibrations and wind loads. Through numerical simulations and field monitoring, researchers
analyzed the dynamic response of the pagoda structure and proposed reinforcement measures, such as
carbon fiber reinforced polymer (CFRP) strengthening, to enhance the tower’s wind resistance [13].

Current research methods and technologies for building wind loads can be categorized into three
approaches: finite element analysis (FEA), computational fluid dynamics (CFD) simulations, and wind
tunnel testing.

Finite Element Analysis (FEA) is a widely used method to study structural responses under wind loads.
By constructing three-dimensional models, FEA simulates the dynamic effects of wind loads on structures
and predicts potential failure modes. For instance, Zhong et al. [14] investigated wind-induced vibrations
in transmission line-insulator systems under downburst conditions using static and dynamic FEA methods.
Their work established an average wind model and non-stationary fluctuating wind model for downbursts,
proposing a method to determine equivalent static wind loads for downburst-affected conductors. Wei
et al. [15] comprehensively evaluated and improved the wind resistance of wind turbine towers through
FEA, providing theoretical and practical guidance for their design, manufacturing, and optimization. Wang
et al. [16] conducted detailed stress, strain, and deformation analyses of wind turbine components via FEA,
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assessing their load-bearing performance under wind and gravitational loads, thereby offering critical data
for turbine design and optimization.

Computational Fluid Dynamics (CFD) Simulations are employed to analyze wind field effects on
structures, particularly wind pressure distribution and wind-induced vibration characteristics. This method
aids in optimizing structural design to mitigate wind-induced damage. Irwin [17] utilized CFD to study flow
characteristics around super-tall buildings in wind fields, revealing detailed flow field patterns to inform
architectural design. CFD also enables simulation of building environmental performance (e.g., wind loads,
acoustics, optics) for holistic optimization. Janssen et al. [18] applied CFD to simulate wind loads on container
ships under varying wind conditions, demonstrating its accuracy in predictions while noting that geometric
simplification impacts result reliability.

Wind Tunnel Testing remains a critical experimental method for studying wind load responses. By
replicating real-world wind conditions, it provides structural response data across wind speeds to guide
reinforcement design. Prasad et al. [19] investigated wind load characteristics of low-rise buildings with
varying roof configurations (flat, pitched, etc.) through wind tunnel tests, validating the significant impact
of roof design on wind loads and offering scientific guidance for architectural practices. Jiang et al. [20]
simulated snowdrift patterns under diverse wind speeds and directions using scaled models in wind tunnels,
measuring snow distribution and drift behavior. The resulting data served as a validation benchmark for
numerical simulations, ensuring their accuracy and reliability.

This study focuses on a masonry ancient pagoda, examining its academic significance derived from
the complexity of wind resistance analysis for its earthquake-damaged unique configuration, as well as its
inherent historical value. Wind loads acting on the structure primarily include along-wind mean wind
and fluctuating wind components, as well as crosswind wake vortex interference. The residual pagoda in
this study is situated in an open terrain with minimal surrounding modern structures, rendering wake
vortex effects non-critical. The research specifically addresses structural vibrations induced by along-wind
fluctuating wind, neglecting wind-structure interaction effects. Based on national structural design codes,
fluctuating wind loads were simulated by accounting for the vertical correlation of wind fluctuations. A three-
dimensional finite element model of the pagoda was developed using the simulated time-history samples
of fluctuating wind loads, and the wind-induced dynamic responses were calculated through time-history
analysis. The structural geometry was modeled using ABAQUS finite element analysis software.

2 The Establishment of the Residual Pagoda Model
2.1 Overview of the Ancient Pagoda

The an Ganyin Temple Pagoda was originally constructed in 1165 CE. Featuring an octagonal plan,
the pagoda initially comprised twelve stories with a total height of 44.1 m. In 1303 CE, an earthquake
caused the collapse of its upper section, splitting the structure into two parts. Currently, only seven stories
remain, with a total residual height of 34.1 m. Due to severe damage to the ancient brick structure, localized
geometric simplifications were implemented in numerical modeling. In this study, a three-dimensional
numerical model was developed using SolidWorks. The numerical geometry was constructed based on
existing architectural records and visual inspection from available photographs, explicitly capturing the
macroscopic split between Towers A and B. Minor surface cracks were not modeled as discrete gaps but were
homogenized into the material properties to maintain computational efficiency. The pagoda’s external and
internal side lengths are 4.2 and 1.6 m, respectively, with a current height of 34.1 m. The first story measures
9.98 m in height, while subsequent stories are 14.96, 19.34, 23.44, 2715, 31.54, and 34.12 m, respectively. The
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numerical model, alongside field photographs and dimensional schematics, is illustrated in Fig. 1. For clarity,
the shorter residual section is designated as Tower A, while the taller portion is referred to as Tower B.

(a) Actual scene pictures (b) Dimensional schematic  (c¢) Three-dimensional numerical model
Figure 1: Ganying temple pagoda.

For the purpose of wind load analysis, a Cartesian coordinate system is defined with the Y-axis vertical
(elevation), the Z-axis oriented parallel to the U-shaped opening, and the X-axis perpendicular to the Z-axis
(i.e., parallel to the line connecting Towers A and B). This coordinate system is used consistently throughout
the study to define wind directions and report displacement responses.

2.2 Finite Element Modeling and Material Characterization

The numerical model was imported into ABAQUS for simulation, with explicit algorithms in the
Standard module employed for nonlinear dynamic analysis. The pagoda was discretized using C3D4
tetrahedral elements, selected for their computational efficiency (4-node configuration) and adaptability to
complex architectural features (e.g., arches, windows), ensuring geometric fidelity in mesh generation.

The material properties of the masonry were comprehensively determined based on damaged brick test-
ing (Fig. 2) and relevant literature regarding the residual mechanical properties of similar damaged ancient
masonry towers [21]. The key material parameters are defined as follows: elastic modulus E = 1250 MPa,
density p = 1800 kg/m’, and Poisson’s ratio v = 0.3. A mesh convergence study was performed to ensure
the chosen mesh density provides accurate results without being computationally prohibitive. Using C3D4
tetrahedral elements, the global mesh size was progressively refined from 1.0 to 0.8, 0.6, and finally 0.5. At
each refinement level, the maximum stress and displacement at critical locations were monitored. When
the global mesh size reached 0.5, the computed values differed by less than 2% compared to an even finer
mesh (0.4), indicating that the solution had effectively converged. At the same time, this mesh density
maintained reasonable computational cost. Based on this study, the global mesh size of 0.5 was selected
for all subsequent analyses. Specifically, the selected elastic modulus accurately reflects the tower’s actual
stiffness state following centuries of environmental erosion, mortar degradation, and localized cracking.
Compared to intact historical masonry structures (typically ranging from 2000 to 5000 MPa), this value is
significantly lower. In the context of structural safety assessment, adopting a lower elastic modulus embodies
a conservative principle: the reduction in structural stiffness leads to an increase in the calculated wind-
induced dynamic response. Consequently, this ensures that the conclusions regarding structural safety
and the effectiveness of Carbon Fiber Reinforced Polymer (CFRP) reinforcement possess adequate safety
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margins. Furthermore, given the brittle nature of historical masonry and its concrete-like mechanical
characteristics, the Concrete Damaged Plasticity (CDP) model in ABAQUS was adopted to define the
constitutive relationship of the masonry. Specifically, while the damage evolution parameters were derived
directly from testing, the plasticity parameters (e.g., dilation angle and viscosity) were selected based on
established literature values for quasi-brittle materials to ensure numerical stability. The resulting mechanical
behavior is illustrated in Fig. 3.

Figure 2: Masonry compression test.
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Figure 3: Damage factor evolution patterns.

2.3 Modal Analysis

The structural model was developed in ABAQUS to compute the first six vibration modes. Table 1
presents the corresponding natural periods and frequencies of the ABAQUS model.

Table 1: First six natural frequencies and corresponding periods.

Vibration Mode Order 1 2 3 4 5 6

Frequency (Hz) 0.7727 0.9878 1.0748 1.7825 2.9458 3.3997
period (s) 1.2942 1.0124 0.9304 0.5610 0.3395 0.2941
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The first six mode shapes of the structure are illustrated in Fig. 4. By extracting the structure’s natural
vibration characteristics, the complex dynamic response problem is transformed into a linear superposition
of individual modal responses through the modal superposition method, enabling efficient computation of
wind-induced dynamic behavior.

o

~a—-

(a) First mode shape

(d) Fourth mode shape (e) Fifth mode shape (f) Sixth mode shape
Figure 4: Structural mode shapes.

Modal analysis results indicate that displacement amplitudes across all modes correspond to bending
or torsional vibration patterns. The first mode represents global bending vibration, characterized by lateral
sway of the pagoda in the Y or Z direction. The second mode involves higher-order bending in the same
direction or incorporates minor torsional components. The fifth mode exhibits a localized vibration mode
with pronounced oscillations at the tower’s apex or specific stories. Remaining modes demonstrate hybrid
vibrations (bending + torsion) or higher-order global modes. It is concluded that lower-order modes (Ist—
2nd) dominate global bending vibrations, necessitating focused evaluation of wind resistance stability,
while higher-order modes (5th-6th) exhibit significant local amplitudes, highlighting regions requiring
targeted reinforcement. This study assesses structural safety under actual wind loads through dynamic
response analysis.

2.4 Damping Selection

The Rayleigh damping model is a linear damping model that assumes the total damping of a structure is
obtained through a linear combination of the mass and stiffness matrices of the structure. It can be expressed
by the following equation:

[C]=ax[M]+px[K] ey
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where, [C] is the damping matrix of the structure, [M] is the mass matrix, and [K] is the stiffness matrix.
a and f are parameters in the Rayleigh damping model. This paper employs the Rayleigh damping model
to account for structural damping, substituting the results of modal analysis into the damping model to
calculate the structural damping. The calculation formula is as follows:

47'[6016026
o= —

(2)
w1 + wy
~ §
B= (w + wy) 3)

where, a and 8 denote the mass-proportional and stiffness-proportional damping coeflicients, respectively;
w; and w; are the first two natural angular frequencies of the structure; & is the damping ratio. Considering
that the damping ratio of masonry tower structures typically ranges from 0.01 to 0.05, this paper adopts a
damping ratio of & = 0.05 for the tower, resulting in calculated values of a = 0.35689 and f3 = 0.00690. These
parameters are then sequentially imported into the ABAQUS model for subsequent analysis. It should be
noted that the damping ratio of £ = 0.05 represents an upper-bound estimate for intact masonry. For a severely
damaged structure like this pagoda, the actual damping ratio is likely higher due to increased internal friction
at crack interfaces. If a higher damping ratio were employed, the structural response would be reduced.
Therefore, the results obtained with £ = 0.05 can be considered conservative estimates for the damaged
pagoda. The core conclusions of the study remain robust even if a higher damping ratio were considered.

3 Simulation of Pulsating Wind Using MATLAB

Wind-induced vibration analysis is essential for structural design. To study wind-induced vibrations,
accurate wind load time histories are required. However, if the actual measured wind data from site
observations are directly applied to the structure, the structural response may not reach its peak before the
wind effect diminishes. Therefore, artificial wind simulation is a more feasible approach. Currently, two main
methods are employed: the first involves generating wind load time histories using known parameters such as
terrain type and wind spectrum characteristics, through which wind velocity is simulated and subsequently
converted into wind load acting on the structure [22]. The second method relies on wind tunnel testing,
where sensors are used to acquire surface pressure data from the model, and the measured data are then
transformed into wind load time histories. This paper adopts the first method—artificial wind simulation.
MATLAB is utilized to generate fluctuating wind velocity time histories based on the wind velocity spectrum,
yielding realistic fluctuating wind velocities. Through simulation analysis, fluctuating wind pressure time
histories are obtained.

3.1 Definition of Fluctuating Wind

The wind speed at any location is composed of both the mean wind speed and the fluctuating wind
speed. The mean wind can be regarded as a static component, remaining constant over time, whereas the
fluctuating wind is a stochastic dynamic component that varies with time and must be described using
statistical methods [23,24]. Fluctuating wind speed can be represented as a zero-mean Gaussian stationary
random process, which is ergodic in nature. The power spectral density (PSD) function is the most important
statistical characteristic of fluctuating wind, as it indicates the distribution of wind energy across different
frequencies. Furthermore, based on actual observations of strong winds, it is known that during a gust event,
the wind speed and direction at different positions on the windward surface of a structure can be inconsistent,
and may even differ significantly. Therefore, when studying the fluctuating wind speeds at various nodes of
an ancient pagoda, the spatial correlation of the fluctuating wind must be taken into account.
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3.2 Selection of Wind Spectra and Simulation Methods for Fluctuating Wind

Currently, there are five commonly used fluctuating wind velocity spectra: Davenport, Kaimal, Simiu,
Harris, and Karman. The first two are widely applied in the analysis of wind-induced dynamic responses of
buildings. The main difference between the Davenport and Kaimal spectra lies in whether the turbulence
scale varies with height. The Kaimal spectrum accounts for the influence of height on wind velocity, whereas
the Davenport spectrum, which is most widely used in China, does not.

3.2.1 Davenport Wind Velocity Spectrum

The typical characteristic of the Davenport wind velocity spectrum is that the power spectral density of
horizontal fluctuating wind remains constant with respect to height [25]. Its mathematical expression is:

4k - V3 - x2

Spavenport(f) = W (4)
where: Spavenport (f) is the power spectral density of the Davenport wind velocity spectrum; k is the
surface roughness coefficient; Vjis the mean wind speed converted to aheight of 10mabove ground; f is the
frequency of the fluctuating wind; x,, = %.

3.2.2 Kaimal Wind Velocity Spectrum

The typical characteristic of the Kaimal wind velocity spectrum is that its power spectral density varies
with height [26], and its expression can be simplified as:

200- f,
SKaimal (f) = W . Mi (5)

where: Skaimal (f) is the power spectral density of the Kaimal wind velocity spectrum; f, is the relative fre-
-z

quency, defined as f, = -y, where z is the height and U (z) is the mean wind speed at height z; u, is the
friction velocity, calculated using the following formula:

. U(z) -k
In(z)

where k is the Kaimal constant, taken as the classical value of 0.4; z, is the surface roughness length,
determined based on terrain classification.

(6)

3.2.3 Simulation Methods for Fluctuating Wind

Considering that the current Chinese wind load code adopts the Davenport wind velocity spectrum,
while the Kaimal spectrum accounts for the influence of height on wind speed, both the Davenport and
Kaimal spectra are selected in this study to simulate fluctuating wind. The ancient pagoda is located in a
terrain category C. Based on its actual design conditions, the mean wind speed at a height of 10 m is taken as
24 m/s, according to the basic wind pressure map specified in the Chinese Load Code for Building Structures
(GB50009-2012) [27] and the climatic characteristics of Shanxi Province.

Since the Davenport wind velocity spectrum does not account for the influence of vertical height on
the wind spectrum, and actual fluctuating wind is also affected by horizontal position, spatial correlation of
fluctuating wind speeds must be considered when using the Davenport spectrum to simulate actual wind
speeds in this study. Currently, artificial wind speed time history simulation methods are mainly categorized
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into two types: the linear filter method and the harmonic superposition method. The linear filter method
transforms a zero-mean white noise random sequence through appropriate transformations to generate a
random process with specified spectral characteristics, including the autoregressive (AR) model and the
autoregressive moving average (ARMA) model [28], and is a conditionally stable simulation method. The
harmonic superposition method simulates the wind speed process as the superposition of a series of cosine
functions, and is an unconditionally stable high-precision simulation method. Depending on the number
of simulation points, it can be divided into single-point and multi-point simulations. To address the low
efficiency of traditional harmonic superposition algorithms in simulating multivariate random fluctuating
wind fields, Luongo and Zulli [29] employed an optimized algorithm for harmonic superposition. Recently,
new simulation methods such as wavelet analysis have also been introduced. In this paper, the harmonic
superposition method is employed to generate a random wind field that satisfies the target power spectrum
and coherence function by superimposing multiple harmonic components. The main mathematical model
is briefly described as follows.

The harmonic superposition method achieves efficient time-domain wind load generation by decom-
posing the target power spectrum into discrete harmonic components using the inverse fast Fourier
transform (IFFT). The specific steps are as follows: (1) Calculate the target power spectral density based
on the Davenport or Kaimal spectrum; (2) Construct a cross-spectral matrix incorporating the spatial
coherence function, and ensure its positive definiteness through LDL decomposition; (3) Generate complex
frequency-domain signals with random phase, convert them to the time domain via IFFT, and eliminate
Gibbs phenomena through spectral symmetry extension.

This method reduces the computational complexity of the traditional harmonic superposition method,
enabling efficient generation of multi-node wind load time histories that meet code requirements. Consis-
tency with the target spectrum is verified through power spectral comparison (RMS error < 8%), providing
a reliable input for subsequent analysis of wind-induced dynamic responses. In this study, MATLAB code
is developed using the aforementioned method to simulate fluctuating wind velocities; with the input of
relevant simulation parameters, the fluctuating wind speed time histories at each point can be obtained.
Below are the core formulas used in the harmonic superposition method.

(1) Harmonic Component Superposition Formula

Nire

ui(t) = \/_Z\/S,,(fk)Af cos(27fit + i) 7)

where: S;; (fx) is the target power spectral density; A f is the frequency resolution, with a sampling frequency
of10 Hz; ¢ is the random phase, ensuring the randomness and stationarity of the signal; Nfeq is the number
of harmonics. This formula generates random signals with specified spectral characteristics by superposing
discrete spectral components combined with power spectral density and random phase, serving as a core
tool for simulating physical random processes.

(2) Spatial Correlation Control (Coherence Function)

f\/c2r2 + czr2 + c2r?

Un

coh;;(f) =exp| - (8)

where: coh; jis the coherence between nodes i and j; ¢y, ¢, ¢, are decay coefficients; cy, c,, c; are spatial
distances; U, is the mean wind speed.
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(3) IFFT Acceleration Formula

Nﬁeq
u(t) = \/?IFFTLZ \/s_k-ei¢k] (9)
=1

3.3 Simulated Fluctuating Wind Field

The residual pagoda model used in this study has a height of approximately 34.1 m. To improve the
accuracy of the simulation results, the ancient pagoda model is divided into seven segments according to
actual conditions. At the top of each segment, a representative node is defined, and the wind speed time
history of that node is applied to all nodes within the same segment. These nodes are located at heights of
Node1(9.98 m), Node 2 (14.96 m), Node 3 (19.34 m), Node 4 (23.44 m), Node 5 (2715 m), Node 6 (31.54 m),
and Node 7 (34.12 m). Fig. 5 shows the nodes selected for wind speed time history output. Nodes 1 to 7
represent the respective sections from the base to the top of the tower B. By inputting the spatial coordinates
of these seven nodes into the MATLAB program, the fluctuating wind speed curves varying with time for
each node can be obtained. Adding the corresponding mean wind speed yields the final actual wind speed
time history curve. The static wind data for seven nodes are detailed in Table 2. Based on the actual location
of the ancient pagoda in this study, the terrain category is classified as Type C. In Type C terrain, the formula
for the variation of mean wind speed with height z is given by:

v(z) =vio (%)0.22 (10)

where: vy is the wind speed at a height of 10 m (in this study, the basic wind speed is taken as 24 m/s).
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Figure 5: Wind speed output node distribution.
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Table 2: Static wind at seven nodes.

Node Number Static Wind Speed (m/s) Node Number Static Wind Speed (m/s)
1 23.99
2 26.22 5 29.90
3 27.75 6 30.90
4 28.95 7 31.44

Considering spatial correlation, the harmonic superposition method is employed to generate fluctuating
wind speed time history curves for seven nodes, using both the Davenport and Kaimal wind velocity
spectra. Fig. 5 presents the wind speed time history curves for all nodes based on the Davenport spectrum,
representing the actual wind, fluctuating wind, and mean wind acting on each of the seven tower levels.

From the seven nodes shown in Fig. 6a-g, it can be observed that considering spatial height correlation,
the fluctuating wind speed time history curves simulated based on the wind velocity spectra are related to
the spatial height, and the overall curves change as the spatial position varies. Fig. 6h presents the wind speed
power spectral density at the top node of the ancient pagoda. It can be seen that the simulated Davenport
wind velocity spectrum is in close agreement with the target spectrum, indicating that the method used to
simulate the Davenport spectrum is both feasible and accurate.
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Figure 7: Kaimal wind speed spectrum.

Fig. 7h shows the wind speed power spectral density at the top node of the ancient pagoda simulated
using the Kaimal wind velocity spectrum. It can be observed that the simulated Kaimal spectrum is in close
agreement with the target spectrum, demonstrating the feasibility and accuracy of the simulation method.
The consistency between the simulated and target power spectra indicates that the wind speed time history
calculated using the harmonic superposition method is reliable and effective. Therefore, this method can be
applied to numerical simulations of wind-induced vibrations in historic building structures. The following
wind-induced response analysis is based on the Davenport wind velocity spectrum.

3.4 The Generation of Pulsating Wind Loads

According to the latest “Load Code for Building Structures” (GB50009-2012), there is a defined
relationship between wind speed and wind pressure, with wind pressure being proportional to the square of
the wind speed. In this study, the wind speeds at various points on the ancient pagoda are derived based on
Bernoulli’s equation. By combining the square of the wind speed with the projected area and shape coefficient
of the structure, the dynamic wind load is directly computed. The wind load calculation formula for the
ancient pagoda is given as follows:

W(t) = %p-ut(t)z-ys-As (1)

where: W(t) is the wind load time history; p is the air density; u;(¢) is the total wind speed time history; p
is the shape coefficient; A; is the projected area.

Taking the wind speed time history curve at Node 117 as an example, which represents the top of the
ancient pagoda, the wind speed is converted into wind load acting on the tower top. The time history curve
obtained based on the Davenport wind velocity spectrum is shown in Fig. 8a, while the time history curve
derived from the Kaimal wind velocity spectrum is shown in Fig. 8b. It is noted that while both Davenport
and Kaimal spectra were simulated to validate the reliability of the harmonic superposition method (Figs. 6h
and 7h), the subsequent structural response analysis utilized only the Davenport spectrum. This selection
aligns with the Chinese Load Code for Building Structures (GB50009-2012) and ensures practical applicability.
Given that the study focuses on comparative trends across wind directions and reinforcement schemes, the
Davenport spectrum provides a consistent and code-compliant basis for the dynamic analysis.
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Figure 8: Wind load time history curve.

4 Dynamic Response Analysis of the Ancient Pagoda under Fluctuating Wind
4.1 Wind Load Application Method

To account for the asymmetric U-shaped configuration, a Cartesian coordinate system was established
consistent with the residual pagoda’s geometry (Fig. 9a). The X-axis connects Towers A and B (perpendicular

to the opening), the Z-axis parallels the opening, and the Y-axis represents vertical elevation. Two critical
wind incidence angles (f3) were analyzed:

r

0° wind direction wind load input point

90° wind direction wind load input point

(a) Schematic diagram of wind load application points and wind incidence angles (b) Result output points

Figure 9: Schematic of input and output nodes and wind incidence angles.

B = 0°: Wind flows along the positive Z-axis, attacking the side faces of both towers (octagonal facets
perpendicular to the X-axis).
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B =90°: Wind flows along the negative X-axis, directly impinging on Tower B’s front face. This
creates a channeling effect within the gap, generating significant suction on the inner faces of both towers.
This direction was identified as the most critical case due to higher stress concentrations across the
damaged interface.

Wind loads were applied as nodal forces based on generated time histories. Fig. 9a illustrates the flow
directions relative to the tower plan, while Fig. 9b indicates the specific nodal positions for outputting
displacement and stress results during the dynamic analysis.

4.2 Stress Response Analysis under Fluctuating Wind Time History

The time history analysis of the structural response under fluctuating wind lasts for a total of 120 s. Stress
distribution contour plots of the ancient pagoda are selected at 30-s intervals to illustrate the stress states at
different time points. Fig. 10 shows the stress distribution contour plots at 30, 60, 90, and 120 s, respectively.
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Figure 10: Stress distribution contour plot under a 90° wind incidence angle.

It can be observed from the above figure that the stress amplitude on the surface of the ancient pagoda
varies at different time points, but the overall stress distribution pattern remains approximately the same.

4.3 Displacement Response Analysis of the Ancient Pagoda

Through structural time history analysis, the displacement time histories of all nodes in the structure
can be obtained. This paper presents the displacement time history curves of key nodes under a 90° wind
incidence angle, including Node 186 on Tower A and Node 117 on Tower B at the tower top, as well as Node
266 on Tower A and Node 100 on Tower B at the bottom damaged layer. Fig. 11 shows the displacement time
history curves of the top nodes, while Fig. 12 illustrates those of the nodes at the bottom damaged layer. Due
to the initial conditions in the numerical simulation—where displacement and velocity are set to zero—and
the sudden application of wind load, a brief transient oscillation occurs. The initial seconds of transient data
are therefore excluded, and only the response after 20 s is analyzed to ensure stability.
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Figure 11: Displacement time history curves of top nodes.

From Figs. 11 and 12, it can be observed that the displacement time history curves of Towers A and B
are consistent, whether at the top layer or starting from the bottom damaged section. This is closely related
to the fluctuating wind speed time history acting on the ancient pagoda. Throughout the fluctuating wind
process under a 90° wind incidence angle, the maximum X-direction displacement at the top of Tower A is
2.144 mm, while that at Tower B is 3.814 mm. The maximum Z-direction displacement at the top of Tower
A is 9.645 mm, and at Tower B is 13.998 mm. At the bottom damaged layer, the maximum X-direction
displacement of Tower A is 0.678 mm, and of Tower B is 0.700 mm; the maximum Z-direction displacement
of Tower A is 0.934 mm, and of Tower B is 0.844 mm. These results indicate that under a 90° wind incidence
angle, the main displacement direction across the ancient pagoda occurs in the Z-direction, with significantly
larger Z-direction displacements compared to those in the X-direction. By comparing the displacements at
the top nodes and those at the bottom damaged layer, it is evident that the displacements at the pagoda top
are considerably greater than those at the damaged layer. This aligns with the theoretical expectation that
maximum displacement in an ancient pagoda occurs at the top, following the general rule that displacement
increases with height along the pagoda structure.
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Figure 12: Displacement time history curves of nodes at the bottom damaged layer.

To assess the engineering significance of the calculated displacements, the maximum Z-direction
displacement of 14 mm at the top of Tower B is evaluated against established performance criteria. The
corresponding global drift ratio is 14 mm/34,100 mm = 0.041% (approximately 1/2436). This value is well
below typical thresholds for ancient masonry pagodas, where the serviceability limit state corresponds to an
interstory drift ratio of 1/500 (approximately 68 mm for this height). For historical masonry more broadly,
global drift ratios between 0.01% and 0.07% are associated with negligible damage. The visible damage shown
in Fig. 10 is primarily attributed to the 1303 earthquake and long-term degradation, not to current wind loads.
The wind-induced displacements are two orders of magnitude smaller than critical values that would initiate
new damage.

4.4 Dynamic Response Analysis under Different Wind Incidence Angles

To investigate the effect of different wind incidence angles on the dynamic response of the residual
pagoda, displacement time history analyses are conducted under wind incidence angles of 90° and 0°. Fig. 13
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shows the variation of X-direction and Z-direction displacements at various nodes along the pagoda height
under the two wind incidence angles.
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Figure 13: Displacement variation with height.

From Fig. 13, it can be observed that under different wind incidence angles, both the X-direction
and Z-direction displacements of the pagoda nodes increase with height. In terms of the X-direction
displacement, the overall displacement fluctuates less compared to that in the Z-direction. Under a 90° wind
incidence angle, the displacement values of Tower B are the largest among all four curves, with a maximum
displacement of 3.814 mm. Regarding the Z-direction displacement, the four curves show a relatively
consistent trend. Under a 90° wind incidence angle, Tower B exhibits the largest overall displacement,
whereas under a 0° wind incidence angle, Tower A shows greater displacement than under 90°, indicating a
stronger wind-induced vibration response of Tower A at 0°. Overall, the 90° wind incidence angle represents
the most unfavorable wind direction for the wind-induced vibration characteristics of the residual pagoda,
under which the maximum displacement response occurs.

5 CFRP Material Reinforcement
5.1 Introduction to CFRP

Carbon fiber reinforced plastic (CFRP) is a high-performance composite material widely used in
the field of civil engineering due to its lightweight, high strength, high stiffness, and excellent corrosion
resistance [30]. The strength and stiffness of CFRP materials are significantly higher than those of traditional
reinforcing materials [31], making them highly advantageous for reinforcing concrete structures. CFRP rein-
forcement technology is primarily applied to concrete structural surfaces through external bonding [32,33] or
wrapping [34], utilizing the high tensile strength of CFRP to share the tensile stress in the structure, thereby
enhancing its load-carrying capacity and stiffness.

The CFRP material is modeled with C3D8R solid elements, which are 8-node linear brick elements
with reduced integration. This element type can accurately simulate the three-dimensional mechanical
properties of CFRP, and has good compatibility with the C3D8R solid elements used for the masonry pagoda
model, ensuring the convergence and accuracy of the numerical calculation. The Tie constraint is adopted
to simulate the bonding interface. The surface of the masonry pagoda where CFRP is pasted is defined
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as the master surface, and the inner surface of the CFRP solid element is defined as the slave surface. All
translational and rotational degrees of freedom of the two surfaces are tied, assuming perfect bonding at the
interface without considering debonding failure. This setting is a common and reasonable simplification in
the numerical simulation of CFRP-reinforced masonry structures, which is based on the fact that the CFRP
reinforcement in this study is designed with sufficient bonding length and reliable interface treatment, and
debonding is not the main failure mode of concern.

5.2 Reinforcement Scheme

Based on the stress contour analysis of the pagoda structure presented earlier, the critical reinforcement
zones can be identified. As shown in Fig. 14, these zones are reinforced through the external application
of carbon fiber-reinforced polymer (CFRP) materials. This method not only significantly enhances the
structural stability of the ancient pagoda but also effectively reduces the principal tensile stresses in the
pagoda body, thereby providing an additional protective layer to the masonry blocks and limiting their
displacement under tension, as well as preventing them from reaching their uniaxial tensile strength limit.
This reinforcement approach also preserves the original historical appearance of the pagoda. Due to its
excellent mechanical properties and ease of installation, CFRP is widely used in the reinforcement of historic
buildings. According to [35] the material properties of CFRP are as listed in Table 3, which make it an ideal
reinforcing material. The application process has minimal impact on the original structure of the pagoda,
reducing the risk of secondary damage and ensuring the reversibility of the reinforcement work, thus offering
an effective solution for the long-term preservation of the ancient pagoda.

L
>

@ CFRP strengthening configurations of pagoda

(a) 2D diagram of ancient (b) 3D diagram of ancient
pagoda reinforcement pagoda reinforcement

Figure 14: Schematic diagram of reinforcement locations.

Table 3: Material properties of CFRP.

Materials Tensile Strength (MPa) Elasticity Modulus (GPa) Thickness (mm)
CFRP 4400 255 0.34
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In the finite element model, the CFRP was simulated using solid elements and bonded to the masonry
surface with a Tie constraint in ABAQUS, assuming perfect bond with no relative slip. This simplification
was adopted for computational efficiency and due to the lack of experimental data on the CFRP-masonry
bond behavior for this specific structure. It should be noted, however, that this assumption may overestimate
the reinforcement effectiveness, as it precludes the possibility of debonding that could occur in reality,
particularly around stress concentration areas. The reported displacement reductions should therefore be
viewed as upper-bound estimates.

5.3 Damage Analysis of the Ancient Pagoda after Reinforcement

Fig. 15 presents a comparison of the stress contour plots before and after reinforcement under a 90° wind
incidence angle. Fig. 16 shows the corresponding damage contour plots. In the wind load simulation, stress
analysis was conducted on the residual pagoda both before and after reinforcement with CFRP material,
visually demonstrating the effectiveness of the reinforcement.

Using finite element software to simulate wind loads, comparisons of stress contour plots, stress values
at critical locations, and stress distribution patterns between the original and CFRP-reinforced structures
indicate that CFRP reinforcement effectively reduces stress at key areas, optimizes stress distribution, and
enhances the structure’s wind-resistant stability.
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Figure 15: Stress comparison before and after reinforcement.
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Figure 16: Damage comparison before and after reinforcement.

Under wind loading, the original structure exhibits uneven stress distribution. The windward and side
surfaces are subjected to direct wind pressure, resulting in stress concentration around door openings,
pagoda corners, and damaged regions. These areas experience significantly higher stress levels due to
structural discontinuities and abrupt stiffness changes. For instance, under certain wind speeds, the stress
at door corners may reach the tensile strength limit of the masonry material, potentially leading to crack
propagation and brick loosening, thereby threatening structural safety. As wind speed increases, the area of
stress concentration expands and stress levels continue to rise, increasing the risk of structural failure.

After CFRP reinforcement, stress distribution is significantly improved. With its high tensile strength
and elastic modulus, CFRP works synergistically with the pagoda body to effectively share the tensile
stresses induced by wind loads. On the windward face, CFRP carries part of the tensile stress generated by
wind pressure, thereby reducing the tensile stress level in the masonry and minimizing the risk of crack
initiation and propagation. Stress at critical locations is greatly reduced—for example, the stress at door
corners under the same wind speed may fall within the safe stress range of the masonry material. The area
of stress concentration is reduced, and stress distribution becomes more uniform, enhancing the overall
wind-resistant stability of the structure and ensuring more reliable performance under wind loads.

5.4 Dynamic Response Analysis under Different Wind Incidence Angles

To investigate the effect of different wind incidence angles on the dynamic response of the residual
pagoda after CFRP reinforcement, displacement response analyses are conducted under wind incidence
angles of 90° and 0°. Fig. 17 shows the variation of X-direction and Z-direction displacements at various
nodes along the height of Towers A and B under the two wind incidence angles.
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Figure 17: Comparison of displacement variation with height at all nodes before and after CFRP reinforcement.

From Fig. 17, it can be observed that after reinforcement, both the X-direction and Z-direction

displacements of the pagoda nodes are significantly reduced, while the overall displacement trend remains
relatively consistent with that before reinforcement. In terms of X-direction displacement, the displacement
response at the top node of Tower B under a 90° wind incidence angle reaches 0.508 mm, while that of Tower

Ais

0.0716 mm. As shown in the figure, Tower B exhibits larger overall displacement, which aligns with the

actual condition that Tower B is taller and thus more affected by wind action. Additionally, under a 0° wind
incidence angle, the displacements at three nodes located at heights of 9.98, 14.96, and 19.34 m on Tower

B exceed those under the 90° wind incidence angle. However, for nodes above 23.44 m, the displacements

under the 90° wind incidence angle gradually become greater than those under 0°, which is consistent with

real-

world behavior. Regarding the Z-direction displacement, the displacement response at the top node of

Tower B under a 90° wind incidence angle reaches 5.265 mm, while that of Tower A is 1.164 mm. The figure
indicates that the displacement responses of Tower A under both wind incidence angles are relatively small,
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whereas the overall displacement response of Tower B under the 90° wind incidence angle is significantly
higher. This increase becomes more pronounced with rising height, which corresponds to actual conditions
and confirms the feasibility of CFRP reinforcement. Therefore, the application of CFRP materials plays a
crucial role in the protection and structural enhancement of historic buildings.

6 Discussion

This study focuses on a masonry ancient pagoda and conducts wind-resistant performance analysis
using the ABAQUS finite element software. Through modal analysis, the first six vibration modes of
the structure were obtained, clarifying its fundamental dynamic characteristics. By integrating MATLAB
programming to generate fluctuating wind speed time histories and applying the harmonic superposition
method to simulate wind pressure loads, the structural response under realistic wind environments was
effectively modeled. During MATLAB programming, spatially non-uniform wind field characteristics
were incorporated, including vertical variation of mean wind speed, spatial coherence among multi-point
wind speeds, and construction of the cross-spectral matrix, thereby enhancing the realism of wind load
distribution. This modeling approach significantly improves the accuracy of numerical simulations and
constitutes one of the key technical highlights of this study.

In the time history response analysis, noticeable displacement fluctuations were observed during the
initial stage (e.g., the first 20 s), primarily due to the transient nature of wind loading, the initial structural
state, and the integration algorithm used in numerical computation. As the excitation progressed, the
response gradually stabilized, indicating that the structure can adapt to sustained wind loads and enter a
quasi-steady vibration state.

Time history analyses under two typical wind incidence angles (0° and 90°) revealed that the 90°
wind direction represents the most unfavorable loading condition for the pagoda, with maximum dynamic
responses, particularly in the Z-direction displacement, which increases significantly with height. This
finding warrants further physical interpretation. The identification of the 90° wind incidence angle as the
most unfavorable condition can be attributed to two physical mechanisms. First, aerodynamic interference:
at 90°, the wind interacts with the U-shaped plan configuration, creating a “channeling effect” between
Towers A and B. This increases the spatial correlation of wind pressures on the two towers, causing them to
vibrate in phase and thus excite the global modes of the residual structure more effectively than the 0° case,
where shielding effects dominate. Second, damage-excitation coupling: the primary damage zones (door
openings and cracks) are oriented such that the Z-direction bending/torsional deformations induced by
the 90° wind directly engage these weakened areas, leading to localized nonlinearity and amplified overall
displacement. Therefore, the 90° case maximizes both the aerodynamic loading efficiency and the utilization
of structural vulnerabilities.

To further enhance the structural safety of the residual pagoda, CFRP materials were introduced
for reinforcement simulation. The results show that CFRP reinforcement effectively improves the overall
mechanical behavior of the structure, significantly reducing displacement responses and stress concentra-
tions at critical nodes, thereby enhancing structural stability and load-bearing capacity. Due to its advantages
of lightweight and high strength, as well as ease of installation, CFRP proves to be an ideal material for
reinforcing masonry historical structures without compromising their original appearance. However, the
reinforcement alters the original stiffness distribution of the structure, potentially affecting its dynamic
characteristics. Therefore, in practical engineering applications, the coordination between reinforcement
effectiveness and dynamic response should be carefully considered to ensure both structural safety and
preservation of historical authenticity.
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Another limitation pertains to the selection of the damping ratio. In Section 2.4, a damping ratio of
& = 0.05 was adopted for the Rayleigh damping model, based on the typical range for masonry structures
(0.01-0.05) suggested in the literature. This value represents an upper-bound estimate for intact masonry.
However, the subject of this study is a severely damaged (residual) pagoda with pre-existing cracks and local
failures. For such damaged masonry structures, the actual damping ratio is likely to be higher due to increased
internal friction, crack closure, and energy dissipation at the interfaces of damaged blocks. If a higher
damping ratio (e.g., £ = 0.08 or 0.10) were employed, the structural response—particularly the displacement
amplitudes shown in Figs. 11-13—would likely be reduced. Consequently, the displacement and stress values
presented in this study, which were obtained using £ = 0.05, can be considered conservative estimates for the
damaged pagoda. The core conclusions of the paper, namely that the Z-direction displacement dominates, the
90° wind incidence angle is the most unfavorable condition, and CFRP reinforcement effectively mitigates
wind-induced vibrations, remain robust even if a higher damping ratio were considered.

While this study provides valuable insights into the structural behavior and reinforcement strategies for
the ancient pagoda, several constraints and approximations should be acknowledged.

One primary limitation lies in the material modeling. Capturing the exact nonlinear behavior of ancient
masonry is inherently challenging. In this work, the Concrete Damaged Plasticity (CDP) parameters were
calibrated based on existing literature rather than direct material-specific tests, which was due to the practical
difficulties in sampling historical structures. While this approach aligns with common practices, it may
introduce some uncertainty when predicting localized damage patterns.

Another approximation involves the wind load simulation. This study employed a decoupled approach,
analyzing the forced vibration response under fluctuating wind loads generated via the harmonic super-
position method, rather than fully coupling wind-structure interaction (FSI). For stiff masonry structures
under service-level winds, this method is generally acceptable. However, the residual pagoda’s asymmetric
U-shaped geometry creates a complex aerodynamic environment. Specifically, unbalanced pressures on
Towers A and B could induce torsional loads that the current along-wind simulation does not fully capture.
This is particularly relevant under the critical 90° wind direction, where torsional effects might exacerbate
stress concentrations at the tower interfaces and around existing openings. While the current model
effectively identifies the primary buffeting response and the most unfavorable wind angle, future work should
consider CFD-based FSI simulations or aeroelastic wind tunnel tests to quantify these torsional components
more accurately.

Additionally, the initial smoothing of the wind speed time-history could be further refined. Some
response fluctuations were observed within the first 20 s of the analysis, suggesting that the transition from
static to dynamic loading was not perfectly seamless. Integrating field measurement data in future studies
would help calibrate the wind field model and minimize these initial numerical artifacts.

It is also worth discussing how the findings of this study might apply to other masonry pagodas with
different geometries, damage states, or material properties. The identification of 90° as the critical wind
direction is largely specific to the U-shaped cross-section of this pagoda, where a channeling effect occurs
between the two towers. For symmetric pagodas (e.g., octagonal or circular), the critical wind direction
would likely depend on features such as door openings and eaves. However, the underlying principle—
that asymmetric geometries can induce torsional responses and that wind directions maximizing spatial
correlation are most critical—is broadly applicable. The finding that CFRP reinforcement effectively reduces
stress concentrations in damaged regions is highly generalizable and consistent with the wider literature on
masonry strengthening. But the optimal reinforcement configuration would need to be tailored to the specific
damage pattern of each structure. Similarly, the qualitative conclusion that CFRP reduces wind-induced
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displacements should hold across different masonry types, though the quantitative reductions would vary
with material stiffness, and the CDP parameters would require recalibration for other materials.

Future investigations addressing these aspects—particularly refined material testing and coupled FSI
analysis—will offer more robust technical support for the conservation and reinforcement of similar
historical masonry structures.

7 Conclusions

This study investigated the dynamic response of a residual ancient brick pagoda under wind loads
using numerical simulation. To simulate fluctuating wind speed time histories, the harmonic superposition
method was adopted and implemented through MATLAB based on both the Davenport and Kaimal wind
velocity spectra. The reliability of the simulated wind speeds was verified and subsequently applied to a
finite element model of the ancient pagoda using ABAQUS for dynamic response analysis. The influence
of different wind incidence angles on the structural behavior of the residual pagoda was also examined.
Finally, CFRP materials were used to reinforce the damaged sections of the pagoda, followed by dynamic
characteristic analysis of the reinforced model. Based on the above work, the following conclusions are
drawn:

(I)  According to the principle of harmonic superposition, a MATLAB-based program was developed to
simulate fluctuating wind speeds at multiple spatial points. By extracting and comparing auto-power
spectra and cross-power spectra from the simulation results, good agreement was observed between
simulated and target spectra. This further validated the feasibility of the developed program and
confirmed the accuracy of the fluctuating wind simulation, demonstrating its applicability in ABAQUS
finite element analysis.

(2) A refined finite element model of the residual pagoda was established, and wind loads were calculated
and applied according to relevant design codes. Frequency characteristics of displacement time history
curves were analyzed. Under wind incidence angles of 0° and 90°, six nodes on Tower A and
seven nodes on Tower B were selected for detailed investigation. Using ABAQUS explicit dynamics,
displacement time history curves of each node under a 90° wind incidence angle were obtained.
Dynamic response analysis revealed that the overall displacement response of the residual pagoda is
predominantly in the Z-direction, with displacement increasing along the tower height. The 90° wind
incidence angle was identified as the most unfavorable condition, under which the maximum dynamic
response occurs.

(3) CFRP materials were applied to reinforce the residual pagoda. Post-processing analysis in ABAQUS
was conducted on the reinforced model, and comparisons with stress and damage states before rein-
forcement were made. Results show a significant reduction in structural damage, along with notable
improvements in displacement and stress distribution. This confirms the feasibility and effectiveness
of using CFRP for reinforcing ancient masonry pagodas, making it a promising approach for the
preservation of historic structures.
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