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Abstract

High-platform timber structures represent a typical structural form in ancient Chinese
architecture, where the platform and the upper timber structure constitute a mechanically
coupled system with interacting mechanical properties and response behaviors. However,
a systematic understanding of their global coupling mechanism and its impact on structural
response remains unclear. This study investigates a representative high-platform timber
structure, i.e., Xi’an Bell Tower, to analyze the static and dynamic response characteristics
of the platform—superstructure system using in situ dynamic testing and finite element
simulation. The results indicate that the simulated first two natural frequencies align well
with in situ measurements, validating the model’s rationality. The global coupling effect
alters the system’s mass and stiffness distribution, leading to an overall lengthening of
the structural natural periods. Structural self-weight is identified as the dominant factor
inducing vertical deformation under serviceability conditions, with significant deformation
observed at the platform’s edges and corners. Under lateral loads, deformations concentrate
in the second story of the timber superstructure, with seismic actions exerting a more
pronounced influence than wind loads. Under rare earthquake conditions, the maximum
inter-story drift ratio reaches 1/70. Local tensile stresses at the joints, architrave ends, and
the Dou-Gong layer exceed the timber’s tensile strength parallel to the grain, identifying
these components as the weak links in the structure’s seismic performance.

Keywords: ancient Chinese architecture; high platform; timber structure; dynamic testing;
finite element analysis

1. Introduction

High-platform timber structures constitute a distinct architectural typology within
ancient Chinese construction, widely prevalent in city towers, bell and drum towers, and
palace complexes. The Xi’an Bell Tower serves as a quintessential representative of this
structural form [1,2]. However, having endured centuries of environmental weathering
and continuous service loading, these historical structures inevitably face multiple threats,
including material degradation, loosening of joints, and cumulative damage. Consequently,
their structural performance has been significantly altered [3-5]. In particular, under
natural hazards such as seismic excitations and extreme wind loads, the structural safety
is severely challenged. Therefore, an in-depth investigation into the dynamic response
of such high-platform timber structures under various hazard environments is of great
significance for the preventive conservation of ancient architecture [6,7].

With the advancement of finite element (FE) technology, numerical simulation has
emerged as a primary approach for evaluating the structural performance of ancient ar-
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chitecture [8]. Currently, refined modeling methodologies for key components—such as
mortise-tenon joints [9], Dou-Gong brackets [10,11] and column bases [12]—have been
extensively applied to the seismic performance assessment of global structures. Researchers
have effectively evaluated the structural performance of ancient architectures, such as Ming
Dynasty limestone halls [13] and ancient masonry pagodas [14], by employing in situ
investigations and numerical simulations. Furthermore, researchers have analyzed the
dynamic response of structures by establishing three-dimensional finite element models
of global timber structures, investigating the global deformation patterns and collapse
mechanisms under seismic actions, and assessing their damage characteristics under earth-
quake loading [15,16]. These studies provide a scientific basis for the protection of existing
traditional timber structures.

Previous studies on the coupling interaction between the platform (specifically the
internal soil core) and the superstructure have revealed that the behavior of the superstruc-
ture is significantly influenced by the underlying platform. In particular, the high-platform
exerts a substantial impact on the higher-order frequencies of the upper timber structure
and leads to an amplification of its seismic response [17,18]. While the mechanical behav-
iors of timber superstructures have been extensively characterized, the research on the
composite ‘high-platform—timber structure” system lacks a holistic perspective. A syn-
thesis of existing literature reveals a prevalent methodological limitation: most studies
decouple the superstructure from the substructure, treating the platform merely as a rigid
boundary condition [19,20]. This assumption fundamentally ignores the soil-structure
interaction (SSI) and the amplification effects inherent to the high platform. By neglect-
ing the deformation compatibility between the masonry-rammed earth platform and the
timber frame, such simplified models tend to underestimate lateral displacements and
overlook differential settlements that are critical for structural safety. Specifically, while the
independent behaviors of the timber frame and the masonry high-platform are reasonably
understood, a gap remains in the quantitative understanding of their dynamic coupling
mechanism—particularly regarding how the flexibility of the high-platform induces period
elongation and alters the vibration modes of the superstructure. Furthermore, existing
literature predominantly focuses on seismic scenarios. However, tall timber structures
are also highly sensitive to wind loads [21,22]. There is currently a lack of comprehen-
sive comparative assessment regarding structural responses under wind loads and other
combined loading conditions, which limits the complete understanding of their response
characteristics.

In this study, the Xi’an Bell Tower is taken as the research object. Unlike previous
studies that simplified the high-platform as a rigid base, this paper investigates the overall
dynamic interaction through a systematic research workflow. First, field testing data and
existing literature were synthesized to determine material parameters. Second, a holistic FE
model was developed, incorporating the internal rammed earth core, the external masonry
platform, and the upper timber superstructure. Third, model validation was conducted
to ensure numerical accuracy. Finally, comprehensive static, wind, and seismic analyses
were performed to identify vulnerable zones under various load combinations and to
comparatively evaluate the effects on lateral stiffness and structural stability.

2. Structural Description and Dynamic Testing
2.1. Description of the Xi’an Bell Tower

Originally constructed in the 17th year of the Hongwu reign (1384) and relocated to its
current site in the 10th year of the Wanli reign (1582), the Xi’an Bell Tower stands as one of

the largest and best-preserved ancient timber structures from the Ming Dynasty in China.
As illustrated in Figure 1, the rammed earth tunnels at the base of the Bell Tower feature
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a symmetrical cruciform layout, while the upper timber superstructure consists of two
stories. The structure has a total height of 36.0 m and comprises three distinct components:
a masonry platform at the base, a two-story timber frame body in the middle, and a
pyramidal roof at the top. The overall configuration exhibits a typical Ming architectural
style characterized by “triple eaves and a four-corner pyramidal roof”. The Bell Tower
features a symmetric plan layout. The bottom platform is square in plan, with a side length
of 35.5 m and a height of 8.6 m. The platform consists of an internal rammed earth core
encapsulated by external gray masonry brickwork. A cross-shaped arched tunnel, with
both height and width measuring 6.0 m, penetrates the center of the platform. The upper
body utilizes a traditional timber frame, forming a composite structural system described
as a “high-platform timber tower.”.

pyramidal «—— A

roof

timber-frame
body

Masonry
platform

Figure 1. The Xi’an Bell Tower.

Structural loads are primarily transferred through load-bearing timber columns. These
columns are interconnected longitudinally and transversely by beams and tie beams with
large depth-to-span ratios, creating a spatial framework with significant lateral stiffness.
Furthermore, the column bases are inserted into stone plinths equipped with mortises
(commonly referred to as “sea eyes”) via tube-foot tenons. This semi-rigid connection
restricts horizontal sliding at the column base while permitting slight rocking motions
of the column body under strong seismic excitations. Mortise-tenon joints are employed
at beam-column intersections. These semi-rigid connections facilitate a certain degree of
rotational and compressive deformation between components. Additionally, the dense
arrangement of Dou-Gong brackets beneath the eaves not only serves to cantilever the
eaves and transfer roof loads but also contributes to seismic energy dissipation through
frictional sliding between the interlocking components.

2.2. Dynamic Characteristics Testing

To provide a basis for structural seismic performance assessment and vibration eval-
uation, in situ dynamic testing was conducted on the Bell Tower, as shown in Figure 2.
Figure 2a illustrates the monitoring distribution across the two levels of the upper timber
superstructure. Figure 2b displays the distribution of monitoring positions at the base
of the internal rammed earth tunnels. By monitoring these critical points, vibration data
for various parts of the Bell Tower was obtained, laying the foundation for subsequent
model comparison. A 941B ultra-low frequency vibration measurement system and a
DA1001 dynamic signal acquisition system were employed. Using the structure’s response
to random vibration sources (extremely weak ground vibrations caused by human activities
like machinery and vehicles, and natural causes like wind and air pressure), the dynamic
characteristics were analyzed based on random vibration theory. The testing process was
conducted when construction work had ceased and there were no other vibration sources
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within a 100 m radius. Measurement points were arranged on the platform and the upper
timber structure to test dynamic characteristics in the East-West and North-South direc-
tions. After low-pass filtering (upper limit: 20 Hz) the signals and applying an exponential
window to the vibration recording signals, auto-spectral analysis was performed. The
frequencies corresponding to the auto-spectral peaks of each measurement point were
averaged to obtain the first two natural frequencies in the East-West and North-South
directions, as shown in Table 1.

(a) Layout of measurement points in the timber structure

(b) Layout of measurement points in the platform (c) Real-time monitoring display
Figure 2. In situ testing site.

Table 1. Frequency testing results of the platform and timber structure.

Platform Timber Structure
Measurement Location
North-South East—West North-South East—West
1st Natural Frequency (Hz) 5.22 5.37 1.59 1.66
2nd Natural Frequency (Hz) 6.60 6.89 4.70 4.82

3. Finite Element Modeling
3.1. Model Establishment

Based on the geometric dimensions obtained from in situ mapping, a finite element
model of the Xi’an Bell Tower was established using the SAP2000 V21 software. The model
comprises three distinct components:
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The lower platform: As illustrated in Figure 3, this component was simulated using
8-node hexahedral solid elements. The core of the platform consists of rammed earth
with dimensions of 33,500 mm x 33,500 mm x 8600 mm. Arched tunnels, each mea-
suring 6000 mm in both height and width, penetrate the center of each of the four sides,
as shown in Figure 3a. The exterior of the platform and the tunnel linings are con-
structed of brick masonry, as depicted in Figure 3b. The thickness of the external wall
is 900 mm, while the lining thickness is 1450 mm. The interaction between the internal
rammed earth core and the surrounding masonry was simulated using node coupling
constraints. A 300 mm-thick brick pavement was modeled on top of the rammed
earth. On this pavement, a central brick plinth (23,280 mm x 23,280 mm x 680 mm)
was established. The cross-section of the platform is presented in Figure 3c.

(a) Internal rammed earth core (b) Outer brick walls and lining

Brick masonry platform

(c) Cross-section of the platform

Figure 3. Model of the Xi’an Bell Tower platform.

2.

The timber superstructure: The cross-sectional dimensions of the primary structural
members are detailed in Table 2. Structural members such as beams, rafters, tie beams
(Fang), and columns were simulated using 2-node beam elements. The Dou-Gong
brackets were modeled using spring elements to represent their stiffness character-
istics. The roof sheathing and the floor slabs of the second story were simulated
using 3-node or 4-node shell elements. The finite element model and the component
numbering are illustrated in Figure 4.

Table 2. Cross-sectional dimensions of main timber components.

Cross-Section

No. Component Name Cross-Section Shape . . Remarks
Dimensions (mm)
1 Outer eave column Circular d =400 Diameter
2 2nd-story outer eave middle Rectangular 260 x 260 Width x Height
column
3 Outer hypostyle column Circular d =600 Diameter
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Table 2. Cont.

Cross-Section

No. Component Name Cross-Section Shape Dimensions (mm) Remarks

4 Inner hypostyle column Circular d=720 Diameter

5 Meihua column Circular d =350 Diameter

6 pyramidal roof Circular d =460 Diameter

7 Transfer column 1 Rectangular 350 x 350 Width x Height
8 Transfer column 2 Rectangular 400 x 400 Width x Height
9 Outer hypostyle architrave Rectangular 330 x 660 Width x Height
10 Inner hypostyle architrave Rectangular 300 x 800 Width x Height
11 1st-story eave architrave Rectangular 330 x 660 Width x Height
12 2nd-story eave architrave Rectangular 260 x 530 Width x Height
13 1st-story penetrating tie-beam Rectangular 360 x 420 Width x Height
14 2nd-story penetrating tie-beam Rectangular 280 x 300 Width x Height
15 Roof ridge beam Rectangular 360 x 540 Width x Height
16 Transfer beam 1 Rectangular 275 x 320 Width x Height
17 Transfer beam 2 Rectangular 400 x 480 Width x Height

(b) Interior view

(a) Exterior view

Figure 4. Timber structure model of the Bell Tower.

3.

Non-structural components: As shown in Figure 5. Given the presence of numerous
complex non-structural components in ancient timber structures, the masonry infill
walls were identified as having the most significant impact on lateral stiffness and
mass. Therefore, the modeling of non-structural components in this study primarily
focuses on these walls, while other components with minor structural influence were
simplified as distributed mass loads applied to the floor slabs. These walls were
modeled using 4-node shell elements and are distributed at the four corners of the
first and second floors; the wall thickness is 1000 mm on the first floor and 300 mm on
the second floor.
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(a) Infill walls (b) Infill walls and timber structure

Figure 5. Masonry infill wall model.

By integrating the models of the platform, the timber superstructure, and the masonry
components, the global finite element model of the Xi’an Bell Tower was established, as
illustrated in Figure 6.

(a) Side view (b) Axonometric view
Figure 6. Finite element model of the Xi’an Bell Tower.

3.2. Material Parameters

The material properties of the Xi’an Bell Tower were based on in situ research data
from the Xi’an East Gate Tower and the Arrow Tower of the North Gate [23,24]. Both towers
are located in Xi’an and, like the Bell Tower, are Ming Dynasty structures sharing similar
architectural styles and material types. Therefore, the in situ testing results effectively
reflect the material degradation properties of this material type and serve as a reliable
reference for the model parameters. The specific material parameters are presented in
Table 3, where timber was modeled as an orthotropic material.

Extensive Dou-Gong brackets are distributed at the tops of the eave columns and
hypostyle columns on both the first and second stories. To facilitate the modeling process,
the brackets were classified into two categories: eave column Dou-Gong and hypostyle
column Dou-Gong. The actual stiffness of the brackets in the prototype structure was
derived based on similitude laws. In the model, the Dou-Gong brackets were simulated
using spring connection elements [25], the stiffness parameters of which are listed in Table 4.
Since the stiffness values derived from experimental measurements represent the current
structural stiffness of the Bell Tower, adopting this measured equivalent stiffness for finite
element modeling effectively accounts for the existing conditions at the joints (such as
looseness and aging), thereby laying a solid foundation for the accuracy of the model. Their
corresponding stiffness parameters are listed in Table 4.

https://doi.org/10.3390 /buildings16040743


https://doi.org/10.3390/buildings16040743

Buildings 2026, 16, 743 8 of 22

Table 3. Material properties.

. . . , . Unit Weight Compressive Tensile Strength Shear Strength
Material Elastic Modulus (MPa)  Poisson’s Ratio (KN/m?) Strength (MPa) (MPa) (MPa)
Masonry brick 2230 020 19.0 3.225 0.289 -
of the platform
Rammed earth
of the platform 69 0.35 193 B B B
8300
. (Parallel to grain) 43.3 34.3 8.2
Timber 830 0.45 41 (Parallel to grain)  (Parallel to grain)  (Parallel to grain)

(Perpendicular to grain)

Table 4. Similarity relationship and stiffness conversion of Dou-Gong joints.

Dou-Gong Category

Parameters . Dou-Gong atop Dou-Gong atop
Experimental Value Eave Column Hypostyle Column
Section (1t x b xI) 100 x 160 x 160 230 x 360 x 360 230 x 420 x 420
(mm)
Geometric Similarity Ratio (b x I/h) - 2.20 3.00
Elastic Modulus (MPa) 10,110 8300
Elastic Modulus Similarity Ratio - 0.82
Axial Stiffness Similarity Ratio (EA/h) - 1.81 2.46
Axial Stiffness (kN /m) 8736 15,812 21,491
Shear Stiffness Similarity Ratio (GA /h) - 1.81 2.46
Shear Stiffness (kN /m) 1460 2642 3592

In the timber structure of the Bell Tower, mortise-tenon joints are employed for beam-
column connections. Given the complexity of the actual joint configurations, they were
categorized into two primary types to facilitate the analysis: (1) Straight tenon: Used for
connections between inner and outer columns (i.e., radial beams), primarily consisting
of penetrating tie beams (Chuancha Fang). (2) Dovetail tenon: Used for beam-column
connections distributed along the structural perimeter (i.e., circumferential beams), mainly
including architraves (E Fang).

Mortise-tenon joints exhibit semi-rigid behavior. The stiffness similarity ratio for the
joints in the prototype structure was calculated based on the geometric similitude of the
beam cross-sections. Since it is challenging to explicitly define the complex moment-rotation
relationship to capture the semi-rigid characteristics of each joint, equivalent rotational
stiffness parameters were assigned to the beam ends in the model. These parameters are
listed in Table 5.

Table 5. Similarity relationship and stiffness conversion of Mortise-Tenon joints.
Beam (‘Zross- Geometric Elastic Elastic Rofatlonal Rotational
. Section SR Modulus Stiffness .
Joint Type (W x H) Similarity Modulus Similarit Similarit Stiffness
Ratio (MPa) iy Y (kN-m/rad)
(mm) Ratio Ratio
Povetail Tenon 120 x 180 17.14
(Experimental Value)
Straight T ) 10410 ) )
e enon 120 x 180 47.87

(Experimental Value)
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Beam Cross- . . Elastic Rotational .
. Section G.eOTnet.nc Elastic Modulus Stiffness Rofatmnal
Joint Type (W x H) Similarity Modulus Similarit Similarit Stiffness
Ratio (MPa) A =Y (kN-m/rad)
(mm) Ratio Ratio
Outer Hypostyle 330 x 660 36.97 30.35 520.27
Architrave
Inner Hypostyle 300 x 800 49.38 40.54 694.91
Architrave
1st-story Ee?ve Column 330 x 660 36.97 30.35 520.27
Architrave 8300 0.82
2nd-story Efave Column 260 % 530 18.78 15.42 264.33
Architrave
1st—stor'y Penetrating 360 x 420 16.33 13.41 641.92
Tie-beam
2nd-story Penetratmg 280 x 300 6.48 5.32 254.73

Tie-beam

3.3. Boundary Conditions

In the model, to simplify computations and avoid overestimating stiffness, based

on previous studies [19], the connection between the bottom nodes of the upper timber

columns and the top nodes of the lower high-platform was established via node coupling.

Specifically, rotational degrees of freedom were released at the column bases, utilizing

hinged constraints to simulate the interaction between the timber columns and the stone

plinths. A fixed boundary condition was applied to the bottom of the high-platform, as

illustrated in Figure 7.

I T

Tttty

Figure 7. Bottom boundary conditions.

4. Dynamic Characteristics

Modal analysis of the global structure was conducted using the eigenvector method.

The representative gravity load, defined as Dead Load and half of the Live Load, was

converted into structural mass for the calculation. The first six mode shapes of the global

Xi’an Bell Tower model were extracted and are illustrated in Figure 8.
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(a) 1st Mode (Y-translation) (b) 2nd Mode (X-translation)

TR H K

(d) 4th Mode (Y-translation) (e) 5th Mode (X-translation) (f) 6th Mode (Torsion)
Figure 8. Mode shapes of the global structural model.

Based on the first 60 modes, the cumulative mass participation ratios were obtained:
93.2% in the X-direction (North-South), 93.2% in the Y-direction (East-West), and 82% in
the Z-direction. Detailed parameters regarding the initial modes are listed in Table 6.

Table 6. Main structural periods.

Mode Platform Timber Structure Global System
Period (s)  Frequency (Hz)  Period (s)  Frequency (Hz)  Period (s)  Frequency (Hz)
1 0.19 5.30 0.63 1.60 0.68 1.46
2 0.19 5.30 0.62 1.60 0.68 1.47
3 0.18 5.66 0.48 2.07 0.51 1.97
4 0.15 6.69 0.21 4.65 0.25 4.05
5 0.15 6.81 0.21 4.70 0.25 4.08
6 0.15 6.82 0.19 5.33 0.21 475

The fundamental frequency of the overall structure is 1.46 Hz. Specifically, the first and
second natural frequencies of the high-platform model are 5.3 Hz and 6.69 Hz, respectively;
while those of the timber superstructure model are 1.60 Hz and 4.65 Hz, respectively.

When compared with the in situ frequency test results presented in Table 1 of Section 2,
the relative errors range from 1.6% to 3.8%. In contrast, reference studies on similar ancient
towers report a minimum discrepancy of 8.8% between experimental and finite element
results [19]. Therefore, the error margins obtained in this study are considered well within
the acceptable range.

Specifically, the 1st and 2nd modes correspond to translational modes along the Y-
axis and X-axis, respectively. Due to the cruciform symmetric layout of the Bell Tower’s
archways and the close proximity of the natural frequencies along the X and Y axes,
it is evident that the distribution of mass and stiffness within the horizontal plane is
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highly symmetric and uniform. This dynamic symmetry is advantageous for preventing
the emergence of directional weak links in the structure under multi-directional seismic
excitation. The third mode exhibits pure torsional vibration around the vertical axis (Z-axis).
The ratio of the first torsional period to the first translational period is calculated to be 0.75.
This value is significantly lower than the limit of 0.9 recommended by seismic design codes,
indicating that the structure possesses substantial torsional stiffness.

A comparison between the timber superstructure-only model and the global model
reveals that the incorporation of the masonry platform results in a slight elongation of the
natural periods. This suggests that the deformation of the high platform contributes to an
increase in the global flexibility of the system.

5. Static Analysis Under Vertical Loads
5.1. Calculation and Analysis of Vertical Deformation

The static loads acting on the structure primarily consist of vertical loads under service-
ability conditions, categorized into dead loads and live loads. To facilitate a comparative
analysis, the structural deformations induced by dead loads and live loads were calcu-
lated separately. The calculation results regarding vertical deformations are illustrated in
Figure 9.

(a) Dead load (b) Live load

(c) Combined dead and live loads

Figure 9. Calculation results of vertical deformation (Unit: mm).

Specifically, the dead load accounts for the self-weight of both structural and non-
structural components. The self-weight of the roof system was taken as 4.096 kN/m?. For
the timber floor slabs on the second story, a load of 2.0 kN/m? was adopted to account
for the weight of the slabs themselves, as well as superimposed loads such as partition
walls and display cabinets. The structural deformation under the dead load is depicted in
Figure 9a.

Regarding live loads, a value of 3.5 kN/m? was applied to the floors of the first and
second stories, in accordance with Item 4, Table 5.1.1 of the Load Code for the Design of
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Building Structures (GB 50009-2012) [26]. For the main roof and overhanging eaves, a snow
load with a 100-year recurrence interval was initially set at 0.3 kN /m? based on GB 50009-
2012. This value was subsequently modified to 0.36 kN/m? according to the Technical
Standard for Maintenance and Strengthening of Ancient Timber Buildings (GB/T 50165-
2020) [27]. The calculated deformation under live loads is shown in Figure 9b. Furthermore,
the structural deformation under the load combination for the serviceability limit state
(Sx = 1.0 x Dead Load + 1.0 x Live Load) was calculated and is illustrated in Figure 9c.
The application of full-span dead and live loads across the entire floor area is intended
to simulate the most unfavorable conditions for subsequent static and dynamic analyses,
thereby explicitly revealing the failure characteristics of the structural components.

As observed in Figure 9, the global deformation of the Bell Tower under serviceability
load conditions exhibits a symmetric and uniform pattern. Notably, the deformation
induced by dead loads exceeds that caused by live loads. Due to the presence of the
rammed earth core within the platform -which possesses a lower elastic modulus compared
to the surrounding masonry -larger vertical deformations were observed at the corners of
the superstructure under serviceability loads. The deformation values at representative
locations within the Xi’an Bell Tower were extracted and are summarized in Table 7.

Table 7. Structural deformation under serviceability conditions (Unit: mm).

Location Component Dead Load Live Load Combination
Geometric center —2.24 -1.20 —3.44
Top of Platform Base of eave corner column (Corner) —6.18 -3.17 —9.34
Base of outer hypostyle corner 545 279 825
column (Corner)
Top of outer eave column 632 _301 953
Top of 1st-story (Corner column)
Exposed Layer Top of outer eave column
(Middle column) 373 188 —ool
Top of Ist-story Top of outer hypostyle column —-5.71 —2.87 —8.58
Hidden Layer Top of inner hypostyle column —4.28 —2.28 —6.56
Top of outer eave column 623 316 950
Top of 2nd-story (Corner column)
Exposed Layer Top of outer eave column
(Middle column) —7.07 -3.18 —10.26
Top of 2nd-story Top of outer hypostyle column —6.02 —-293 —8.96
Hidden Layer Top of inner hypostyle column —4.74 —2.37 —7.11
Top Apex -7.21 —291 —10.12

As indicated in Table 7, the deformation values of all components under dead loads
were significantly larger than those under live loads (approximately 2.0 to 2.5 times). This
indicates that the structural self-weight is the dominant factor contributing to the vertical
deformation of the Bell Tower under serviceability conditions. Notably, the vertical defor-
mation at the column bases located on top of the platform reached —9.34 mm, accounting
for more than 90% of the total displacement at the top of the structure. This suggests that
the global vertical deformation of the Bell Tower primarily originates from the vertical
compressive deformation of the platform induced by the timber superstructure. In con-
trast, the elastic compressive deformation of the timber superstructure itself is negligible,
demonstrating the substantial vertical stiffness of the timber frame.
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Furthermore, at the same elevation, the deformation of corner components was signifi-
cantly greater than that of central components. Specifically, at the top of the platform, the
vertical deformation at the corners (—9.34 mm) far exceeded that at the geometric center
(—3.44 mm). This discrepancy highlights the relatively lower stiffness at the edges and cor-
ners of the platform, revealing distinct characteristics of non-uniform vertical deformation.

5.2. Stress Analysis

The stress distribution contours of the rammed earth core, the masonry body of the
platform, and the upper timber superstructure under combined loading conditions are
illustrated in Figure 10. As observed in Figure 10a, regarding the rammed earth core,
the maximum principal stress (0.05 MPa) occurred at the sidewalls of the arched tunnel.
Conversely, the minimum principal stress (—0.2 MPa) appeared at the bottom of the
platform. Analysis of Figure 10b reveals that for the masonry component, the maximum
principal stress was concentrated at the corner connections of the walls, peaking at 0.30 MPa.
The minimum principal stress reached —1.5 MPa and was located at the bottom of the
external walls. For the timber superstructure shown in Figure 10c, the maximum principal
stress was identified at the bottom edges (soffits) of the beams and architraves, as well as in
the tension zones of the mortise-tenon joints. Under combined loading, the peak tensile
stress reached 10.5 MPa. The minimum principal stress was —9.0 MPa, occurring in the
compression zones of the beams and architraves, and at the column bases.

The results of the vertical deformation and stress analysis clearly indicate that the
upper timber superstructure exerts an influence on the deformation of the high-platform
itself. Furthermore, in practice, the stiffness characteristics of the internal rammed earth
core directly result in non-uniform vertical stiffness across the overall structure. This
induces significant settlement in the upper timber structure, which subsequently alters its
dynamic response characteristics. This implies that retrofitting measures must address the
interaction between the high-platform and the superstructure; enhancing the stiffness of
the high-platform boundaries and monitoring differential settlement are therefore just as
critical as repairing the timber frame itself.

Maximum principal stress (Smax) Minimum principal stress (Smin)
(a) Stress contour of the rammed earth core

Figure 10. Cont.
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Maximum principal stress (Smax) Minimum principal stress (Smin)
(b) Stress contour of the masonry body

3D view Section view
(c) Stress contour of the upper timber superstructure

Figure 10. Stress analysis of the structural model under combined loads (Unit: MPa).

6. Lateral Load Analysis

In the dynamic analysis of the Bell Tower structure, the primary environmental actions
considered were wind loads and seismic excitations.

6.1. Wind Load Analysis
6.1.1. Determination and Application of Wind Loads

The reference wind pressure for the Xi’an region is taken as 0.35 kN/m? for a 50-year
return period and 0.40 kN/m? for a 100-year return period. The terrain roughness was
classified as Category B, and the shape coefficient was set to 1.40. Given that the height of
the main roof exceeds 30 m, the wind vibration effects were accounted for in the calculation.
Regarding the load application, wind loads for the platform section were applied to the top
surface of the platform. For the timber superstructure, loads were applied to the outer eaves,
timber floor slabs, and the roof system. For the pyramidal roof, the effective windward
area was taken as 0.5 times the gross projected area. The specific application locations and
the characteristic values of the wind loads are summarized in Table 8.

Table 8. Application positions and standard values of wind loads.

Loading Height Above Wind Vibration Coefficient (B;) Standard Value of Wind Load wy (kN/m?)
Position Ground (m) 50 Years 100 Years 50 Years 100 Years

1 9.18 1.35 1.35 0.66 0.85

2 14.88 1.45 1.46 0.80 1.04

3 17.88 1.49 1.50 0.87 1.13

4 21.88 1.55 1.57 0.96 1.24

5 24.88 1.60 1.61 1.03 1.33

6 32.08 1.72 1.73 1.19 1.55
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6.1.2. Inter-Story Drift Analysis

Given the symmetry of the Xi’an Bell Tower’s facade and geometric configuration in
the X and Y directions, wind loads were applied at incidence angles of 0° and 45° relative
to the X-axis. The structural deformations were calculated for both 50-year and 100-year
return periods. The resulting displacement contours are presented in Figure 11.

0° direction 45° direction
(a) 50-year wind load

0° direction 45° direction
(b) 100-year wind load

Figure 11. Structural deformation contour under wind loads (Unit: mm).

The horizontal displacements in the X-direction at critical locations were extracted
under wind loads at 0° and 45° incidence angles. The inter-story drift ratios of the super-
structure were calculated using the average displacement values of each floor. Specifically,
the story height for the second story is defined from the second-story timber floor to the
tops of the outer hypo style columns. The story height for the roof level extends from the
tops of these columns to the pyramidal roof. The detailed inter-story drift ratios for each
load case are listed in Table 9.

Analysis of the tabulated data reveals that the structural responses under 0° and
45° wind directions are substantially consistent. This further corroborates the uniform
distribution of mass and lateral stiffness within the horizontal plane of the Bell Tower. A
comparison of the response across different stories indicates that the inter-story drift ratio
of the second story is significantly larger than that of the first story. Under the extreme wind
load (100-year recurrence interval), the maximum drift ratio of the second story reaches
1/583, identifying it as the zone with the most significant deformation. This behavior is
primarily attributed to the substantial stiffness of the first story, provided by the restraint
of masonry infill walls and the column grid, whereas the second story exhibits relatively
higher flexibility.
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Table 9. Inter-story drift ratio of the structure under wind loads (Unit: rad).
0° Direction 45° Direction
Structural Part
50-Year 100-Year 50-Year 100-Year
Platform 1/91,800 1/70,615 1/114,750 1/83,455
1st Story 1/2604 1/2007 1/2580 1/1983
. 2nd Story 1/760 1/585 1/757 1/583
Timber
Superstructure Main Roof 1/946 1/728 1/941 1/724
Global Timber 1/2495 1/1919 1/2481 1/1910
Structure

Even under the 100-year wind load, the maximum inter-story drift ratio remains far
below the conventional allowable limit of 1/250 for timber structures. This demonstrates
that the Xi’an Bell Tower possesses sufficient lateral stiffness. The structure remains within
the elastic range under extreme wind loads, ensuring a high level of structural safety.

6.1.3. Stress Analysis

Given that the deformation of the platform under wind loads is negligible, this section
focuses primarily on the stress analysis of the timber superstructure. The stress distributions
within the structure were extracted based on the load combination: Dead Load + Live Load
+ wind load, as illustrated in Figure 12.

As shown in Figure 12a, under the wind load with a 50-year return period, the maxi-
mum and minimum stresses in the timber superstructure are 11.17 MPa and —9.41 MPa,
respectively. Conversely, under the wind load with a 100-year return period (Figure 12b),
the maximum and minimum stresses increase to 11.61 MPa and —9.60 MPa, respectively.
A comparison with the static analysis results (Section 5) indicates that wind loads have a
limited influence on the stress state of the timber superstructure of the Xi’an Bell Tower.

64

0° direction 45° direction
(a) 50-year wind load

0° direction 45° direction
(b) 100-year wind load

Figure 12. Stress contour of the timber structure under combined wind loads.
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6.2. Seismic Action Analysis
6.2.1. Selection of Seismic Action Parameters

According to the Seismic Ground Motion Parameters Zonation Map of China (GB
18306-2015) [28], the Xi’an Bell Tower is located in a region with a seismic fortification
intensity 8. Consequently, seismic actions were evaluated at two levels: (1) Frequent
earthquakes (Peak Ground Acceleration, PGA =70 gal): The acceleration response spectrum
was defined based on the criteria for frequent earthquakes in an 8-degree zone. The
characteristic site period (Tg) was set to 0.40 s. The maximum seismic influence coefficients
were 0.1776 g for the horizontal direction and 0.1154 g for the vertical direction. (2) Rare
earthquakes (PGA = 400 gal): The response spectrum was defined for rare earthquakes in
an 8-degree zone. The Ty was taken as 0.45 s. The maximum seismic influence coefficients
were increased to 0.90 g (horizontal) and 0.585 g (vertical).

The seismic response was calculated using the mode-superposition response spectrum
method. The first 60 vibration modes were combined, achieving cumulative mass participa-
tion ratios of 93.2% in the X-direction, 93.2% in the Y-direction, and 82% in the Z-direction.
The damping ratios of the structural model were selected based on the shake table test data
of the Xi’an Andingmen Gate Tower [25], which bears significant structural similarity to
the Bell Tower. Specifically, the damping ratio was set to 3.5% under frequent earthquakes;
under rare earthquakes, the structural damping is expected to increase and was therefore
set to 5%.

6.2.2. Structural Deformation

Based on the seismic response analysis, the structural deformations in the X, Y, and
Z directions were obtained, as illustrated in Figure 13. It is observed that the horizontal
displacement amplitudes under seismic actions in the X and Y directions are substantially
consistent. The maximum displacement consistently occurs at the apex of the pyrami-
dal roof. Specifically, under frequent earthquakes, the peak displacement at the apex is
19.16 mm, whereas under rare earthquakes, it reaches 108.98 mm.

Furthermore, as depicted in Figure 13c, the structural deformation under vertical
seismic actions is relatively minor. The maximum vertical displacement is localized at the
mid-span region of the main roof’s bottom eave. At the apex of the pyramidal roof, the
vertical displacement is merely 1.09 mm under frequent earthquakes and 6.18 mm under
rare earthquakes. The minimal vertical displacement indicates that the vertical seismic
excitation has a limited impact on the overall response of the Xi'an Bell Tower.

Frequent earthquake Rare earthquake
(a) X-direction

Figure 13. Cont.
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Frequent earthquake Rare earthquake

Frequent earthquake Rare earthquake
(c) Z-direction (Vertical)

Figure 13. Structural deformation contour under seismic loads (Unit: mm).

The inter-story drift ratios of the superstructure were calculated based on the average
displacement of each floor and are summarized in Table 10. It is observed that under
both frequent and rare earthquake scenarios, the inter-story drift ratios of the platform
are significantly smaller than those of the timber superstructure. This implies that the
deformation of the Bell Tower is primarily concentrated within the upper timber super-
structure. Specifically, under frequent earthquakes, the maximum inter-story drift ratio of
the timber superstructure is 1/394, which satisfies the limit requirement of 1/250. Under
rare earthquakes, the maximum drift ratio reaches 1/70, which remains well within the
allowable limit of 1/30 for ancient timber structures. This demonstrates that the Xi'an
Bell Tower possesses a sufficient margin of collapse resistance under major earthquakes,
attributed to the superior flexibility and deformation capacity of the timber structure.

Table 10. Inter-story drift ratio of the structure under seismic loads (Unit: rad).

Inter-Story Drift Ratios
Structural Part

Frequent Earthquake Rare Earthquake
Platform 1/6557 1/1264
1st Story 1/992 1/187
i 2nd Story 1/394 1/70
Timber Superstructure
Main Roof 1/453 1/80
Global Timber Structure 1/1195 1/211
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6.2.3. Stress Results

(1) Unidirectional Seismic Action

Given the structural symmetry of the Xi’an Bell Tower along the X and Y axes, the
X-direction and Z-direction seismic excitations were selected as representative cases to
investigate the structural response under horizontal and vertical earthquakes, respectively.
The resulting stress distributions of the timber superstructure are illustrated in Figure 14.

13
13.§
127

10.4)
9. 3.

Frequent earthquake Rare earthquake
(a) Stress contour under X-direction seismic load

Frequent earthquake Rare earthquake
(b) Stress contour under Z-direction seismic load

Figure 14. Stress contour of the structure under unidirectional seismic loads (Unit: MPa).

As observed in Figure 14a, the horizontal seismic action primarily affects the beams
on the first story. Under frequent earthquakes, the maximum stress in the timber super-
structure is 4.85 MPa. Under rare earthquakes, the maximum stress increases to 14.35 MPa.

Conversely, as indicated in Figure 14b, the vertical seismic action exerts a significant
influence on the beams of the main roof. The maximum stress in the timber superstructure
reaches 3.92 MPa under frequent earthquakes and 9.60 MPa under rare earthquakes.

(2) Combined Seismic Action

Seismic load combinations were categorized into two cases: unidirectional horizontal
seismic combination and multi-directional seismic combination. Unidirectional combina-
tion: This case considers the representative gravity load combined with the unidirectional
horizontal seismic action (Dead Load + 0.5 x Live Load + X-direction Seismic Effect). The
corresponding stress distribution contours are presented in Figure 15a. Under frequent
earthquakes, the maximum stress within the timber superstructure is 12 MPa. Under rare
earthquakes, the maximum stress in vertical components reaches 18.5 MPa, localized at the
beam-column joints. The global maximum stress of the timber structure peaks at 25 MPa,
with high-stress zones concentrated in the roof system.
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Frequent earthquake Rare earthquake
(a) Unidirectional combined seismic load

Frequent earthquake Rare earthquake
(b) Multi-directional combined seismic load

Figure 15. Stress contour of the structure under combined seismic loads (Unit: MPa).

Multi-directional combination: This case accounts for the coupling of the representative
gravity load and multi-directional seismic actions (Dead Load + 0.5 x Live Load + Combined
Seismic Effect). The combined seismic action is defined as X-EQ + 0.85 x Y-EQ + 0.65 x Z-EQ.
The resulting stress contours are shown in Figure 15b.

As observed in the figures, high-stress concentration zones are located at the mortise-
tenon joints of beam-column intersections, the ends of architraves, and the Dou-Gong
layer. In contrast, the columns generally exhibit a low-stress state. This indicates that
under multi-directional coupled seismic actions, the joints serve as core regions for internal
force redistribution and energy dissipation. Subjected to significant bending moments
and shear forces, these joints constitute the weak links in the structure’s seismic resistance.
Furthermore, under rare earthquake conditions, the maximum structural stress increases to
40 MPa, which exceeds the tensile limit of the timber parallel to the grain. This demonstrates
that as seismic intensity increases, the joints of this timber structure face a distinct risk of
splitting failure and plastic damage.

7. Conclusions

In this study, the Xi’an Bell Tower was selected as the case study. A three-dimensional
finite element model comprising the internal rammed earth core, the masonry body, and
the upper timber superstructure was established to investigate the structural responses of
this high-platform timber structure system under various loading conditions. The main
conclusions are drawn as follows:

1.  The simulated first two natural frequencies of the platform and the timber superstruc-
ture correlate well with the in situ dynamic testing results, validating the accuracy
of the FE model. The structure exhibits symmetric dynamic characteristics, and the
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ratio of the first torsional period to the first translational period is 0.75, indicating
substantial torsional stiffness. Furthermore, the incorporation of the platform into the
model significantly prolongs the natural periods of the global structure compared to
the timber superstructure alone.

2. Dead loads are the dominant factor governing the structural vertical deformation.
The deformation at the top of the platform exhibits a non-uniform distribution pattern
characterized by “larger deformations at the corners and smaller deformations at the
center,” with the vertical displacement at the corners being approximately 2.7 times
that at the geometric center. This phenomenon results from the deformation of the
underlying platform under the load of the timber superstructure, suggesting that
special attention should be paid to the settlement at the edges of the platform in the
conservation of ancient architecture.

3. Under lateral actions induced by wind and seismic loads, structural deformations are
primarily concentrated in the second story of the timber superstructure, identifying it
as a zone with relatively weak lateral stiffness. The maximum inter-story drift ratio
reaches 1/583 under the wind load with a 100-year return period, whereas it increases
to 1/70 under rare earthquakes. This indicates that the structure is significantly more
sensitive to seismic excitations than to wind loads.

4. Under multi-directional seismic actions, high-stress zones are primarily concentrated
at the mortise-tenon joints within beam-column intersections and the Dou-Gong
(bracket set) layer at the ends of the architraves. In particular, the local maximum
stress at the joints can reach 40 MPa, exceeding the elastic limit of the timber. This
indicates a significant risk of splitting failure and plastic damage. Consequently, these
areas constitute the weak links in the structure’s seismic resistance, necessitating
prioritized protection and preventive measures for these high-stress regions.
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