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Traditional Chinese timber buildings are lightweight, flexible, and quite vulnerable to wind. This paper aims to present
a methodology for evaluating the wind-induced vibration performance of early Chinese hall-style timber buildings
based on numerical simulations. First, the architectural and structural characteristics of early Chinese hall-style timber
buildings were presented and analyzed. It is found that the main hall of the Tianning Temple can be considered a
representative to carry out the research. Second, the wind pressure coefficients of the main hall were determined

via computational fluid dynamics (CFD) simulation. Finally, the time-series wind pressures were generated, and the
wind-induced vibration performance was analyzed by the finite-element method (FEM). The CFD simulation results
show that the eave corners bear the maximum wind suction, and the windward pediment bears the maximum wind
pressure. The FEM analysis has revealed that the lateral structural stiffness in the depth direction is smaller. Under the
depth-direction wind load, most of the large displacement occurs intensively at the middle part of the windward
frames. The structural response is dominated mainly by the top three vibration modes. The time-series wind vibration
coefficients are larger than the code values by a factor of 1.39-1.82. This study can provide a reference for evaluating
the wind-induced vibration performance of early Chinese hall-style timber buildings.
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Introduction

A large number of examples of traditional timber archi-
tecture are found in China. These structures are wide-
spread around the country and once served as palaces,
temples, ancestral halls, offices and dwellings. Most of
the existing architectural heritage in China is timber
buildings. Statistically, 2162 major historical and cultural
sites are protected at the national level in China, 1513 of
which are traditional timber buildings, accounting for
70% [1]. In addition, among all 37 UNESCO World Cul-
tural Heritage sites in China, 16 are closely related to
timber buildings [2]. Traditional timber buildings play a
vital role in the architectural history of China and nota-
bly differ from traditional Western timber and masonry
buildings. Under natural disasters and long-term external
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loads, many of these valuable timber buildings have
degraded. Traditional timber buildings are lightweight
and flexible and have weak resistance to lateral external
forces. It is common to find traditional timber buildings
damaged under strong wind actions. In 2006, one ancient
temple and nine ancient timber lounge bridges in Zheji-
ang Province were seriously damaged in Super Typhoon
Saomai. In 2016, many traditional timber buildings in
Honglincuo, Fujian Province, were also damaged in Super
Typhoon Nepartak, and four old timber lounge bridges
collapsed in Super Typhoon Meranti. In 2019, many tim-
ber buildings on an ancient street in Wenling, Zhejiang
Province, suffered severely in Super Typhoon Lekima. All
the above-mentioned damage happened in the southeast-
ern coastal area, where many traditional timber buildings
are distributed. Therefore, the accurate evaluation of the
wind-resistance performance is an important issue for
the scientific conservation of traditional timber buildings.
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Traditional Chinese timber buildings are impressive
due to their giant roof shapes with elegant designs and
exquisite craftsmanship. In addition to the common
double-pitch roof and the hip roof, there are also mul-
tiple styles of complicated roof configurations, such as
the nine-edge roof and double-eave roof. These featured
roof styles subsequently lead to the wind sensitivity of
timber buildings. At present, research focusing on the
wind pressure on buildings and the wind-resistance per-
formance of traditional timber buildings is very limited.
A general review of the related literature in China is pre-
sented. Wu et al. [3] conducted a wind tunnel experiment
on an archaized timber pagoda, and the wind pressure
coefficients applicable for the pagoda were proposed. Li
et al. [4] performed a wind vibration calculation for the
Yingxian Timber Pagoda with the mode analysis method
and obtained wind vibration coefficients for the pagoda.
An FEM analysis of the main hall of the Baoguo Temple
was carried out by Han and Chun [5], and the dynamic
and static behavior of the main hall was compared and
discussed. Liu [6] simulated the wind field around the
Hall of Supreme Harmony built in the Qing Dynasty with
different wind velocities and directions and obtained the
wind pressure coefficients of the roof. Similar work was
also performed by Yang [7] on an archaized timber build-
ing with the style of the Tang Dynasty, and reference val-
ues of the wind pressure coefficients were proposed.

Outside China, there are also some researchers with
interest in the wind-resistance performance of timber
buildings. Hanazato et al. [8] introduced a new monitor-
ing technique for the long-term wind-induced response
of the five-storied pagoda, which is one of the most
important architectural timber structures in Japan. Zisis
[9] studied the wind-induced vibration performance
of residential timber buildings normally seen in North
America with experimental and numerical methods.
Malone et al. [10] established an FEM of a local timber
building with pinned connection joints with the soft-
ware SAP2000 (Structural Analysis Program 2000) and
achieved force-transferring paths under wind action. In
the study presented by Morrison [11], particular atten-
tion was given to the failure modes of a low-rise building
during a wind tunnel test. He et al. [12] proposed an FEM
analysis method for evaluating the mechanical behavior
of the whole structure and the connection performance
of members in a lightweight timber frame building under
wind load. Alireza and Sarkar [13] carried out a reduced-
scale model experiment of a double-pitch roof timber
building in a tornado field, and they explored the influ-
ence of building parameters on the wind pressure distri-
bution. Singh and Roy [14] used Fluent to simulate the
wind flow field of low-rise and hip roof buildings and
obtained roof wind pressure coefficients with various
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roof shapes and in wind directions. Roy et al. [15] simu-
lated the wind field of a pyramid-roof pentagonal build-
ing using Fluent, and they also discussed the wind field
characteristics and the wind pressure coefficients under
different wind directions.

In summary, foreign studies have focused mainly on
local timber buildings, whose architectural forms, mate-
rial properties, joint connection methods and structural
characteristics are quite distinct from those of traditional
Chinese timber buildings. Moreover, Chinese studies
have generally aimed at the wind-induced vibration of
high-rise timber buildings such as pagodas or low-rise
buildings with regular roof styles. Regarding the struc-
tural conservation of traditional Chinese timber build-
ings, there is no mature standard or guideline. Scarce
references for wind-resistance studies also limit the sci-
entific practice of renovation or preventive protection. In
this paper, the wind-induced vibration performance of
early Chinese hall-style timber buildings is systematically
studied in detail. The architectural and structural charac-
teristics of early Chinese hall-style timber buildings are
presented, and the wind pressure coefficients of a hall-
style timber building were determined via CFD simula-
tion. Then, time-series wind pressures are generated, and
the wind-induced vibration performance of the building
is analyzed by FEM.

Early Chinese hall-style timber buildings
Architectural and structural characteristics
The earliest timber building existing in China was built
in the Tang Dynasty (A.D. 618-907), but the number
of existing buildings of the Tang Dynasty is quite small.
Timber buildings built in the Song and Yuan Dynasties
(A.D. 960-1368) account for a large proportion of the
existing traditional timber buildings, of which hall-style
buildings make up the main part. In the old book Ying
Zao Fa Shi written by the well-known architect Li Jie
in the Song Dynasty, there are 19 drawings of hall-style
buildings, implying the importance of this structural
style. Two examples of hall-style buildings are shown
in Fig. 1. The main characteristic of the hall style is that
inner columns are obviously taller than outer columns;
thus, it provides a higher central space for worship. Ding-
tougong, a type of connection of beam and column, is
widely used in hall-style buildings and contributes to
good structural integrity. In this study, six early Chi-
nese hall-style buildings were chosen to investigate the
architectural and structural characteristics. The plane
layout and dimensions are shown in Fig. 2 and Table 1,
respectively.

According to Fig. 2 and Table 1, the plane layout of
the hall-style building is basically square, and the build-
ing height is slightly smaller than the width. The ratio of
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a The main hall of the Tianning Temple
Fig. 1 Typical early hall-style timber buildings

b The main hall of the Yanfu Temple

the building length to the width is 0.836—1.120, and the
ratio of the building height to the width is 0.728-1.024.
There are generally three bays in the width direction, and
the middle bay is wider than the other two bays. In the
depth direction, it is also three bays deep, and the first
and second bays are wider than the last bay. Based on
the analysis above, we can consider that the main hall of
the Tianning Temple is a typical early hall-style timber
building, and it can be used to study the wind-induced
vibration performance of early Chinese hall-style timber
buildings.

Information of the main hall of the Tianning Temple

The main hall of the Tianning Temple is a square building
with both a depth and width of 12.72 m, a total height of
11.5 m and an eave bottom height of 6.1 m. The diam-
eter of the columns is approximately 450 mm. The inside
and outside appearances of the main hall are shown
in Fig. 3. To obtain accurate geometrical information,
precise scanning is carried out with a 3D laser scanner,
Leica Scan Station P16 scanner, which has a maximum
scanning distance of 80 m and a point position error of
5 mm/80 m and has a 360° panoramic view and a super-
fast scanning speed of 1 million points per second. The
3D scanning results are shown in Fig. 4.

Determination of wind pressure coefficients

via CFD simulation

To carry out the wind-resistance performance analysis,
the wind load on the building surface must be deter-
mined first. The wind load is related to the basic wind
pressure, terrain, ground roughness, and building height
and shape. In the Chinese Load Code for the Design of
Building Structures (the load code) [16], the wind pres-
sure coefficient is introduced to describe the ratio of
the actual pressure on the building to the wind pressure

calculated from the wind speed. In the load code, only
wind pressure coefficients of simple-shaped buildings are
provided, whereas traditional buildings with relatively
complicated shapes are not included. In this section, the
wind pressure coefficients of the main hall of the Tian-
ning Temple are obtained by CFD simulation with Fluent
version 16.0. Before starting the simulation of the main
hall, preliminary verification work is performed to deter-
mine the turbulence model suitable for the case.

Verification of the turbulence model
The large eddy simulation (LES) model and Reynolds-
averaged Navier—Stokes (RANS) k-¢ model are the two
main methodologies in practice for evaluating wind
effects on buildings. The RANS method relies on a sta-
tistical description of the flow, and the k-¢ model pro-
vides time-averaged information of a high Reynolds
number and fully turbulent flow with a relatively low
computer demand. Theoretically, LES could provide a
more accurate simulation relying on transient calcula-
tion and enable users to obtain the fluctuating wind loads
for structural resistance design and peak wind pressure
coefficients for cladding design, but LES requires an
increased computational cost by a factor of more than 80
[17]. Out of consideration for the computational cost, the
RANS model is a better choice if users care more about
the fully developed steady flow rather than the transient
changes. Thus, the mean wind pressure coefficients could
be assessed using the steady-state RANS model at the
significantly reduced cost of computational resources.
Today, in practical applications, the RANS model has
been widely used to evaluate the mean wind pressure
distribution on a building. The simulation results of the
RANS model have been found to be in good agreement
with the wind tunnel tests [17-21]. Here, three RANS
models (the shear stress transfer (SST) k-¢ model, the
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Table 1 Plane dimensions of the six hall-style buildings
No Name Location Building time  Structure Ratio of the length  Ratio
(A.D.) to the width of the height
to the width
1 Main hall of the Baoguo Temple Ningbo/Zhejiang 1013 Hall style 1.120 0.897
2 Main hall of the Baosheng Temple Suzhou/Jiangsu 1073 Hall style 1.008 0.775
3 Main hall of the Yanfu Temple Wuyi/Zhejiang 1317 Hall style 1.012 1.024
4 Main hall of the Tianning Temple Jinhua/Zhejiang 1318 Hall style 1.000 0.904
5 Main hall of the Zhenru Temple Shanghai 1320 Hall style 0.969 0.856
6 Main hall of the Xuanyuan Palace Suzhou/ Jiangsu 1369 Hall style 0.836 0.728

a Outside appearance
Fig. 3 Main hall of the Tianning Temple

a Cross-section
Fig. 4 3D scanning cloud images of the main hall

b Longitudinal section

renormalization group (RNG) k-¢ model, and the stand-
ard k-¢ model) are used to simulate the wind field of a
double-pitch roof low-rise building. The simulated wind
pressure coefficients are compared with the values sug-
gested by the load code to verify the feasibility of the sim-
ulation method and to determine which model is more
suitable for the simulation of the main hall.

Verification: computational domain and boundary
conditions

The building models are created with the same shape
dimensions and roof pitch as the main hall. The compu-
tational domain dimensions are selected according to the
best practice guidelines of the wind CFD simulation pro-
posed by Franke et al. [22] and Tominaga et al. [23]. The
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upstream length must be larger than five times the building
height and one-third of the whole wind domain length. The
blockage rate must be less than 3% to guarantee that the
wind around the building can fully develop. The resulting
domain dimensions are chosen as 240 m x 140 m x 100 m,
which can meet all the above requirements. The building
model is placed 80 m away from the wind inlet surface.

The wind domain is divided into three parts (Fig. 5) to
simultaneously use the structured and unstructured mesh
(Fig. 6). The unstructured mesh (tetrahedral and prism ele-
ments) is adopted in the middle part where the building
is located because the unstructured mesh adapts better to
the irregular shape. Two side parts are built up with the
structured mesh (hexahedral elements). There are 489,351
nodes, 99,254 shell elements, and 1,484,365 volume ele-
ments in the wind domain.

The inlet boundary was set as the velocity-inlet condi-
tion, which was imported through the user-defined func-
tion (UDF) interface. The inlet boundary is described by
the wind velocity, the turbulent kinetic energy k and the
turbulence dissipation rate €. The load code gives the wind
velocity expression as follows:

u(z) = uo (i)a (1)
k, = 1.5 % (u(z) - )?, 2)
I, = 0.1(z/5) %700, 3)
£, = 0.09°~75kzl—j, (4)
I, = 100(z/30), (5)

where z is the node height; zo=10 m is the reference
height; u(z) is the wind velocity at the height of z; ug is

Middle part ANSYS

R16.0

Two side parts

Fig.5 Three parts of the wind domain (6=0°)
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Unstructured mesh

Structured mesh

Fig. 6 Mesh mapping result (6=0°)

the wind velocity at the reference height; =0.16 is the
roughness index; I, is the turbulence intensity; and /; is
the turbulence integral scale. The wind velocity profile at
the inlet boundary is shown below in Fig. 7.

The outlet boundary was set as the fully developed out-
flow condition with zero static pressure. Standard wall
conditions were applied for the building surfaces and
ground surface. The two overlapping surfaces are set as
the interface.

Verification: results

The results show that the RNG k-¢ model performed
best among the three models. The wind pressure coeffi-
cient contours obtained by simulation using the RNG k-¢
model are shown in Fig. 8, and the comparison with the
load code values is illustrated in Fig. 9 (black numbers are
simulation results, red numbers are error rate). There-
fore, the RNG k-¢ model is considered the best choice in
simulating the main hall.

Setup of CFD simulation of the main hall

In the main hall of the Tianning Temple, there are clap-
boards between the bucket arches (Fig. 3), so the building
is in an enclosed state when the doors and windows are
closed. In the simulation, the state of open windows and
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Fig. 7 Wind inlet velocity profile (m/s)
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a Windward b Leeward

Fig. 8 Wind pressure coefficient contours simulated by the RNG k- model
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Fig. 9 Comparison of three turbulence model simulation results with the load code values

Fig. 10 3D geometry model of the main hall

open doors is not considered in this study. The full-scale
3D model of the main hall has been established (Fig. 10).
Two orthogonal wind directions (§=0° and 6=90°)
were simulated. =0° is the wind direction perpendicu-
lar to the building width, and 6=90" is the wind direction
perpendicular to the building depth. For both wind direc-
tions, the wind domain dimensions, boundary conditions
and meshing method remain the same as those in the
verification case. The final meshed wind domain contains
513,001 nodes, 102,756 shell elements, and 1,688,562

volume elements under §=0° and 497,161 nodes, 98,682
shell elements, and 1,490,839 volume elements under
6=90°. The mesh results (§=0°) are shown in Fig. 11.

CFD simulation: results and discussion

Wind flow streamlines

Through the CFD simulation, the wind velocity stream-
lines around the main hall under the two wind directions
were obtained, as shown in Fig. 12.

Wind pressure coefficient distribution
The wind pressure coefficient C,; at point i is calculated
as:

P; — P,
Cp' i 0

i 0.5pu2’ (©)

where P; is the wind pressure at point i of the building
surface; Py is the reference static pressure (air pressure at
a height of 10 m); andp = 1.225kg/m?, which is the air
density.

To better present the results of the wind pressure
coefficient distribution, all parts of the building sur-
face are named as follows: the four roofs are named
R1~R4, the four eaves are named E1~E4, the eight
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Fig. 11 Mesh slices of the wind domain (6=0°)
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Fig. 12 Schematic diagrams of velocity streamlines on the longitudinal mid-planes around the building under wind direction:a 6=0°, b 6 =90°

eave corners are named C1 ~ C8, and the four walls are 6=0° l l' l'
named W1~ W4. The naming result is illustrated in Wi
Fig. 13. cs ct
The results of the wind pressure coefficient contours c7 o2
of all parts on the building surface under wind direc- El
tions 8=0° and 8=90° can be obtained, as shown in
Figs. 14 and 15, respectively. - R1
According to the analysis of Figs. 14 and 15, the fol- §=90° —>| W3 (18 R ol | I
lowing conclusions can be drawn: - ~
(1) Under the two wind directions, the wind pressure c6 = c3
coefficients are distributed symmetrically, and posi- (e} (0%
tive wind pressure occurs at the windward surfaces. w2

The closer the area is to the edge, the denser the
contour lines are, indicating that the change gradi-
ent of the wind pressure is larger in the area near
the edges.

(2) Under the two wind directions, the wind pressures
on the crosswind and leeward surfaces are basically

Fig. 13 Naming of all parts on the surface of the main hall
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negative, and the absolute values of the negative
pressure coefficients are all smaller than 1.

(3) Under the two wind directions, the maximum neg-
ative wind pressure occurs at the eave corners, and
the coefficient is larger than 2, which means that the
eave corners bear a very large wind suction. This
large wind suction is also an important explanation
for why the corner beams of early Chinese hall-style
timber buildings are designed to be very strong.

(4) The maximum positive wind pressure coefficient
occurs at the central area of the windward pedi-
ment when 6=90°. The coefficients are generally
larger than 1. These values also explain why, in most
important gable-and-hip roof timber buildings built
since the Song Dynasty, there is always a timber
wind deflector set in front of the pediment for buft-
ering the intense wind impact.

The average wind pressure coefficients
The average wind pressure coefficient C, of each part of
the building surface is computed as:

CpiA;
=X %)

where A; is the surface area of point i, and A is the overall
area of the part where point i is located. The average wind
pressure coefficients under the two wind directions are
calculated. The results are illustrated in Fig. 16.

FEM analysis of the wind vibration performance
Modeling

SAP2000 was used to perform the FEM analysis.
SAP2000 is a powerful software for analyzing the
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structural performance of spatial truss structures. The
structure of the main hall of the Tianning Temple can be
considered the spatial truss. The structural members of
the main hall are composed mainly of columns, beams,
purlins, bucket arches (also called ‘dougongs’), and raft-
ers. All the members are connected by mortise—tenon
joints. There are two main types of mortise—tenon joints
in this structure. As shown in Fig. 17, one type is the
‘through mortise—tenon joint’ connecting straight beams
and columns, and the other type is the ‘Dingtougong
mortise—tenon joint’ connecting crescent beams and
columns. The Dingtougong joint is one of the obvious
characteristics of hall-style buildings, which appears in all
the drawings of the hall-style buildings in the book Ying
Zao Fa Shi. Dingtougong reduces the beam span to some
extent and enhances the shear and flexural capacity of the
joint. The distribution of the two types of joints is shown
in Fig. 18.

Crescent beam —
Column ]

Dingtougong
mortise-tenon joint

Column

Through
mortise-tenon joint

Beam 2
o

Fig. 17 Two main types of mortise-tenon joints of the main hall of
the Tianning Temple

o=} | |
0.81 0.86
-1.89 0.25 0.51 0.51
0.50 -0.40 0.43 -1.19 0.58 -1.19
- -0.57 _ 0.48 o
0=90°—> | 084 || 2|5 AR | .040| |08 || 2] B || -0.86
~ Q@ o . 2| <@
— -0.57 0.60 :
0.50 -0.40 0.43 -0.20 -0.64 -0.20
-1.89 081 0.25 -0.58 043 -0.58
a b
Fig. 16 Average wind pressure coefficients under wind directions: a 6=0° b 6=90°
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| ODingtougongmortise-tenonjint
b @ Through mortise-tenon joint

a View from the longitudinal direction

Fig. 18 Distribution of the two types of mortise—tenon joints

3 |
@ Dingtougong mortise-tenon joint §
® Through mortise-tenon joint

b View from the transversal direction

In previous studies conducted by Chun [24, 25],
reduced-scale model experiments and theoretical stud-
ies on the mechanical performance of these two types
of joints were carried out. The semirigidity of these two
types of joints has been determined. Given the similarity
principle of the reduced-scale model, the rotational rigid-
ity of the through mortise—tenon joint is determined to
be 147 kN m/rad, and the Dingtougong mortise—tenon
joint is 350 kN m/rad. The bucket arch system is simu-
lated according to a study conducted by Liu et al. [26].
They found that system internal forces transfer obliquely
from the bucket to the arch under lateral external loads.
They proposed a simulation method by simplifying the
system to a diagonal brace and truss structure. The simu-
lation of the bucket arch system of the main hall is per-
formed using the same method.

According to the on-site investigation and the litera-
ture [27], the timber material of the main hall is Chi-
nese fir. For buildings over 500 years old, the material

parameters can be determined based on relative codes
[28, 29]. Reduction factors must be considered here, and
the resulting parameters are as follows: the compressive
strength parallel to the grain is 7.5 N/mm?, the bending
strength is 7.7 N/mm? the shear strength parallel to the
grain is 0.84 N/mm?, the elastic modulus is 6750 N/mm?,
and Poisson’s ratio is 0.3. There are 16 pieces of top tiles
and 32 pieces of bottom tiles per square meter on the
roof. The thickness of the lime layer of the roof is 12 cm,
so the calculated dead load on the roof is 3.5 kN/mm?
The entrance and exit walls are composed of timber lat-
tice windows and doors; see Fig. 3a. The material of two
gable walls is bamboo woven bone plastered with mud,
which is the typical practice for the wall at the time [27].
The contribution of walls to the whole structural lateral
stiffness is very small, so, in this study, the walls were
only considered virtual surfaces to transfer wind loads.
The model is finally established and shown in Fig. 19.

a A single frame model
Fig. 19 Finite-element model of the main hall

b Whole building frame model

¢ Model with real-sized elements
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Generation of wind pressure time series
According to the literature [14, 23], the wind pressure
time series W (¢) can be computed as:

W (t) = 0.50U> (1), (8)

where U(t) is the wind speed time series, which is
regarded as the superposition of the average wind speed
and the fluctuating wind speed [25]. Therefore, the wind
speed time series can be expressed as:

U(t) = uo + u(t). 9)

From the load code, up = 25.3m/s when the wind
load recurrence interval is 100 years, and the building is
located in Jinhua city. u(¢) is the fluctuating wind speed
time series that can be described by the power spectrum
and the correlation function [30]. The former mainly
reflects the energy distribution of various frequency com-
ponents in the fluctuating wind, and the latter reflects the
time and space interaction of the fluctuating wind at dif-
ferent spatial points. They can be transformed through
the Wiener—Khinchin theorem. In this study, the autore-
gressive (AR) model of the time-domain analysis method
was used to simulate the fluctuating wind speed.

The P-dimensional AR model of the fluctuating wind
speed can be described as:

Table 2 Coordinates of the space-correlated points
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P
u(t) = — > ¢ru(t —kAt) + N(t)

k=1

(10)

where ¢y is the AR coefficient matrix, N (¢) is a random
process with a given variance, and At is the time step.

There are 18 space-correlated points on the build-
ing surfaces selected for generating the wind speed
time series. The 18 coordinates of all points are listed in
Table 2. According to Egs. 4 and 5, the programming of
the fluctuating wind speed was executed in Matlab. A
total of 18 curves of the wind speed time series at those
18 points were finally obtained. Two examples of the fluc-
tuating wind speed time series curves are presented in
Fig. 20.

Results and discussion

Modal analysis

The dynamic analysis of the main hall was performed,
and the top ten vibration modes are listed in Table 3. The
natural frequencies are 1.261-12.523 Hz. The top three
mode shapes of this building are shown in Fig. 21. The
first is the horizontal vibration along the depth direc-
tion, the second is the horizontal vibration along the
width direction, and the third is the torsional vibration.
The frequency of the depth-direction vibration is slightly
smaller than that of the width-direction vibration, which

Coordinate X (mm) Y (mm) Z (mm) Coordinate X (mm) Y (mm) Z (mm)
1 3202 4569 9364 10 6264 12,531 2635
2 9325 4569 9364 11 1601 6258 9270
3 3202 1545 7439 12 432 7861 7439
4 9325 1545 7439 13 432 4703 7439
5 6264 0 2635 14 0 6266 2635
6 9325 7809 9364 15 10,926 7258 9270
7 3202 7809 9364 16 12,096 4703 7439
8 9325 11,019 7439 17 12,096 7861 7439
9 3202 11,019 7439 18 12,527 6266 2635
T T T T T : 8 . . : . . . ; .
6F b s
4 . o
=2 5 - 2f
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Fig. 20 Time series of the fluctuating wind speed at: a Point 3, b Point 7
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Table 3 Top ten vibration modes of the main hall

Mode Natural period (s) Natural
frequency
(Hz)

1 0.793 1.261

2 0.786 1.273

3 0.706 1417

4 0.360 2777

5 0.160 6.261

6 0.123 8.104

7 0.120 8316

8 0.098 10.185

9 0.088 11.382

10 0.080 12523

means that the depth-direction stiffness is smaller than
the width-direction stiffness.

Displacement response

As the modal analysis shows, the depth-direction stift-
ness is smaller. The wind pressure coefficients indicate
that the general wind pressure level when 6=0° is rela-
tively higher than the general wind pressure level when
0=90°. In addition, the windward surface area when
0=0° is obviously larger than the windward surface area
when 6=90°, so the main hall bears larger overall wind
loads if 6=0°. Therefore, in this study, only wind direc-
tion 8=0° was executed to ensure that the most unfa-
vorable wind-induced response is obtained. Eighteen
curves of wind pressure time series generated in “Gener-
ation of wind pressure time series” section were imported
into SAP2000 and applied at corresponding areas. The
wind pressure coefficients were set according to the
results from “The average wind pressure coefficients”
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section. The structural displacement response is shown
in Fig. 22.

Figure 22 shows that the depth-direction displacement
of the lower parts and the two side frames is relatively
small, whereas the displacement of the middle frames is
larger, and the maximum is 8.90 mm. Due to the wind
suction on the crosswind surfaces, the width-direction
deformation is a slightly outward expansion, but it is far
less than the depth-direction displacement.

Twenty-nine points on the wall and roof surfaces were
chosen as the observation points for the quantitative
analysis of the displacement response (Fig. 23). The dis-
placement limitation of timber buildings is suggested to
be u,,,,,/H=1/300 [24], in which u,,,, is the maximum
displacement, and H is the building height (11,500 mm).
The computed maximum displacement is still within the
allowable range. The displacement response spectrum
curves of observation point N18 are shown in Fig. 24. The
peak value of the displacement spectrum in the depth
direction is 1.261 Hz, which is the first natural frequency
of the structure. Similarly, the two peak values of the dis-
placement spectrum in the width direction are 1.273 Hz
and 1.417 Hz, which are the second and third natural fre-
quencies. Compared with the peak values, the spectral
displacements at all other frequencies are tiny. The above
results indicate that the displacement response of the
main hall is largely dominated by the top three vibration
modes, and the vibration modes after the third contrib-
ute little to the whole structural response.

Comparison between the time-series wind vibration
coefficients and the code wind vibration coefficients
The wind vibration coefficient is used to describe the
impact of the fluctuating wind pressure on the structure.
In the FEM analysis based on the dynamic time-series wind

a First mode shape
Fig. 21 Top three mode shapes of the main hall

b Second mode shape

¢ Third mode shape
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Fig. 22 Displacement response of the main hall in the: a depth direction, b width direction (mm)
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pressure, the wind vibration coefficient B; (time-series
coefficient) is calculated as:

Ba=1+—,

m (an

where U, is the maximum dynamic displacement of a
point and U is the static displacement under the average
wind pressure.

In the load code, the wind vibration coefficient 8,(code
coefficient) is expressed by many factors and can be calcu-
lated as:

+ Evﬁoz’
MUz

B:=1 (12)

where & =1.51, which is the fluctuating amplifying
coefficient. v = 0.46, which is the fluctuating influence

Table 4 Comparison of the two wind vibration coefficients
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coefficient. ¢ is the modal coefficient at height z. 1, =1.0,
which is the height variation coefficient. All these coeffi-
cient values can be obtained from the load code.

The comparison of the time-series coefficients and the
code coefficients is shown in Table 4.

The results show that the time-series coefficients are
obviously higher than the code coefficients. If the code
coeflicient is used in the traditional hall-style timber
building, the influence of the fluctuating wind on the
structure will be underestimated. The time-series coef-
ficients are 1.39-1.82 times the code coefficients, and
the times decrease with increasing height because the
load code aims at high-rise structures whose shapes
and masses change uniformly with height. The vibra-
tion modes of high-rise buildings are discrete, and the
degree of contribution of the first vibration mode is large.
In the load code, only the first vibration mode is consid-
ered in calculating the modal coefficient, while the other

z/H Point Ud + Us (mm) Us (mm) Bd (074 Bz Bd/Bz
0.5 N1 597 261 229 038 1.26 1.82
0.5 N2 7.83 341 2.30 0.38 1.26 1.82
0.5 N3 5.90 261 226 038 1.26 1.80
0.5 N4 5.90 261 226 0.38 1.26 1.80
05 N5 5.90 261 2.26 0.38 1.26 1.80
0.5 N6 7.74 340 228 0.38 1.26 1.81
0.5 N7 6.05 2.67 227 0.38 1.26 1.80
05 N8 6.06 267 227 0.38 1.26 1.80
0.7 N9 6.80 3.19 2.14 0.67 1.46 146
0.7 N10 7.86 347 227 0.67 1.46 1.55
0.7 N11 6.85 3.19 2.14 0.67 146 147
0.7 N12 6.85 3.19 215 0.67 1.46 147
0.7 N13 6.86 3.20 214 0.67 1.46 147
0.7 N14 772 351 220 0.67 146 1.51
0.7 N15 6.86 3.20 214 0.67 1.46 147
0.7 N16 6.85 3.20 2.14 0.67 1.46 1.46
0.8 N17 7.06 324 218 0.74 1.51 1.44
0.8 N18 8.25 393 2.10 0.74 1.51 1.39
0.8 N19 7.21 3.38 213 0.74 1.51 141
0.8 N20 7.20 3.28 2.19 0.74 1.51 1.45
0.8 N21 727 3.31 2.19 0.74 1.51 1.45
0.8 N22 8.84 417 212 0.74 1.51 1.40
0.8 N23 723 3.28 2.20 0.74 1.51 1.46
038 N24 7.22 3.26 2.21 0.74 1.51 146
0.9 N25 834 3.97 2.10 0.74 1.51 1.39
09 N26 840 397 2.12 0.74 1.51 1.40
1 N27 7.21 3.24 222 0.74 1.51 147
1 N28 841 3.84 219 0.74 1.51 145
1 N29 712 3.24 219 0.74 1.51 145
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modes are all ignored. For structures similar to the main
hall of the Tianning Temple, which is low-rise and flex-
ible, the low-order natural frequencies are denser, so the
time-series coefficients have no obvious change along the
building height. In summary, the code coefficients are
generally small and not applicable for early Chinese hall-
style timber buildings.

Conclusions

In this study, the main hall of the Tianning Temple was
considered a representative of an early Chinese hall-style
timber building to conduct the study of wind-induced
performance. The wind pressure coefficients were deter-
mined via CFD simulation. The time-series wind pres-
sures were generated, and the wind-induced vibration
performance was analyzed by FEM. Some conclusions
were drawn as follows.

(1) Under the two wind directions, the wind pressure
coefficients are distributed symmetrically. Posi-
tive wind pressure occurs mainly at the windward
surfaces, and negative wind pressure occurs mainly
at the crosswind and leeward surfaces. The closer
the area is to the edge, the denser the contour lines
are, indicating that the change gradient of the wind
pressure is larger in the area near the edges.

(2) Under the two wind directions, the maximum neg-
ative wind pressure occurs at the eave corners, and
the coefficient is larger than 2, which means that
the eave corners bear very large wind suction, pro-
viding an important explanation for why the corner
beams of early Chinese hall-style timber buildings
were designed to be very strong.

(3) The maximum positive wind pressure coefficient
occurs at the central area of the windward pedi-
ment when 6=90°. The coefficients are generally
larger than 1. This value also explains why in most
important gable-and-hip roof timber buildings built
since the Song Dynasty, there is always a timber
wind deflector set in front of the pediment for buff-
ering the intense wind impact.

(4) The first mode shape of the main hall is the hori-
zontal depth-direction vibration, the second is the
horizontal width-direction vibration, and the third
is the torsional vibration. The depth-direction lat-
eral stiffness is smaller than the width-direction
stiffness.

(5) The level of the wind loads in the middle of the
windward roof is above average, and it is also the
place where the large displacement occurs, whereas
the maximum value is still within the allowable
range.
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(6) The structural response is influenced largely by the
top three vibration modes, and the vibration modes
after the third contribute little to the whole struc-
tural response.

(7) The time-series coefficients are 1.39-1.82 times
larger than the code coefficients. Therefore, the
wind-resistance calculation for timber buildings
similar to the main hall of the Tianning Temple
tends to be unsafe if the wind vibration coefficients
are adopted based on the load code.
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