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Abstract

Traditional timber buildings are sensitive to wind action. Studying the wind pressure characteristics is the premise

for the preventive conservation of traditional timber buildings. To investigate the computational fluid dynamics
(CFD) numerical simulation method for wind pressure on traditional timber buildings, a typical traditional timber
building, the main hall of Shisi Temple, is chosen as a case to carry out the study. A comparative analysis is conducted
to examine the effects of curve simplification of the roof slope, as well as the Dougong (bracket sets) and roof

tile components, on the numerical simulation results of wind pressure on the building surface. Additionally,
simplification schemes of geometric modeling are provided for the efficient and accurate simulation. The results
indicate that moderate simplification of the roof curve has a relatively minor impact on the overall calculation

of wind pressure, and the difference between the drag coefficients of the simplified model and the accurate model
is no more than 3%. However, excessive simplification can lead to distorted simulation results, and a three-segment
curve simplification method is recommended for roof cornices. The influence of Dougong on the wind pressure
calculation results is negligible (within 5%), whereas roof tiles significantly reduce the drag coefficient, with an impact
of over 30% at various wind directions. The impact of roof tiles on wind pressure distribution in traditional timber
buildings lies in their alteration of the building aerodynamic shape rather than an increase in roof thickness. The
findings can provide a basis for assessing the wind resistance of traditional timber buildings and helpful insights

for improving the efficiency of wind pressure analyses of traditional timber structures.

Keywords Traditional timber buildings, Wind pressure, CFD, Numerical simulation methods

Introduction

Wooden architectural heritage is a typical type of the
world’s architectural heritage and can be regarded as a
carrier of historical memory, cultural development, and
civilization progress [1-6]. Most of the existing ancient
wooden buildings are in East Asia (e.g., China, Japan, and
Korea). For example, the Horyuji Temple is discovered
as the world’s oldest timber building which was built in
607 A.D. in Nara of Japan [7]. The Great Buddha Hall
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of Todaiji Temple in Nara, Japan, is the world’s largest
surviving wooden structure, with a width of 57.01 m,
a depth of 50.48 m, and a height of 48.74 m. These
traditional timber buildings are embodied with historical,
cultural, and scientific values, so the protection of them is
of great importance.

Traditional timber buildings are constructed of wood
and researchers have observed that they are suscepti-
ble to wind damage. In August 2006, under the influ-
ence of super typhoon Sangmei, Ziguo Temple, a famous
Buddhist temple in China with a history of more than
1000 years, was severely damaged. The gate tower was
blown down and almost all the tiles on all the buildings
of the temple were removed. More than 20 traditional
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timber buildings of the Tang and Song dynasties (618
A.D.-1279 A.D.) in the temple were blown down and
almost all of them were destroyed (Fig. 1a). Similarly, in
2018, Super Typhoon Jebi made landfall in western Japan,
causing varying degrees of damage to traditional tim-
ber buildings in the surrounding area, such as Higashi
Honganji Temple, Daigoji Temple, and Nishi Honganji
Temple (Fig. 1b). Consequently, an increasing number of
researchers have begun studying the wind resistance of
traditional timber buildings.

As early as 1991, scholars recognized the impact of wind
on traditional timber buildings. Delun et al. [8] conducted
wind force experiments on tall wooden pagodas in China
and established a wind pressure coefficient for wooden
pagodas. Currently, the most comprehensive research
on the wind resistance of traditional timber buildings
focuses on tall wooden pagodas, specifically the Yingxian
wooden pagoda. From 2002 to 2005, Tieying et al. [9,
10] analyzed the wind pressure and wind-induced
vibration characteristics of the Yingxian wooden pagoda
using theoretical calculations and wind tunnel tests and
suggested a possible correlation between gust effects
and the remnant deformation of the pagoda. In 2010,
Lin’an et al. [11] conducted on-site measurements of the
wind environment and surface wind pressures on the
Yingxian wooden pagoda, finding that wind loads can
further aggravate existing damage and structural tilting
of the wooden pagoda, posing a significant threat to its
safety. In recent years (2020-2023), extensive research
has been conducted by Li et al. and Yuhang et al. [12—
16] on the wind resistance performance of the Yingxian
wooden pagoda. Their research mainly combines field
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measurements, wind tunnel tests, and computational
fluid dynamics (CFD) numerical simulations to study the
wind pressure coefficient and wind pressure distribution
of the pagoda. In addition to the Yingxian Wooden
Pagoda, the wind performance of Five-Story pagodas
has also been studied [17, 18]. Apart from tall structures,
many representative low-rise traditional timber buildings
have been studied. For example, Xun et al. [19] and
Chengjun et al. [20] have studied the wind resistance
performance of specific low-height traditional timber
buildings such as Dingding Gate, Taihe Hall, Tian’anmen
Gate Tower, and Jiayuguan Wooden Fortresses. In
general, studies on the wind resistance of traditional
timber buildings include wind pressure distribution [21,
22], displacement response [23-25], and wind-induced
damage [26-28].

Many scholars have carried out research on the wind
resistance of traditional timber buildings, but there is a
lack of consideration of simplifying effects of the models
analyzed. From the above research status, it can be seen
that in the wind resistance research of traditional timber
structures, researchers mostly employ the economical
and efficient CFD simulation method to obtain the
surface wind pressure on the buildings. In CFD
simulations, the pre-processing steps such as geometric
model creation and grid generation directly affect the
calculation quality and efficiency. However, traditional
East Asian timber architectural components have
complex shapes. For example, traditional architectural
features such as overhanging roofs, deep eaves, Dougong
(bracket sets), roof tiles, ridge lines, and roof cornices
all affect the wind environment around buildings and

a. Ziguo Temple damaged by

wind disaster

Fig. 1 Cases of wind damage in traditional timber buildings

disaster
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the distribution of wind pressure on their surfaces.
These components are crucial factors to consider in
wind pressure calculations. However, detailed geometric
models can increase the difficulty of grid generation,
leading to a significant increase in the number of
grids and compromising grid quality, which in turn
reduces the efficiency of CFD computations. Therefore,
researchers often simplify the shapes of traditional
buildings. However, whether these simplifications lead
to significant deviations in the calculation results has not
been explored. Striking a balance between the accuracy
of geometric modeling and the efficiency of computation
is meaningful and necessary for numerical simulations of
wind pressure on traditional timber structures. Therefore,
this study focuses on a geometric modeling strategy for
the numerical simulation of wind pressure on traditional
timber buildings. Taking the main hall of Shisi Temple
in Zhejiang Province as a typical example of traditional
timber architecture, this study specifically investigates
the influence of roof shape, tiles, Dougong, and other
major components on wind pressure calculation results.
This paper proposes appropriate geometric modeling
methods for numerical simulations of wind pressure. The
research findings can provide guidance for establishing
geometric models for numerical simulations of wind
pressure on traditional timber structures, ensuring
calculation accuracy while significantly improving
computational efficiency.

Materials

Traditional East Asian architecture is primarily charac-
terized by a timber structural system, and an individual
building can be divided into three parts: the platform,
the body, and the roof. To protect the timber structure,
roofs often have large eaves. However, large eaves can
hinder daylight penetration and increase the risk of rain-
water erosion on the foundation. Consequently, curved
roofs or lift and fold roofs were later adopted along with
raised corners, giving the roofs and corners a more light-
weight and lively appearance. The traditional roof forms
mainly include the Wudian roof (hip roof), the Xieshan
roof (hip-and-gable roof), the Xuanshan roof (gable roof
with hanging eave), the Yingshan roof (gable roof with-
out hanging eave), and the Cuanjian roof (pavilion roof).
Among the existing official-style traditional building
remnants in China, the Wudian and Xieshan roofs are
the most common, with both having single- and double-
eave forms. These include the single-eave Wudian roof
(Fig. 2a), double-eave Wudian roof (Fig. 2b), single-eave
Xieshan roof (Fig. 2c), and double-eave Xieshan roof
(Fig. 2d). In terms of geometric complexity, the dou-
ble-eave Xieshan roof is the most intricate and has the
most significant impact on airflow and wind pressure
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distribution. The focus of the present study is on the
influence of complex component modeling on the qual-
ity and efficiency of calculations. From this perspective,
the main hall of Shisi Temple, a representative traditional
timber building with a double-eave Xieshan roof, was
selected as the research subject to obtain more general
and typical research results.

Shisi Temple was built during the Southern Song
Dynasty (1140 AD). It is located in Lishui City, Zhejiang
Province, on the Baixiang Mountain at an altitude of over
1000 m. In 2001, Shisi Temple was announced as the fifth
batch of National Key Cultural Heritage sites. The main
hall of Shisi Temple is a timber structure composed of
three parts: the platform, the body, and the roof (Fig. 3a).
Among these, the roof is the most exquisite and complex,
featuring a double-eave Xieshan roof. The roof is sup-
ported by Dougong (Fig. 3b), covered with tiles (Fig. 3c),
and has a smooth and graceful ridge shape. The main hall
of Shisi Temple has a width of three bays and a depth of
two bays, with a total length of 12 m, width of 12 m, and
height of 10.3 m. The geometric information of the main
hall is based on 3D scanning results, and the architectural
blueprint of the main hall is shown in Fig. 4.

Methods

This study utilized the computational fluid dynamics
(CFD) method, which is a technique that can simulate
the flow of real fluids. It has unique advantages such as
low cost, fast speed, comprehensive data, and the ability
to simulate various conditions, making it an important
method in structural wind resistance research. Fluent
2022R1 was used to implement the CFD simulation.
Three main factors affecting the distribution of surface
wind pressures on traditional buildings were considered:
(1) roof curve shape, (2) roof tiles, and (3) Dougong.
Geometric models of the roof were established using
different curve simplification methods to study the shape
of the roof curve. The results were calculated, compared,
and analyzed to determine the most reasonable curve
simplification method. For the study of roof tiles
and Dougong, models considering only tiles, only
Dougong, and both tiles and Dougong were established,
respectively. The results were calculated, compared, and
analyzed to assess the influence of different components
on the distribution of surface wind pressures on
traditional buildings. Reasonable suggestions for
geometric model simplification were provided while
ensuring calculation quality. Before conducting the
aforementioned  calculations, grid independence
verification was performed.
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a. Shanhua Temple (Built in 1128; Located in
China; The most well-preserved traditional

building of Liao dynasty)

c. Bulguksa Temple (Built in 530; Located in
Korea; Known as the most exquisite Buddhist

temple in Korea)

Fig. 2 Typical existing wooden structures

Method reliability verification

In order to ensure the reliability of the research meth-
odology, the accuracy of the CFD method was checked
by comparing the CFD calculations with the TPU Aero-
dynamic Database [29] results before the formal calcu-
lations. A low-rise building with eaves that is similar to
the main hall of the Shisi Temple was selected for the
calculations. As shown in Fig. 5a, the sizes of test gable-
roofed low-rise building model were 24 m length (D),
16 m width (B), 6 m height (HO), with roof pitch of 26.7°.
The wind velocity was 23.4 m/s at the height of 10 m and
the exponent of mean wind velocity profile was 0.20.
After comparison, the steady-state calculation with the

b. Todaiji Temple (Built in 728;
Located in Japan; The world's largest

surviving wooden structure)

.
L

d. Shisi Temple (Built in 1140;
Located in China; A representative

traditional timber building of Song

dynasty)

standard k—e turbulence model was adopted. As shown in
Fig. 5b, ¢, it can be seen that the CFD calculation results
are in good agreement with the wind tunnel test results
given in the TPU database. Therefore, the CFD method
is reliable and can be used for wind pressure analysis of
buildings.

CFD calculation settings

Based on the architectural blueprint, a full-scale geo-
metric model was established as shown in Fig. 6a. The
model had a 12 m length, 12 m breadth (B), and 10.3 m
height. To ensure the full development of the flow field,
an external domain was set up with dimensions of 312 m
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a. Overall structure of Shisi Temple main hall

Fig. 3 Architectural structure of the main hall of Shisi Temple
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a. East elevation b. South elevation
Fig. 4 Architectural blueprint of the main hall of Shisi Temple

in length (26B), 144 m in width (12B), and 72 m in height  the sides and top. To calculate the flow field near the
(6B), as shown in Fig. 6b. The model center was located = model more accurately, an internal domain with dimen-
at a distance of 6B from the entrance of the external sions of 72 m in length (6B), 48 m in width (4B), and 24 m
domain and 20B from the exit, with a distance of 6B from  in height (2B) was set up around the model. The model
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b. €, from the TPU database

I

c. €, from the CFD

Fig. 5 Comparison of CFD calculation results with TPU database

center was located at a distance of 2B from the entrance
of the internal domain and 4B from the exit, with a dis-
tance of 2B from the sides and top. The blockage ratio
was calculated as 1.19% (<5%). As shown in Fig. 6b, the
entrance of the external domain was set as Velocity Inlet,
the exit as Pressure Outlet, the bottom surface as Wall,
and the side and top surfaces as Symmetric boundaries.
The bottom surface of the internal domain was set as
Wall, while the other surfaces were set as interior bound-
aries. The model surfaces were all set as Wall. This study
adopted steady-state calculation with the realizable k—¢
turbulence model [16], which performs well in simulating
complex structures of traditional timber buildings.

The setting of the incoming flow at the inlet was based
on the following:

The wind speed value for a 100-year return period at
the Lishui meteorological station in Zhejiang Province
was determined to be 29.9 m/s. The vicinity of the tem-
ple is characterized by dense vegetation and numer-
ous low-rise buildings. According to the Load Code[30]

Page 6 of 18

in China, this type of terrain is classified as Category C,
with a corresponding roughness coefficient « of 0.22,
and the nominal turbulence intensity at 10 m height is
0.23. The power-law wind velocity profile is presented in
Eq. (1), and the distribution of turbulence intensity along
the height can be calculated as in Eq. (2). In summary, the
inlet wind profile is set up as shown in Fig. 7.

u, =299 Z\"
z = 27, X(l()) (1)

Here, Z is the height (m), and U, represents the wind
speed (m/s) at height Z.

I, =023 Z\™
z =0 X<10> (2)

Here, I, represents the turbulence intensity at height Z.

Grid independence verification

From the principle of the finite-volume method, the
finer the grid, the higher the accuracy of the solution
is. However, in practical engineering applications,
a significant increase in the number of grids results
in a substantial increase in the computational time.
Moreover, beyond a certain grid quantity threshold,
the improvement in computational accuracy becomes
less significant. Therefore, a grid meshing that balances
the computational accuracy and efficiency is of great
significance. Prior to the actual -calculations, the
influence of grid density on the results must be assessed.
Considering the complexity of the model shape and
the computational efficiency, both nonstructural and
structural grids are used, with nonstructural grids in
the internal domain and structural grids in the external
domain. As shown in Fig. 8, calculations were performed
with various grid meshing schemes consisting of 140,000,
280,000, 580,000, 2,120,000, and 8,020,000 elements,
respectively. The drag coefficient Cq was compared
among these cases. Cq is a dimensionless quantity in fluid
mechanics that represents the resistance of an object in
fluid. Its expression is given by Eq. (3).

Fyq

Cig=—+.
d 0.50v24 )

Here, Fy is the drag force acting on an object; p is the
incoming flow density, taken as 1.225 kg/m? v is the
reference velocity at the reference height, the wind speed
of 27.75 m/s at a height of 7.12 m (average height of the
roofs) is selected for this study; and A is the reference
area, which can be referred to as the frontal area or the
projected area, taken as 93.3751 m>.
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a. Geometric model

Fig. 6 Geometric model and boundary condition settings
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Fig. 7 Profile of mean wind velocity and turbulence intensity
at the inlet

The detailed grid sizes are provided in Table 1. It can be
observed from the table that the results obtained from the
grid of 280,000 to 8,020,000 elements differ by less than
5%, which is within an acceptable range. Considering
the balance between computational accuracy and time
cost, the final calculation was performed using the grid
meshing scheme with 2,120,000 elements.
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b. Boundary condition settings

Models
Roof curve simplification models
The roof cornices in traditional Chinese timber
architecture often exhibit varying degrees of curvature,
contributing to the grand and elegant appearance of
the entire structure. The curved nature of the cornices
poses challenges in modeling, as they form spatial
curves that are difficult to represent accurately. Many
researchers have resorted to simplifying these curves
by approximating them with multi-segment straight
lines; however, there is currently no universally accepted
simplification method. In this regard, this study proposes
a method that specifically addresses the simplification of
roof cornices in traditional Chinese timber architecture.
In traditional Chinese timber architecture, the cornices
often form curves without inflection points. For a curve
without inflection points, the following simplifications
can be made when modeling the roof:

(a) Determine the modeling accuracy a;

(b) Determine the number # of divisions; divide a curve
into n equal segments based on its length;

(c) Draw the multi-segment polyline using (n+ 1)
equally divided points;

(d) Measure in turn the maximum distance d; from
the ith (i =1,2,...,n) segment of the line to its
corresponding curve, and compare the distance d;
with the determined modeling accuracy a;

(e) If all d; values are smaller than a, then the simpli-
fication of that curve is complete. However, if all
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a. 140000 divisions

b. 280000 divisions

¢. 580000 divisions

d. 2120000 divisions

e. 8020000 divisions

Fig. 8 Grid divisions with different meshing schemes
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Table 1 Grid size setting

No. Global Max Max Grid count Cy4 Deviation (%)
element element of
(m) building (m)

1 15 0.5 137,766 05164 —4404

2 8 0.3 278,549 0.8881 —3.75

3 5 0.2 577,066 08792 —-472

4 3 0.1 2,121,623 0.8966 —-283

5 2 0.05 8,017,578  0.9228 0.00

d; values are greater than a, re-evaluate and adjust
the number of divisions () and return to Step 2. If
some d; values are greater than a, consider those
curve segments as the new curves that need to be
simplified, then re-evaluate and adjust the number
of divisions (n), and return to Step 2. This process
continues until all curve segments satisfy the condi-
tion d; < a (maxd; < a);

(f) Replace the original curve with the simplified multi-
segment polyline.

A precise model of the main hall of Shisi Temple was
created using Rhino7.0. Additionally, based on the prin-
ciples described above, simplified models can be cre-
ated with accuracies of 50 mm (¢ =50 mm, n=3, using a
3-segment polyline to approximate the roof cornices) and
200 mm (=200 mm, n=2, using a 2-segment polyline
to approximate the roof cornices). The resulting models
are shown in Fig. 9.

Models with different components

Roof tiles and Dougong are often overlooked in modeling
because of their complex geometries and relatively small
volumes. However, they are located in close proximity to
the roof and can potentially affect the wind pressure on

a. Accurate model

Fig. 9 lllustrations of geometric models with different accuracies

b. Model with 50 mm
accuracy
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the roof. Considering that roof pressure is a crucial factor
in assessing the wind resistance of traditional buildings,
it is important to investigate the impact of roof tiles and
Dougong on wind pressure calculation results. Therefore,
geometric models were created to separately consider
the effects of roof tiles, Dougong, and their combina-
tion. Recognizing the intricate details of roof tiles and
Dougong with high-accuracy models would significantly
increase the number of computational grids; therefore,
the effects of different components were analyzed based
on the 200-mm-accuracy model. The three geometric
models that consider the different components are shown
in Fig. 10. In the model, the upper and lower tiles were
modeled as a whole with a total thickness of 0.14 m. And
the Dougong was divided into column Dougong and cor-
ner Dougong, of which the width of column Dougong
was 0.80 m, the width of corner Dougong was 1.50 m,
and their height was 1.56 m.

Calculation conditions

Considering that the influence of model accuracy on the
calculation results may vary at different wind directions,
the wind pressure was calculated for different accuracy
models at wind directions of 0°, 45°, 90°, 135°, and 180°.
A schematic of the wind directions « is shown in Fig. 11.

Results and discussion

The influence of roof shape simplification on wind pressure
calculation results

Figure 12 shows the CFD simulation results for the
accurate model at a wind direction of 0°. From the
Fig. 12a, it can be observed that the windward surface
of the building takes predominantly positive pressure,
whereas the side and leeward surfaces take negative
pressure. It can be noted that the maximum positive
wind pressure is found between the first and second

¢. Model with 200 mm
accuracy
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a. Model with tiles

d. Tiles

Fig. 10 Geometric models involving different components

floors, and there is a sudden change in wind pressure
at the corners, particularly with a significant negative
pressure. It means that these parts of the structure
are subjected to greater forces and should therefore
be emphasized in the design of the preventive pro-
tection of the structure. To illustrate the principle,
streamtraces around the building are drawn as shown
in Fig. 12b, and this phenomenon occurs because the
wind stagnates in the middle of the windward side, cre-
ating a vortex at the bottom and separation at the top.
Besides, on the leeward side, there is significant separa-
tion and recirculation of the airflow.

Wind

e

Central axis of building

Fig. 11 Wind direction angle

b. Model with Dougong

e. Column Dougong
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f. Corner Dougong

The wind pressure calculation results for differ-
ent accuracy models were also compared. It can be
observed from the wind pressure contours in Fig. 13
that the overall wind pressure distribution patterns
are similar for all three accuracy models. For wind
directions of 0° and 180°, simplifying the roof shape
increases the magnitude of positive pressure on the
windward side. However, for other wind directions, this
effect is not significant.

Furthermore, the drag coefficients for the different
accuracy models were compared. As shown in Fig. 14,
the results for 0° are in good agreement with those for
180°. Similarly, the results for 45° closely match those
for 135°. This is because the models were mostly sym-
metrical, with differences only in the stepped portions
on the front and back. This indirectly confirms the reli-
ability of the calculation results. The drag coefficients
obtained from the three accuracy models are generally
similar, with differences not exceeding 3%.

More specifically, the pressure coefficient distribution
in specific sections for the different accuracy models
were compared. The pressure coefficient is commonly
used to characterize wind forces on buildings and is
calculated using Eq. (4).
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a. Wind pressure distribution

b. Streamtraces around the building

Fig. 12 Wind pressure distribution of the accurate model at 0° wind direction

P;
Cpi= — .
7= 05002 (4)

Here, P; is the pressure at point i without reference
wind pressure; p is the density of the incoming flow,
taken as 1.225 kg/mg; and v is the wind speed at the
reference height. The wind speed of 27.75 m/s at a

height of 7.12 m (average height of the roofs) is selected
for this study.

As shown in Fig. 15, the pressure coefficient distri-
butions on the cross section for the 50-mm-accuracy
model and the accurate model are nearly identical, with
a difference of ~ 12.5% at the roof ridge. On the other
hand, the 200-mm-accuracy model exhibits a similar
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Accurate model

Model with
50 mm accuracy
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Model with
200 mm accuracy

Static Pressure -600 -500 -400 -300 -200 -100 O

Fig. 13 Wind pressure distribution of different accuracy models

pressure coefficient distribution to the accurate model
on sections other than the roof ridge but demonstrates
significant divergence at the ridge, with a difference of
~ 47.35%. In particular, at the edges of the roof ridge,
the difference reaches as high as 65.18%. The models
with the three accuracies demonstrated similar pres-
sure coefficient distributions on the longitudinal sec-
tion, especially on the leeward side, where there was
virtually no difference.

P

100 200 300 400 [Pa]

The above results indicate that the simplified method
for determining the roof shape is reasonable and effec-
tive. However, there should be a certain limit to the sim-
plification of the roof shape. Excessive simplification can
lead to a blunt roof shape for traditional timber buildings
and may affect the accuracy of CFD calculations. On the
other hand, appropriate simplification with adequate
accuracy can effectively simplify the roof modeling, sav-
ing computational effort while ensuring accuracy. Based
on the computational results, it is recommended to adopt
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Fig. 14 C, of different accuracy models

Accurate model
Model with 50 mm accuracy
Model with 200 mm accuracy

a. Cross-section

Accurate model
Model with 50 mm accuracy
Model with 200 mm accuracy

b. Longitudinal section

Fig. 15 , of different accuracy models at 0° wind direction

a geometric model that replaces the curved roof cornices
with a 3-segment polyline in CFD simulation modeling.
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The influence of roof tiles and Dougong on wind pressure
calculation results

As shown in Fig. 16, the model considering roof tiles
exhibits significant differences in wind pressure distribu-
tion compared to the original model. On the other hand,
the model considering Dougong exhibits a wind pressure
distribution that is essentially consistent with the original
model. Moreover, the presence of roof tiles reduces the
positive pressure on the roof.

Furthermore, comparing the drag coefficients of the
models considering different components, as shown
in Fig. 17, it is evident that the presence or absence of
Dougong has minimal influence on the drag coefficient
(within 5%). However, the presence of roof tiles signifi-
cantly reduces the drag coefficient, with an impact of
over 30% at various wind directions. The largest impact is
observed at 135°, with a reduction of — 36.35%.

More specifically, analyzing the distribution of wind
pressure coefficients on specific sections considering
different component models, as shown in Fig. 18, it is
clear that the presence of roof tiles significantly affects
the wind pressure on the roof, even changing it from
negative to positive. At the edges of the eaves, the impact
reaches as high as — 265.81%. Therefore, the influence of
roof tiles on the wind pressure in the area they cover can-
not be ignored.

The above results indicate that it is necessary to
consider the influence of roof tiles when analyzing the
wind resistance performance of traditional Chinese
architecture. The presence of roof tiles alters the
distribution of wind pressure, reducing the Cyq with
a difference of up to 36.35%. On the other hand, the
presence or absence of Dougong has a minimal impact
on the calculation results. This may be because the
Dougong is covered by the eaves and has less influence
on the incoming flow.

Analysis of the causes of roof tile impact

The above calculation results indicate that roof tiles have
a significant impact on wind pressure calculations for
traditional Chinese architecture, especially at the eaves.
Given the complexity of building a model containing
tiles, to establish a simplified method for tile modeling,
this study further explored whether the increase in roof
thickness owing to tiles caused the difference in calcula-
tion results. A model incorporating the thickness of roof
tiles in analysis and computation is shown in Fig. 19.

The pressure contour plots for different wind direc-
tions are shown in Fig. 20. It can be observed that add-
ing the thickness of roof tiles to the original model does
not effectively simulate the effect of roof tiles. The pres-
sure contour plot of this simplified model with increased
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Model with
Dougong
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and Dougong
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Fig. 16 Pressure distribution of models with different components

roof thickness is closer to that of the original model as
opposed to that of the model that includes roof tiles. Fur-
thermore, the analysis of the Cq in Fig. 21 reveals that the
simplified model differs from the model with roof tiles
by more than 40% for various wind directions, whereas
the maximum departure from the original model is only
7.53%. In the analysis of the pressure coefficient distribu-
tion on specific sections for the three models in Fig. 22,
it is evident that an increase in roof thickness has a mini-
mal impact on the wind pressure distribution, whereas
the presence of roof tiles significantly affects the wind
pressure distribution on the roof.

R

100 200 300 400 [Pa]

Therefore, increasing the roof thickness has a minimal
impact on the wind pressure distribution. The presence
of roof tiles may primarily affect the building by altering
the aerodynamic shape of the building, resulting in an
increased Reynolds number and a narrower wake width,
leading to a decrease in the Cy.

Conclusions

When conducting wind resistance calculations and stud-
ying the wind performance of traditional Chinese timber
structures, using CFD simulations to obtain wind pres-
sures on buildings is the most efficient and cost-effective
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Fig. 18 C, of models with different components at 0° wind direction

Page 150f 18

Fig. 19 Model with tile height

approach. This study focuses on the practical needs of
modeling strategies in traditional building wind pres-
sure numerical simulations, selecting the most complex
roof form, the double-eave Xieshan roof, and taking the
example of Shisi Temple. Using CFD numerical simula-
tions, this study explored the influence of the roof shape,
roof tiles, and Dougong on wind pressure calculations
for traditional Chinese buildings. This study provides a
procedural method for simplifying the roof shape dur-
ing geometric modeling and offers recommendations for
component simplification. The following conclusions are
drawn:

(1) Appropriate simplification of the roof shape can
improve computational efficiency while meeting
the required level of accuracy, which ensures the
difference between the drag coefficient of the
simplified model and the exact model does not
exceed 3%. However, excessive simplification can
lead to distorted results, particularly in the ridge
section of the roof. Given the large curvature of the
roof angles, it is recommended to use a polyline
with at least three segments to approximate the
original curve.

(2) The influence of roof tiles on the distribution of
roof wind pressures cannot be ignored. Their pres-
ence can significantly reduce the drag coefficient by
more than 30%. The impact of Dougong, located
under the eaves, on wind pressure distribution is
generally negligible and can be disregarded, and its
effect on the drag coefficient does not exceed 5%.

(3) The impact of roof tiles on the building is likely
related to altering the aerodynamic shape of the
building rather than increasing its thickness.
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Bare model Model with tiles  Model including
tile thickness
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Fig. 20 Wind pressure distribution of models with different tile considerations
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Therefore, it is important to consider this influence
when analyzing the wind resistance of traditional
Chinese buildings.

The research findings provide guidance for the
geometric modeling of traditional timber structures in
wind resistance studies using numerical simulations.
This ensures high-accuracy computational results while
significantly improving computational efficiency. Owing
to time and resource limitations, this study did not
explore specific modeling simplification methods for roof
tiles. Future work will consider adjusting roof roughness
to simulate the effects of roof tiles.
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