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Featured Application: The results of research in this paper can provide a certain design basis for
the correction of an inlet boundary for both wind tunnel test and CFD simulation over complex
terrain. By adopting the improved transition sections recommended in this work, engineers will
have access to more precise assessment of wind characteristics over mountainous terrain, which
contributes to wind-related issues such as wind actions of long-span bridges, transmission lines,
wind farm site selection, and the prediction of pollutant dispersion.

Abstract: To study wind characteristics over mountainous terrain, the Xiangjiang Bridge site was
employed in this paper. The improved boundary transition sections (BTS) were adopted to reduce
the influence of “artificial cliffs” of the terrain model on the wind characteristics at the bridge site
over the mountainous terrain. Numerical simulation and experimental investigations on wind
characteristics over mountainous terrain with/without BTS were conducted for different cases,
respectively. The research results show that the cross-bridge wind speed ratios and wind attack
angles at the main deck level vary greatly along the bridge axis, which can be roughly divided into
three parts, namely the mountain (I, III) and central canyon areas (II). The cross-bridge wind speed
ratios at the main deck level with BTS is generally larger than that without BTS in the central canyon
area (II) for most cases, while the opposite trend can be found in wind attack angles. The longitudinal
wind speed ratios of the terrain model with BTS at L/4, L/2, and 3L/4 of the bridge length are larger
than that of the terrain model without BTS for most cases. In general, the maximum relative error
between numerical results and experimental results is about 30% for most cases.

Keywords: mountainous valley; bridge site; boundary transition section (BTS); wind characteristics;
numerical simulation; wind tunnel test

1. Introduction

Wind characteristics over mountainous valleys are critical to many wind-related issues, such
as wind actions of long-span bridges and transmission lines, wind farm site selection, prediction of
pollutant dispersion, and so on. In particular, wind characteristics at mountainous valley bridge sites
such as design wind speed, wind yaw angles, wind attack angles, and turbulence spectra play a critical
role in wind-resistant design of long-span bridges. The wind characteristics over complex mountainous
terrain are significantly different from those of open areas. Therefore, reasonable determination of
wind parameters at the bridge sites over mountainous terrain is important to the balance between
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wind-resistance safety and the economy of long-span bridges. However, the current wind-resistant
design codes for bridges generally make simple corrections for mountain wind fields based on wind
characteristics of flat terrain (Chock et al., [1]). Therefore, it is especially necessary to investigate wind
characteristics over complex mountainous terrain precisely.

The main methods for studying the wind characteristics over complex mountainous terrain
bridge sites include theoretical study, field measurement, experimental study, and numerical study.
Theoretical studies were used to predict the wind speed-up effects over simple topographic features
with slopes low enough to avoid flow separation (Jackson and Hunt [2]; Hunt et al. [3]), which cannot
be adopted to study the wind characteristics over complex mountainous terrains. Field measurement
is regarded as the most reliable approach to investigate the wind characteristics in the ABL (Li, et
al. [4]), which can accurately measure the wind speed and direction data at different measurement
points. During the past two decades, numerous field measurements of wind characteristics over
mountainous valley were conducted (Harstveit [5]; Hannesen et al. [6]; Lubitz et al. [7]; Sharples et
al. [8]; Abiven et al. [9]; Risan et al. [10]; Lystad et al. [11]; Peng et al. [12]; Zhang et al. [13]; Yu et
al. [14]; Jing et al. [15]). However, field measurements of wind characteristics over mountainous bridge
site are usually expensive, time-consuming, and can only provide wind data at a limited number of
measurement points, which are easily affected by the terrain.

Experimental studies of wind characteristics over complex mountainous terrain were conducted
by many researchers over the last three decades (Cermak [16], Chock et al. [1], and Xu et al. [17]; Kozmar
et al. [18]; Yan et al. [19]; Mattuella et al. [20]; Muhammad et al. [21]; Kozmar et al. [22]; Chen et al. [23];
Flay et al. [24]). Bowen [25] pointed out that the geometric scales of complex terrain model should not
be less than 1:2500~5000, and the Reynolds number should be larger than Reh = 105 (h is the model hill
height) for wind tunnel tests. However, for engineering structures located at complex mountainous
terrain, such as long-span bridges, power transmission towers, and wind turbines, it is especially
important, and an urgent matter, to carry out numerical simulation of wind characteristics since
complex terrain makes it difficult for scholars to propose a common wind characteristic model. When
the wind tunnel test model or numerical simulation model are adopted to study wind characteristics of
mountainous terrain, it is inevitable to take a certain range of areas from mountainous terrain, causing
“artificial cliffs” (shown in Figure 1) on the edge of terrain models. These artificial cliffs can deviate
practical wind characteristics at the inlet boundary from these of theoretical ones, such as wind speed,
wind attack angles, and turbulence characteristics. To cope with the negative influence of an artificial
cliff on wind tunnel tests, some scholars have put forward with different solutions. Maurizi et al. [26]
and Pang et al. [27] used an inclined boundary transition section (BTS) to connect the ground and the
top of the terrain model. Hu et al. [28] proposed a curved transition section for complex terrain and
concluded that this kind of transition section has a better flow transition performance compared with
the traditional inclined one. Li et al. [29] combined a terrain model with three-dimensional transition
sections in the wind tunnel. Huang et al. [30] evaluated speed-up ratios, mean vertical attack angles,
and mean exceeding turbulence intensities of different transition curves to determine the optimal
transition section for terrain models. Hu et al. [31] established two different BTS in the computational
domain for comparison purposes and the results show that the updated curved BTS has a better flow
transition efficiency than those reported previously. Liu et al. [32] proposed an improved BTS to modify
the inlet boundary by combining the Witozinsky curve and straight line.

With the development of computational fluid dynamics (CFD), many scholars (Uchida and
Ohya [33]; Tong et al. [34]; Deleon et al. [35]; Risan et al. [10]; Tamura et al. [36] and Cassiani et
al. [37]) investigated wind characteristics over complex terrain with CFD method. Maurizi et al. [26],
Kim et al. [38] and Castellani et al. [39] confirmed the availability of the k − ε model and RNG k − ε
model. Although there is some research focusing on wind characteristics over complex terrain by CFD
simulation, few studies on transition sections on the edge of terrain models have been found recently.
Due to diversity and complexity of complex terrain, it is necessary to conduct further research on the
BTS of mountainous terrain models.
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Figure 1. Schematic diagram of Artificial Cliffs.

The Xiangjiang Bridge in Guizhou, China, was employed as an engineering example to study the
wind characteristics at bridge site over complex terrain and effects of the improved BTS. The mid-span of
the cable-stayed bridge was regarded as the origin. The terrain model with a geometric scale of 1:1500
(as suggested by Bowen [25]) was fabricated to simulate a region with a diameter of 8 km. Wind tunnel
tests were conducted with and without the proposed BTS in order to investigate the BTS effects on
wind characteristics (Liu et al. [32]). To verify the feasibility of the improved BTS numerically, wind
characteristics over the scaled mountainous terrain model with and without the proposed BTS were
predicted by CFD simulation. The wind characteristics, such as mean cross-bridge wind speed and wind
attack angles at the main deck level, longitudinal wind speed profiles at L/4, L/2 and 3L/4 of the bridge
length were studied in detail to verify the accuracy of CFD simulation and effects of improved BTS.

This paper is organized as follows: Section 2 introduces the numerical method, including
governing equations of fluids, turbulence model, optimization of terrain model with BTS, the and
numerical model. Section 3 describes the details of wind tunnel test setup. Section 4 investigates
the cross-bridge wind speed ratios and wind attack angles at main deck level, longitudinal wind
speed ratios profiles at L/4, L/2 and 3L/4 of bridge length of the terrain model with/without BTS under
different cases. Section 5 presents conclusions of the study.

2. Numerical Method

2.1. Governing Equations of Fluids

Air flow passing through mountainous terrain can be approximately considered to be
incompressible viscous fluid, which can be expressed based on the Reynolds-averaged Navier-Stokes
(RANS) equations as follows:
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∂xi

= 0 (1)
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where t and xi are time and Cartesian coordinates, respectively; ui and ui
′ are the time-averaged and

fluctuating flow velocity components, respectively; p is the time-averaged pressure; ρ and v are the
fluid density and kinematic viscosity; ui′u j′ is the Reynolds stress tensor.

2.2. Turbulence Model

The Large eddy simulation (LES) has inherent advantages over the steady-state and unsteady
RANS turbulence models in physical simulation, and is well suited for the simulation of turbulence and
nonlinear features of complex terrain wind. The use of LES for complex mountainous terrain requires
large computing resources. However, for wind field modeling over complex terrain, RANS remains the
main turbulence model adopted in CFD simulation up to present, where it is often being applied with
a satisfactory degree of success. Many researchers (Bitsuamlak et al. [40]; Kim et al. [38]; Mohamed et
al. [21]; Yassin, et al. [41] and Yan et al. [42]) found that results obtained by RNG k− ε agree well with
these of experiments. Therefore, the RNG k− ε model is adopted to numerical simulation in this paper.
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The transport equations for RNG k− ε model are given as follows,

∂
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where Gk is the turbulent kinetic energy caused by mean speed gradient whose definition is Gk =

−ρu′i u
′

j∂u j/∂xi and the equation is Gk = µiS2 using Boussinesq hypothesis where S is the strain rate

tensor of mean speed, i.e., S =
√

2Si jSi j. αk and αε are reciprocals of turbulent kinetic energy, k and
dissipation rate, ε respectively. Sk and Sε are source terms defined by users. Rε is the addition item of
RNG k− ε model compared with k− ε model and its expression is

Rε =
Cµρη3(1− η/η0)

1 + βη3
ε2

k
(5)

where η = Sk/ε is the ratio of turbulence and mean flow time scale. η0 is the typical value of η in
uniform shear flow. Cµ and β are constants of the turbulence model. ρ is the air density.

2.3. Optimization of Terrain Model BTS

2.3.1. Form of Boundary Transition Section Curve

The Witozinsky curve was obtained in the case of an ideal axis of uncompressed axisymmetric
flow. Wind tunnel operation results show that this kind of contraction curve can achieve good flow
quality in test sections. Many low-speed wind tunnels constructed in 1960s by Chinese scholars
were designed based on the Witozinsky formula (Wang et al. [43]). Evaluating the results of different
contraction curves in terms of average wind speed reduction factors, vertical wind attack angles, and
turbulence intensity, Huang et al. [44] drew a conclusion that the performance of the Witozinsky curve
is the best and proposed an optimal curve expression of the Witozinsky curve at the same time. In his
research, the terrain model boundary is directly connected to the BTS as shown in Figure 2a, which
may lead to insufficient development of the inflow. In order to make the inflow develop fully, BTS in
the present paper is improved by combining the Witozinsky curve with a horizontal line as shown in
Figure 2b. The formula of the Witozinsky curve is shown as follows:

y = H

1−
[1− (x/L)2]

2

[1 + A(x/L)2]
3

 (6)

where A = 1/3, H is the vertical distance from the highest point of the curve to the ground, L is the
horizontal projection length of the whole curve and the corresponding coordinates of any point on the
curve is (x, y).
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Figure 2. Terrain model BTS with/without horizontal straight line (Liu, et al., 2019). (a) BTS without
horizontal straight line; (b) BTS with horizontal straight line.
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2.3.2. Weight Allocation of Evaluation Indexes

Because the evaluation of BTS at the entrance of the terrain model mainly focuses on speed-up
effect, the equivalent wind attack angle and the increase ratio of turbulence intensity, the specific
evaluation indexes of effects of the terrain model BTS are defined as follows:

Vx =
N∑

k=1

vk − v0k
v0k

·
∆hk
Hw

(7)

Ax =
N∑

k=1

ak · ∆hk
Hw

(8)

Ix =
N∑

k=1

Ik − I0k
I0k

·
∆hk
Hw

(9)

where N is the total amount of monitoring points. vk is the downward wind speed of the kth monitoring
point from the ground and v0k is the wind speed at the kth monitoring point of the wind speed entrance.
∆hk is the vertical distance between the kth monitoring point and the (k− 1)th monitoring point. Hw is
the total height of the monitoring points. ak is the wind attack angle of the kth monitoring point from
the ground. Ik is the turbulence intensity at the kth monitoring point and I0k is the turbulent intensity at
the kth monitoring point from the ground at the wind speed entrance.

The two-dimensional CFD simulation was used to optimize the parameters of the Witozinsky
curve and horizontal line. For the indexes such as the speed-up ratio of wind speed, equivalent wind
attack angle, and turbulence intensity increase ratio at the boundary of the terrain model, the weight
allocation based on the correlation degree proposed by Tang (Tang et al. [45]) was adopted to determine
the BTS curve parameters for a given total length of the transition section (Liu, et al. [32]).

There are m = 13 schemes and n = 4 indexes that have an influence on the comprehensive
evaluation of each scheme. They can compose the matrix X = (xi j)m×n. In this paper, the evaluation
indexes are all cost indexes, which means that the smaller the index is, the better the result is. Standardize
values in each column of X = (xi j)m×n using min-max standardization (shown in formula (10) to map
each index of the matrix into [0,1]. After conversion, the dimensionless matrix is X′ = (xi j)m×n. Then,
select the maximum in each column of X′ = (xi j)8×6 to obtain the optimal objects S+

0 and select the
minimum in each column to get the worst object S−0 . The correlation coefficient of each scheme with
the optimal object and the worst object in each index can be calculated by Equations (11) and (12),

x′ =
x−min

max−min
(10)

ζ0+i( j) =
1

2∆0+i j + 1
(11)

ζ0−i( j) =
1

2∆0−i j + 1
(12)

where ∆0+i j =
∣∣∣x0+ j − xi j

∣∣∣ and ∆0−i j =
∣∣∣x0− j − xi j

∣∣∣. The larger ζ0+i( j) is, the larger the correlation
coefficient between scheme to be evaluated and the optimal scheme is in terms of index j. On the other
hand, the performance of ζ0−i( j) is absolutely opposite.

Assume the weight vectors of n indexes are ω = (ω1,ω2, . . . . . . ,ωn−1,ωn) respectively and

f (ω) =
n∑

j=1
ω2

j [1− ζ0+i( j)]2 +
n∑

j=1
ω2

jζ0−i( j)2 represents the square sum of the weighted distance between



Appl. Sci. 2020, 10, 751 6 of 23

the optimal solution and the worst one. Therefore, the smaller f (ω) is, the better scheme i is. Establish
the multi-objective programming model as follows:

min f (ω) = ( f1(ω), f2(ω), . . . . . . , fm−1(ω), fm(ω))
T

s.t.


n∑

i=1
ω j = 1

ω j ≥ 0, j = 1, 2, . . . n− 1, n
s.t.


min

m∑
i=1

fi(ω)
n∑

i=1
ω j = 1

ω j ≥ 0, j = 1, 2, . . . , n− 1, n

(13)

Since fi(ω) ≥ 0(i = 1, 2, . . . , m− 1, m), the multi-objective programming model is transformed into
single-objective programming model. Establish Lagrange Function,

F(ω,λ) =
m∑

i=1

n∑
j=1

ω2
j

{
[1− ζ0+i( j)]2 + ζ0−i( j)2

}
− λ(

n∑
j=1

ω j − 1) (14)


∂F
∂ω j

= 2ω j
m∑

i=1

{
[1− ζ0+i( j)]2 + ζ0−i( j)2

}
− λ = 0

∂F
∂λ =

n∑
j=1

ω j − 1 = 0
(15)

Solve Equation (15), the weight of n indexes can be calculated by

ω j =
1

u j
n∑

i=1

1
u j

(16)

where u j is an intermediate variable and can be calculated by the following equation,

u j =
m∑

i=1

{
[1− ζ0+i( j)]2 + ζ2

0−i( j)
}

(17)

The final calculation results of all the wind profile positions are shown in Table 1. The virtual
angle is defined as the angle between the horizontal line and the line connecting the ground and the
end of the Witozinsky curve. The horizontal length refers to the horizontal straight line length after
the Witozinsky curve. Since the improved BTS proposed in this paper aims to provide an effective
corrections for terrain models of wind tunnel test and CFD simulation, the total length of the improved
BTS need to be sufficiently short to reduce blockage ratio while ensuring the accuracy of the wind
characteristics over complex terrain; therefore, the total length of the improved BTS is regarded as the
major consideration. If the total length of the horizontal projection is smaller than 1.0 m, the minimal
final result is obtained at the combination of a virtual angle of 57◦ and a horizontal length of 0.8 m.
Different optimal solutions can be obtained by changing the total horizontal projection length.

Table 1. Final results concerning weights at different wind profiles.

Horizontal
Length (m)

Virtual Angle of BTS

27◦ 30◦ 33◦ 36◦ 39◦ 42◦ 45◦ 48◦ 51◦ 54◦ 57◦ 60◦ 63◦

0.0 1.06 0.89 1.46 1.51 1.56 1.62 1.98 1.7 1.75 1.79 1.89 1.98 2.17
0.2 0.88 0.92 0.96 0.99 1.01 1.05 1.74 1.1 1.12 1.15 1.22 1.3 1.51
0.4 0.6 0.64 0.66 0.68 0.7 0.73 1.14 0.76 0.78 0.8 0.83 0.88 1.03
0.6 0.36 0.38 0.4 0.41 0.43 0.45 0.7 0.46 0.47 0.49 0.51 0.53 0.6
0.8 0.2 0.22 0.23 0.24 0.25 0.26 0.44 0.27 0.28 0.29 0.3 0.31 0.34
1.0 −0.3 0.05 0.06 0.07 0.08 0.09 0.21 0.1 0.1 0.11 0.11 0.11 0.12
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2.4. Numerical Terrain Model

2.4.1. Survey of the Xiangjiang Bridge

The Xiangjiang Bridge is a four-span three-pylon cable-stayed bridge with span of 120 m + 235
m + 235 m + 120 m = 710 m. The main deck is 252.2 m above the bottom of the valley, as shown
in Figure 3a. The balanced cantilever construction method are adopted to build the bridge, and the
wind loads of the bridge with maximum double cantilever is the focus of wind-resistant design. Note
that the bridge site is located in the mountainous terrain, as shown in Figure 3b. It can be seen from
Figure 3b that the river approximately runs southwest to northeast, and the bridge is located in the
center of the terrain. In order to determine the wind characteristics parameters for wind-resistant
design of the bridge, numerical simulations and wind tunnel tests on wind characteristics over the
mountainous terrain with/without BTS were carried out, respectively.
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Figure 3. Elevation of the Xiangjiang Bridge and the mountainous terrain (Unit: cm). (a) Elevation of
the Xiangjiang Bridge; (b) Complex terrain at the bridge site.

2.4.2. Terrain Model Construction

With reference to the existing literatures on mountainous terrain wind characteristics, as shown in
Table 2, the bridge site is taken as the center, and an area with a diameter of 8.0 km was selected to
establish the mountainous terrain model. The computational domain with 32.34 m long, 8.0 m wide, 2.0
m high, and the geometry scale of 1:1500 were adopted according to the value of blockage ratio of the
terrain model. The lowest elevation of the terrain model was taken as the bottom of the computational
domain. The left side of the computational domain is defined as velocity-inlet boundary condition. The
right side of the computational domain is defined as pressure-outlet boundary condition. The front,
back, and top sides of the computational domain are defined as symmetry boundary conditions. The
bottom of the computational domain is defined as non-slip wall boundary condition. The boundary
conditions and computational domain of the terrain model without BTS are given in Figure 4. As can
be seen in Figure 4, the distance between the center of the terrain model and the front and back walls
of the computational domain is 4.0 m, respectively. The center of the terrain model is 9.67 m and 22.67
m away from the left and right sides of the computational domain.
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Table 2. Summary of main parameters of mountainous terrain models.

Number Terrain Region Geometry
Scale Ratio Methods and Domain Authors

1 9.5 km × 7.3 km - CFD Risan A., et al. [10]

2 D = 15 km 1:1000 Wind tunnel test: 36 m (L) ×
22.5 m (B) × 4.5 m (H) Li Y. et al. [29]

3 D = 12 km 1:1000 Wind tunnel test: 25 m(L) ×
12.0 m(B) × 16.0 m (H) Xu H. et al. [17]

4 D = 5.0 km 1:1500 Wind tunnel test Pang J. et al. [27]

5 D = 9.0 km 1:1000 CFD: 15 m (L) × 15 m (B) ×
4.5 m (H) Hu P., et al. [31]

6 15 km × 14 km - CFD Maurizi A., et al. [26]

7 D = 27.2 km 1:4000 Wind tunnel test: 14 m (L) ×
15 m (B) ×2.0 m (H) Chen F., et al. [23]
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The Power Law Profile Model is currently the only model of boundary layer wind profile [46].
The wind speed at the velocity inlet boundary after scaling of the computational domain are defined
as follows:

V(z) = V0.007
(

z
0.007

)a
, 0 ≤ z ≤ 0.233m

V(z) = Vre f , z > 0.233m
(18)

where z is the distance between the monitoring point and the ground; a is the wind profile index
and a = 0.16 when the ground surface belongs to class-B wind field; V(z) is the wind velocity of
the monitoring point which is z away from the ground; V0.007 is the basic wind speed at the level of
z0 = 0.007m in the power law profile. Vre f = V0.233 is the wind velocity when z = 0.233m.

In order to investigate the effects of the improved BTS on wind characteristics over mountainous
terrain model, numerical simulation of the terrain model with/without BTS were conducted, respectively.
With reference to the results of two-dimensional numerical simulation of the terrain model BTS, it
is determined that the virtual inclination of the transition section is θ = 57◦ and the length of the
horizontal line is L = 0.80m (Liu et al. [32]).

2.4.3. Grids of the Terrain Model

To ensure the numerical simulation accuracy of the terrain model grid, the grid independence
checking was performed firstly. The mesh is divided into different parts. Unstructured prism was
used to find grids near the ground, and the tetrahedral grid was adopted to reflect the undulating
changes of the terrain. The near-wall grids of the terrain model are given in Figure 4. The detailed
parameters of the three grids for independence checking are shown in Table 3. The computational
domain and grid arrangement of the terrain model with BTS are shown in Figure 5.
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Table 3. Detailed setups of three grids of terrain model without BTS.

Grid
Mesh Size
in Terrain

Surface (m)

Mesh Size in
Computation
Domain (m)

Thickness of
the First

Boundary Layer
Mesh (m)

Growth Rate of
the Boundary
Layer Mesh

Amount of
Boundary

Layer

Total Mesh
Amount

G1 0.08 0.25 5 1.1 20 1,546,916
G2 0.07 0.20 5 1.1 20 3,881,449
G3 0.05 0.18 5 1.1 20 10,509,942
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The flow solver used in this paper to simulate the wind characteristics over complex terrain is based
on the finite-volume discretization in the space and the SIMPLEC (Semi implicit method for pressure
linked equation consistent) pressure-correlation algorithm on a non-staggered grid arrangement (Kim,
et al. [38]). The second-order cell-centered is adopted to deal with spatial discrete. The second-order
upwind is used for time discrete. The time step is 0.015 s and the total amount of time steps is 10,000.
According to the main parameters of wind-resistant design of the bridge, the mean cross-bridge wind
speed and wind attack angles at the main deck level, longitudinal wind speed profiles at L/4, L/2 and
3L/4 of the bridge length were monitored to evaluate the calculation accuracy of different grids. The
wind speed monitoring points are given in Figure 6.
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The grid sensibility was conducted by taking case 1 without BTS as an example. Numerical results
of mean cross-bridge wind speed and wind attack angles of grid G1, G2, and G3 at the main deck level
over the terrain model without BTS are given in Figure 7a,b, respectively. The longitudinal wind speed
profiles at L/4, L/2 and 3L/4 of the bridge length of grid G1, G2, and G3 over the terrain model without
BTS are shown in Figure 7c. It can be found in Figure 7a that the mean cross-bridge wind speed of
G2 agrees well with that of G3 with a relative error of 23% while the result of G1 departs from the
results of the other two grid generations to a great extent with relative error 116%. Note that the same
tendency can be found in Figure 7b (relative error 41% for terrain model with BTS while 160% without
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BTS) and (c), which means that relative sparse grid generation in the terrain model and computational
domain will cause significant discrepancies in terms of average wind characteristics at bridge site.
Therefore, the grid generation, G2, is considered to be the optimal grid since its amount of grids is less
compared to G3 and the calculation accuracy can be guaranteed.
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Figure 7. Comparisons for average wind characteristics with different grid generations. (a) Mean 
cross-bridge wind speed at main deck level; (b) Wind attack angle at main deck level; (c) Longitudinal 
wind speed profiles at L/4, L/2 and 3L/4 of the bridge length. 
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Considering the size of the third section of HD-2 wind tunnel, the terrain model centered on the mid-
span of the bridge with a geometric scale of 1:1500 was designed and fabricated to simulate a region 
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cross-bridge wind speed at main deck level; (b) Wind attack angle at main deck level; (c) Longitudinal
wind speed profiles at L/4, L/2 and 3L/4 of the bridge length.

3. Wind Tunnel Test Set-Up

The wind tunnel tests were conducted in the third test section of HD-2 wind tunnel of Hunan
University, Changsha, Hunan, China. HD-2 wind tunnel of Hunan University is 53 m long and 18
m wide, including three test sections. The first test section is 17 m long, 3 m wide, and 2.5 m high,
and the wind speed of the test section was 0~58 m/s, which can be continuously adjusted. The second
test section is 15 m long, 5.5 m wide and 4.4 m high, and the maximum wind speed was 18 m/s. The
third test section was 15 m long, 8.5 m wide and 2 m high, and the maximum wind speed was 15
m/s. Considering the size of the third section of HD-2 wind tunnel, the terrain model centered on
the mid-span of the bridge with a geometric scale of 1:1500 was designed and fabricated to simulate
a region with a diameter of 8 km. The average height of the terrain model was roughly 0.2 m. The
blockage ratio is defined as the ratio of cross-sectional area of the terrain model and the wind tunnel
test section. If the blockage ratio of the terrain model is too large, the inflow cannot develop fully,
leading to inaccurate prediction of the wind field over complex terrain. The blockage ratio of the
terrain model is about 6.27%, which is within the range of 5.0% and 10% required in Design Rules for
Aerodynamic Effects on Bridges published by British.
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To investigate the BTS effects on wind characteristics over mountainous terrain model, the wind
tunnel tests of terrain model with/without BTS were conducted, respectively. The geometric parameters
of the BTS are consistent with these of the CFD simulation model. Figure 8 shows the terrain model
with/without BTS.
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Figure 9. Wind speed and turbulence intensity profiles at different height. (a) Wind speed profile; (b) 
Longitudinal turbulence intensity profile. 

Figure 8. Mountainous terrain model with/without BTS in wind tunnel. (a) Terrain model without BTS;
(b) Terrain model with BTS.

Before the wind tunnel test of terrain model was carried out, the inflow wind speed and turbulence
intensity profiles in the empty wind tunnel section was conducted first. The total height of the
monitoring points was 0.6 m, and the interval between two adjacent monitoring points was 0.03 m.
The first monitoring point was 0.03 m away from the bottom of the wind tunnel section. The wind
speed was measured by Cobra probes from TFI (Turbulent Flow Instrumentation Pty Ltd., Victoria,
Australia). Figure 9 shows the comparison of the wind profile of the incoming wind speed in the empty
wind tunnel section and the wind profile of terrain category B suggested in wind-resistant design
specification for highway bridges (JTG/T 3360-01-2018). As shown in Figure 9a, the measured inflow
wind speed profile in the empty wind tunnel section was closed to the corresponding wind speed
profile of category B. The main reason is that the geometric scale of the terrain model is 1:1500, the
height of the boundary layer of the terrain category B was 0.233 m, which was approximately close to
the boundary layer height in the wind tunnel test section under a uniform inflow condition. It can be
seen from Figure 9b that the longitudinal turbulence intensity was about 3.0% when the height of the
monitoring points is larger than 0.2 m.
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was approximately close to the boundary layer height in the wind tunnel test section under a uniform 
inflow condition. It can be seen from Figure 9b that the longitudinal turbulence intensity was about 
3.0% when the height of the monitoring points is larger than 0.2 m. 
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To find out the influence of wind yaw angles on wind characteristics over mountainous terrain,
four cases of wind from the west, south, east, and north were investigated by numerical simulations
and wind tunnel tests, respectively. The wind yaw angle was 0◦ when the inflow enters the terrain
model along the west. Counterclockwise rotation was positive for the wind yaw angle and the detailed
test cases are shown in Figure 3b.

4. Verification of Improved BTS

Due to space limitations, only wind speed, turbulence kinetic energy, and wind attack angle of
case 1 as well as 2, without and with improved BTS are compared to verify its effect.

It can be seen from Figure 10 that when there is improved BTS, wind speed distribution is more
uniform and closer to that of the inflow wind speed profile. Besides, there is no flow separation near
the boundary of the terrain model.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 23 

To find out the influence of wind yaw angles on wind characteristics over mountainous terrain, 
four cases of wind from the west, south, east, and north were investigated by numerical simulations 
and wind tunnel tests, respectively. The wind yaw angle was 0° when the inflow enters the terrain 
model along the west. Counterclockwise rotation was positive for the wind yaw angle and the 
detailed test cases are shown in Figure 3b. 

4. Verification of Improved BTS 

Due to space limitations, only wind speed, turbulence kinetic energy, and wind attack angle of 
case 1 as well as 2 ,without and with improved BTS are compared to verify its effect. 

It can be seen from Figure 10 that when there is improved BTS, wind speed distribution is more 
uniform and closer to that of the inflow wind speed profile. Besides, there is no flow separation near 
the boundary of the terrain model. 

Turbulence kinetic energy (TKE) is a measure of the intensity of turbulence and determines the 
ability of the flow to maintain turbulence or become turbulence, thus indicating flow stability. From 
Figure 11, it can be concluded that at the inlet of the terrain model without improved BTS, the TKE 
with BTS is smaller than that of the terrain model without BTS, which indicates that the improved 
BTS is able to reduce turbulence intensity induced by artificial cliffs and uplift the inflow gradually. 

Wind attack angles induced by artificial cliffs will have a significant influence on the wind attack 
angle at the bridge site, thus reducing wind attack angles at the inlet boundary hold a decisive place 
in wind characteristic prediction over complex terrain. As shown in Figure 12, the wind attack angle 
at the inlet boundary with the improved BTS is much smaller than that without BTS and is closer to 
zero, indicating that the improved BTS can reduce the wind attack angle caused by artificial cliffs to 
a great extent. 

In conclusion, by comparing wind speed, turbulence kinetic energy, and wind attack angle near 
the inlet of the terrain model without and with improved BTS, the BTS can effectively reduce the 
impact of artificial cliffs on wind characteristics after the inlet boundary. 

  
(a) (b) 

  
(c) (d) 

Figure 10. Wind speed distribution along the inflow direction near the inlet of the terrain model 
without or with improved BTS from CFD simulation (unit: m/s). (a) Case 1 without BTS; (b) Case 2 
without BTS; (c) Case 1 with BTS; (d) Case 2 with BTS. 

  
(a) (b) 

  
(c) (d) 

Figure 10. Wind speed distribution along the inflow direction near the inlet of the terrain model
without or with improved BTS from CFD simulation (unit: m/s). (a) Case 1 without BTS; (b) Case 2
without BTS; (c) Case 1 with BTS; (d) Case 2 with BTS.

Turbulence kinetic energy (TKE) is a measure of the intensity of turbulence and determines the
ability of the flow to maintain turbulence or become turbulence, thus indicating flow stability. From
Figure 11, it can be concluded that at the inlet of the terrain model without improved BTS, the TKE
with BTS is smaller than that of the terrain model without BTS, which indicates that the improved BTS
is able to reduce turbulence intensity induced by artificial cliffs and uplift the inflow gradually.
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Figure 10. Wind speed distribution along the inflow direction near the inlet of the terrain model 
without or with improved BTS from CFD simulation (unit: m/s). (a) Case 1 without BTS; (b) Case 2 
without BTS; (c) Case 1 with BTS; (d) Case 2 with BTS. 
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Figure 11. Turbulence kinetic energy distribution along the inflow direction near the inlet of the terrain
model without or with improved BTS from CFD simulation (unit: m2s−2). (a) Case 1 without BTS; (b)
Case 2 without BTS; (c) Case 1 with BTS; (d) Case 2 with BTS.

Wind attack angles induced by artificial cliffs will have a significant influence on the wind attack
angle at the bridge site, thus reducing wind attack angles at the inlet boundary hold a decisive place in
wind characteristic prediction over complex terrain. As shown in Figure 12, the wind attack angle
at the inlet boundary with the improved BTS is much smaller than that without BTS and is closer to
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zero, indicating that the improved BTS can reduce the wind attack angle caused by artificial cliffs to a
great extent.
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In conclusion, by comparing wind speed, turbulence kinetic energy, and wind attack angle near
the inlet of the terrain model without and with improved BTS, the BTS can effectively reduce the
impact of artificial cliffs on wind characteristics after the inlet boundary.

5. Numerical and Experimental Results

According to the wind-resistance design requirements of the bridge, the cross-bridge wind speed,
wind attack angles at main deck level, and longitudinal wind speed profiles at L/4, L/2, and 3L/4 of the
bridge length were analyzed for numerical and experimental cases. In this paper, the positive direction
of cross-bridge wind is from southwest to northeast, and the positive of attack angle is from underside
to upside of the main deck. Here, cross-bridge wind speeds are all normalized by the horizontal
component of the gradient wind speed of inflow wind, namely

VH =
VH

Vre f · cos β
(19)

where VH is the non-dimensional cross-bridge wind speed, VH is the cross-bridge wind speed, Vre f is
the gradient wind speed of inflow above which the wind speed remains unchanged with the increase
of altitude, Vre f = 3.70m/s, and β is the angle between inflow wind direction and perpendicular of the
bridge axis.

Wind attack angle at the main deck level is defined as follows:

α = arctan
(VV

VH

)
(20)

where α is the wind attack angle at main deck level, VV is the vertical wind speed at main deck level,
and VH is the cross-bridge wind speed at main deck level.

5.1. Cross-Bridge Wind Speed at Main Deck Level

The numerical and experimental results of the non-dimensional cross-bridge wind speed at main
deck level under different cases are given in Figure 13. Considering the span layout characteristics
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large-span bridges, it can be roughly divided into three parts along bridge axis; namely, mountain
areas (I, III) and the central canyon area (II).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 23 

small. For experimental results, the cross-bridge wind speed of the terrain model with BTS was 
generally larger than that of the terrain model without BTS. For case 1, due to the topographic effects, 
there was a certain deviation between the numerical simulation results of the cross-bridge wind 
speed at the main deck level and the experimental results. 

From Figure 13b, it can be seen that for case 2 (wind blows from the south), the non-dimensional 
cross-bridge wind speed at the main deck level varies along the bridge axis. The non-dimensional 
cross-bridge wind speed in part III is relatively large, while the cross-bridge wind speed in part I was 
relative small. For experimental results, the cross-bridge wind speed of the terrain model with BTS 
was generally larger than that of the terrain model without BTS. The numerical simulation results 
also show the same trend. 

From Figure 13c, it can be seen that for case 3 (wind blows from the east), the non-dimensional 
cross-bridge wind speed at the main deck level varies little along the bridge axis. The non-
dimensional cross-bridge wind speed in part III was relatively large, while the non-dimensional 
cross-bridge wind speed in part I is relatively small. For both the experimental results and numerical 
results, the cross-bridge wind speed of the terrain model with BTS was generally larger than that of 
the terrain model without BTS. Besides, it can be seen from Figure 13c that little difference of the wind 
characteristics with and without improved BTS was found, which indicated that the effect of 
improved BTS depends on the inflow direction. The altitude in the east over the complex terrain was 
high. When the height difference between the inlet boundary and the bridge site is large, the flow 
separation is severe and the effect of the improved BTS on flow separation is limited. Thus, the 
relation between the height difference and the improved BTS can be evaluated in future research. 

From Figure 13d, it can be seen that for case 4 (wind blows from the north), the non-dimensional 
cross-bridge wind speed at the main deck level varies little along the bridge axis. For experimental 
results, the cross-bridge wind speed of the terrain model with BTS is generally smaller than that of 
the terrain model without BTS in part II. For numerical simulation results, the cross-bridge wind 
speed of the terrain model with BTS was generally larger than that of the terrain model without BTS 
in part II. 

In conclusion, in cases 1 to 3, the wind tunnel test results of the terrain model show that the 
cross-bridge wind speed ratio at the main deck level of the terrain model with the improved BTS was 
relatively larger than that of the terrain model without BTS. A similar tendency can be found from 
numerical results of the terrain model with/without BTS. Thus, if the there is no improved BTS in 
front of the terrain model, the cross-bridge design wind speed of the bridge deck may be 
underestimated. It is recommended to use the improved BTS for terrain model boundary correction. 

0 2 4 6 8 10 12 14 16 18 20
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ⅢⅡ

 CFD without BTS
 Experiment without BTS
 CFD with BTS
 Experiment with BTS

W
in

d 
sp

ee
d 

ra
tio

Monitoring point number at the main deck

Ⅰ

 

0 2 4 6 8 10 12 14 16 18 20
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2
ⅢⅡ

 CFD without BTS
 Experiment without BTS
 CFD with BTS
 Experiment with BTS

W
in

d 
sp

ee
d 

ra
tio

Monitoring point number at the main deck

Ⅰ

 
(a) (b) 

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 23 

0 2 4 6 8 10 12 14 16 18 20
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2
ⅢⅡ

 CFD without BTS
 Experiment without BTS
 CFD with BTS
 Experiment with BTS

W
in

d 
sp

ee
d 

ra
tio

Monitoring point number at the main deck

Ⅰ

0 2 4 6 8 10 12 14 16 18 20
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ⅢⅡ

 CFD without BTS
 Experiment without BTS
 CFD with BTS
 Experiment with BTS

W
in

d 
sp

ee
d 

ra
tio

Monitoring point number at the main deck

Ⅰ

(c) (d) 

Figure 13. Non-dimensional cross-bridge wind speed at main deck level under different cases. (a) 
Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 

The statistical values of numerical results and experimental results of non-dimensional cross-
bridge wind speed at main deck level under different cases are shown in Figure 14. It can be seen 
from Figure 14 that though there are some discrepancies between the wind tunnel tests results and 
numerical simulation results, the majority of the data is located within relative errors of 30%. This 
kind of error is indeed unavoidable because the scale of terrain model was small which made it a 
challenge to place the model in the exact center of the test section and find the accurate monitoring 
point positions as CFD simulation did. Thus, the wind tunnel test results can be regarded as accurate 
ones, and the results from CFD simulations can be used for qualitative analysis. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Case 1-without BTS
 Case 1-with BTS
 Case 2-without BTS
 Case 2-with BTS

N
um

er
ic

al
 re

su
lts

 o
f n

on
-d

im
en

sio
na

l w
in

d 
sp

ee
d

Experimental results of non-dimensional wind speed

lower 30%

lower 50%

upper 30%

upper 50%

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Case 3-without BTS
 Case 3-with BTS
 Case 4-without BTS
 Case 4-with BTS

N
um

er
ic

al
 re

su
lts

 o
f n

on
-d

im
en

iso
na

l w
in

d 
sp

ee
d

Experimental results of non-dimensional wind speed

lower 30%

lower 50%

upper 30%
upper 50%

 
(a) (b) 

Figure 14. Numerical results vs. experimental results of non-dimensional cross-bridge wind speed at 
main deck level under different cases. (a) Case 1 and 2; (b) Case 3 and 4. 
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level of the terrain model without BTS is −20°~−5° in part II. For numerical results, the wind attack 
angles at the main deck level of the terrain model with BTS was about −10°~0°, while the wind attack 
angles at the main deck level of the terrain model without BTS was −7.5°~5°. 

Figure 13. Non-dimensional cross-bridge wind speed at main deck level under different cases. (a) Case
1; (b) Case 2; (c) Case 3; (d) Case 4.

From Figure 13a, it can be seen that for case 1 (wind blows from the west), the non-dimensional
cross-bridge wind speed at the main deck level varies greatly along the bridge axis. The non-dimensional
cross-bridge wind speed in part III was relatively large, while that in part I was relative small. For
experimental results, the cross-bridge wind speed of the terrain model with BTS was generally larger
than that of the terrain model without BTS. For case 1, due to the topographic effects, there was a
certain deviation between the numerical simulation results of the cross-bridge wind speed at the main
deck level and the experimental results.

From Figure 13b, it can be seen that for case 2 (wind blows from the south), the non-dimensional
cross-bridge wind speed at the main deck level varies along the bridge axis. The non-dimensional
cross-bridge wind speed in part III is relatively large, while the cross-bridge wind speed in part I was
relative small. For experimental results, the cross-bridge wind speed of the terrain model with BTS
was generally larger than that of the terrain model without BTS. The numerical simulation results also
show the same trend.

From Figure 13c, it can be seen that for case 3 (wind blows from the east), the non-dimensional
cross-bridge wind speed at the main deck level varies little along the bridge axis. The non-dimensional
cross-bridge wind speed in part III was relatively large, while the non-dimensional cross-bridge
wind speed in part I is relatively small. For both the experimental results and numerical results,
the cross-bridge wind speed of the terrain model with BTS was generally larger than that of the
terrain model without BTS. Besides, it can be seen from Figure 13c that little difference of the wind
characteristics with and without improved BTS was found, which indicated that the effect of improved
BTS depends on the inflow direction. The altitude in the east over the complex terrain was high. When
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the height difference between the inlet boundary and the bridge site is large, the flow separation is
severe and the effect of the improved BTS on flow separation is limited. Thus, the relation between the
height difference and the improved BTS can be evaluated in future research.

From Figure 13d, it can be seen that for case 4 (wind blows from the north), the non-dimensional
cross-bridge wind speed at the main deck level varies little along the bridge axis. For experimental
results, the cross-bridge wind speed of the terrain model with BTS is generally smaller than that of the
terrain model without BTS in part II. For numerical simulation results, the cross-bridge wind speed of
the terrain model with BTS was generally larger than that of the terrain model without BTS in part II.

In conclusion, in cases 1 to 3, the wind tunnel test results of the terrain model show that the
cross-bridge wind speed ratio at the main deck level of the terrain model with the improved BTS was
relatively larger than that of the terrain model without BTS. A similar tendency can be found from
numerical results of the terrain model with/without BTS. Thus, if the there is no improved BTS in front
of the terrain model, the cross-bridge design wind speed of the bridge deck may be underestimated. It
is recommended to use the improved BTS for terrain model boundary correction.

The statistical values of numerical results and experimental results of non-dimensional cross-bridge
wind speed at main deck level under different cases are shown in Figure 14. It can be seen from
Figure 14 that though there are some discrepancies between the wind tunnel tests results and numerical
simulation results, the majority of the data is located within relative errors of 30%. This kind of error is
indeed unavoidable because the scale of terrain model was small which made it a challenge to place
the model in the exact center of the test section and find the accurate monitoring point positions as
CFD simulation did. Thus, the wind tunnel test results can be regarded as accurate ones, and the
results from CFD simulations can be used for qualitative analysis.
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Figure 14. Numerical results vs. experimental results of non-dimensional cross-bridge wind speed at 
main deck level under different cases. (a) Case 1 and 2; (b) Case 3 and 4. 
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bridge axis, which can be roughly divided into three parts; namely, mountain areas (I, III) and the 
central canyon area (II). For experimental results, the wind attack angles at the main deck level of the 
terrain model with BTS is about −15°~−10° in part II, while the wind attack angles at the main deck 
level of the terrain model without BTS is −20°~−5° in part II. For numerical results, the wind attack 
angles at the main deck level of the terrain model with BTS was about −10°~0°, while the wind attack 
angles at the main deck level of the terrain model without BTS was −7.5°~5°. 

Figure 14. Numerical results vs. experimental results of non-dimensional cross-bridge wind speed at
main deck level under different cases. (a) Case 1 and 2; (b) Case 3 and 4.

5.2. Wind Attack Angles at Main Deck Level

The numerical and experimental results of the wind attack angle at main deck level of the bridge
for different cases are given in Figure 15. From Figure 15a, it can be seen that for case 1 (wind blows
from the west), the wind attack angle at the main deck level of the bridge varied greatly along the
bridge axis, which can be roughly divided into three parts; namely, mountain areas (I, III) and the
central canyon area (II). For experimental results, the wind attack angles at the main deck level of the
terrain model with BTS is about −15◦~−10◦ in part II, while the wind attack angles at the main deck
level of the terrain model without BTS is −20◦~−5◦ in part II. For numerical results, the wind attack
angles at the main deck level of the terrain model with BTS was about −10◦~0◦, while the wind attack
angles at the main deck level of the terrain model without BTS was −7.5◦~5◦.
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(b) Case 2; (c) Case 3; (d) Case 4. 
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(b) Case 2; (c) Case 3; (d) Case 4.

From Figure 15b, it can be seen that for case 2 (wind blows from the south), the wind attack angle
at the main deck level of the bridge changes along the bridge axis. For experimental results, the wind
attack angles at the main deck level of the terrain model with BTS was about −5◦~0◦ in part II, while
the wind attack angles at the main deck level of the terrain model without BTS was −5◦~10◦ in part II.
For numerical results, the wind attack angles at the main deck level of the terrain model with BTS was
about −12◦~2◦, while the wind attack angles at the main deck level of the terrain model without BTS
was about 0◦~10◦.

From Figure 15c, it can be seen that for case 3 (wind blows from the east), for experimental results,
the wind attack angles at the main deck level of the terrain model with BTS were about 5◦~12◦in part
II, while the wind attack angles at the main deck level of the terrain model without BTS were 1◦~12◦ in
part II. For numerical results, the wind attack angles at the main deck level of the terrain model with
BTS are about 0◦~3◦, while the wind attack angles at the main deck level of the terrain model without
BTS were about −7◦~−2◦.

From Figure 15d, it can be seen that for case 4 (wind blows from the north), the experimental
results of the wind attack angles at the main deck level of the terrain model with BTS were about
−10◦~7◦, while the wind attack angles at the main deck level of the terrain model without BTS were
about 3◦~ 5◦. For numerical simulation results, the wind attack angles at the main deck level of the
terrain model with BTS were about −0.5◦~7.5◦, while the wind attack angles at the main deck level of
the terrain model without BTS were about −0.5◦~10◦.

In general, both numerical simulation and experimental results under different cases show that
the range of the wind attack angles at the main deck level in part II with BTS is smaller than that of the
terrain model without BTS. The reason is that the existence of the BTS effectively reduces the influence
of artificial cliffs. Thus, the turbulence development of wind field with BTS is more sufficient than that
without BTS; the wind attack angles with BTS are smaller than that without BTS.

The statistical values of numerical and experimental results of the wind attack angles at main
deck level under different cases are shown in Figure 16. It can be seen from the Figure 16 that though
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there are some discrepancies between the wind tunnel tests and numerical simulation, the majority of
the deviation is located within relative errors of 30%.
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5.3. Wind Profiles at L/4, L/2 and 3L/4 of Bridge Length

The longitudinal wind speed ratio is defined as the measured longitudinal wind speed above the
terrain model divided by longitudinal wind speed of the corresponding inflow boundary layer. The
numerical and experimental results of longitudinal wind speed ratio profiles at L/4, L/2 and 3L/4 of the
bridge length are given in Figures 17–19. As shown in Figures 17–19, the longitudinal wind speed ratio
at different positions, namely L/4, L/2 and 3L/4 of the bridge length, generally increase with height.

As shown in Figure 17, the experimental results of longitudinal wind speed ratio were larger than
the numerical results at L/4 of bridge length for case 1 (wind blows from the west) and case 4 (wind
blows from the north), respectively. The experimental results of longitudinal wind speed ratio were
slightly larger than the numerical results at L/4 of bridge length for case 2 (wind blows from the south)
and case 3 (wind blows from the east), respectively. The experimental results of the longitudinal wind
speed ratio at L/4 of the bridge length shows that the longitudinal wind speed ratio of terrain model
with BTS were larger than that of the terrain model without BTS for different cases. The numerical
results at L/4 of the bridge length shows that the longitudinal wind speed ratio of terrain model with
BTS were slightly larger than that of terrain model without BTS under cases 2 to 4, except for case 1.

As shown in Figure 15, the experimental results of longitudinal wind speed ratio at L/2 of bridge
length were larger than the numerical results for case 1 (wind blows from the west) and case 2 (wind
blows from the north), respectively. The experimental results of longitudinal wind speed ratio were
close to the numerical results for case 3 (wind blows from the east) and case 4 (wind blows from
the north), respectively. The experimental results of the longitudinal wind speed ratio at L/2 of the
bridge length shows that the longitudinal wind speed ratio of terrain model with BTS were larger than
that of the terrain model without BTS for cases 1 to 3, except for case 4. The numerical results of the
longitudinal wind speed ratio at L/2 of the bridge length shows that the longitudinal wind speed ratio
of terrain model with BTS were slightly larger than that of terrain model without BTS under cases 1, 2,
and 4, except for case 3.
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As shown in Figure 16, the experimental results of longitudinal wind speed ratio at 3L/4 of bridge
length are close to the numerical results for cases 2 to 4. The experimental results of longitudinal wind
speed ratio at 3L/4 of bridge length were smaller than the numerical results for case 1. The experimental
results shows that the longitudinal wind speed ratio of terrain model with BTS were slightly smaller
than that of the terrain model without BTS for case 1 while the longitudinal wind speed ratios of the
terrain model with BTS were slightly larger than that of the terrain model without BTS for cases 2 to 4.

The statistical values of the numerical and experimental results of longitudinal wind speed ratio at
L/4, L/2 and 3L/4 under different cases are given in Figures 20–22. From Figure 20a, it can be seen that
the relative error between numerical and experimental results of longitudinal wind speed ratios at L/4
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of the bridge length under case 1 with/without BTS were about 50%, while the relative error between
numerical and experimental results of longitudinal wind speed ratios at L/4 of the bridge length under
case 2 with/without BTS were about 30%. From Figure 20b, it can be seen that the relative error between
numerical and experimental results of longitudinal wind speed ratio at L/4 of the bridge length under
case 3 and 4 with/without BTS were about 30%. As shown in Figure 18, the relative error between
numerical and experimental results of longitudinal wind speed ratios at L/2 of the bridge length under
different cases with/without BTS were less about 30% except for case 3 with BTS. From Figure 22, the
relative error between numerical and experimental results of longitudinal wind speed ratios at 3L/4 of
the bridge length under different cases with/without BTS were less than 30%. In general, it can be seen
from the Figures 20–22 that though there were some discrepancies between the wind tunnel tests and
numerical simulation, the majority of the data are located within relative errors of 30%.
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Figure 21. Numerical results vs. experimental results of longitudinal wind speed ratio at L/2 under 
different cases. (a) Case 1 and 2; (b) Case 3 and 4. 

Figure 20. Numerical results vs. experimental results of longitudinal wind speed ratio at L/4 under
different cases. (a) Case 1 and 2; (b) Case 3 and 4.
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Figure 20. Numerical results vs. experimental results of longitudinal wind speed ratio at L/4 under 
different cases. (a) Case 1 and 2; (b) Case 3 and 4. 
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Figure 21. Numerical results vs. experimental results of longitudinal wind speed ratio at L/2 under 
different cases. (a) Case 1 and 2; (b) Case 3 and 4. 

Figure 21. Numerical results vs. experimental results of longitudinal wind speed ratio at L/2 under
different cases. (a) Case 1 and 2; (b) Case 3 and 4.



Appl. Sci. 2020, 10, 751 20 of 23
Appl. Sci. 2020, 10, x FOR PEER REVIEW 20 of 23 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
 Case 1-without BTS
 Case 1-with BTS
 Case 2-without BTS
 Case 2-with BTS

N
um

er
ic

al
 re

su
lts

 o
f l

on
gi

tu
di

na
l w

in
d 

sp
ee

d 
ra

tio

Experimental results of longitudinal wind speed ratio

lower 30%

lower 50%

upper 30%

upper 50%

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
 Case 3-without BTS
 Case 3-with BTS
 Case 4-without BTS
 Case 4-with BTS

N
um

er
ic

al
 re

su
lts

 o
f l

on
gi

tu
di

na
l w

in
d 

sp
ee

d 
ra

tio

Experimental results of longitudinal wind speed ratio

lower 50%

lower 30%

upper 30%

upper 50%

(a) (b) 

Figure 22. Numerical results vs. experimental results of longitudinal wind speed ratio at 3L/4 under 
different cases. (a) Case 1 and 2; (b) Case 3 and 4. 
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6. Conclusions

To study the wind characteristics over mountainous terrain, the Xiangjiang Bridge site was
employed in this paper. The improved boundary transition sections were adopted to reduce the
influence of the artificial cliffs on the edge of the terrain model on the wind characteristics at the bridge
site over the mountainous terrain. The mean cross-bridge wind speed and wind attack angles at
the main deck level, longitudinal wind speed profiles at L/4, L/2, and 3L/4 of the bridge length were
investigated in detail with the assistance of numerical simulations and wind tunnel tests. The main
conclusions are summarized as follows:

1. The cross-bridge wind speeds and wind attack angles at the main deck level of the bridge
at mountainous terrain site vary greatly along the bridge axis. Considering the span layout
characteristics large-span bridges, it can be roughly divided into three parts along bridge axis,
namely, mountain areas (I, III) and central canyon area (II). The changes in wind characteristics
near the mountain areas (I, III) were relatively large, while the changes in wind speed and wind
attack angles in the central canyon area (III) were relatively small.

2. Experimental and numerical results show that the cross-bridge wind speed at the main deck level
of the mountainous terrain model with BTS was generally larger than that of the mountainous
terrain model without BTS in the central canyon area (II) for most cases, which needs to be paid
special attention in wind-resistance design of the bridge. If there is no improved BTS in front of
the terrain model, the cross-bridge design wind speed of the bridge deck may be underestimated.

3. In general, the range of wind attack angles at the main deck level of the mountainous terrain
model with BTS within 1/4 to 3/4 of the bridge length; namely, in the central canyon area (II), are
smaller than the range of wind attack angles of the mountainous terrain model without BTS. It is
recommended to use the improved BTS for terrain model boundary correction.

4. The longitudinal wind speed ratio at different positions; namely, L/4, L/2 and 3L/4 of the bridge
length, generally increase with height. The longitudinal wind speed ratio of the terrain model
with BTS at L/4, L/2 and 3L/4 of the bridge length are larger than that of the terrain model without
BTS for most cases.

5. In general, there are some discrepancies between the numerical results and wind tunnel tests
results of wind characteristics, namely cross-bridge wind speed ratios, wind attack angles, and
longitudinal wind speed ratios at L/4, L/2, and 3L/4 of the bridge length, but the maximum relative
error between numerical and experimental results for most cases is about 30%.
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