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ABSTRACT
Wind conditions in gorges have a significant impact on the safe operation of high-speed trains,
due to the lack of a unified gorge wind model and the limitations of traditional simulations that
use oversimplified wind models, the complex wind speed distribution arising from the mountain
surface boundary layer cannot be accurately captured. To address this, a three-dimensional, incom-
pressible, steady calculation method is used to study wind field characteristics in a typical gorge.
We propose a two-dimensional mathematical model to study the effects of gorge width on model
parameters, including wind speed growth indices α1 and α2 in the height and horizontal directions,
respectively. Our results demonstrate that the thickness of themountain boundary layer can reach a
maximum of approximately 30metres, and the values of α1 and α2 range from 0.11 to 0.19 and 0.21
to 0.5, respectively. As gorge width increases, boundary layer thickness remains constant, α1 grad-
ually decreases, α2 remains unchanged above 250m height. Our findings provide more accurate
boundary conditions for numerical simulations of high-speed train operation in gorge wind condi-
tions and offer theoretical recommendations for safe high-speed train operation through bridges,
tunnels, and railways in mountainous regions.
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Symbol description

symbol definition unit

ρ fluid density kg/m3
t time s
ui velocity in the x-direction m/s
uj velocity in the y-direction m/s
uk velocity in the z-direction m/s
xi x-coordinate m
xj y-coordinate m
μ dynamic viscosity coefficient Pa·s
δij Kronecker symbol
K thermal conductivity

coefficient
W/(m·K)

T temperature K
γ specific heat ratio
R gas constant J/(mol·K)
e specific internal energy of a

unit mass of gas
m2/s2

y0 roughness length m
r physical roughness height m
u velocity m/s
κ von Karman constant
u∗ reference velocity m/s

CONTACT Dilong Guo jack9517@126.com

v kinematic viscosity coefficient m2/s
E default constant
E′

segmented function
y distance from the centre of the grid

to the wall
m

f roughness function
R+ R+ = ru∗/v
R +
smooth default parameter

R +
rough default parameter

B default parameter
C default parameter
h height of the gorge m
U wind speed m/s
U0 wind speed at the gradient wind

height
m/s

z height above the ground m
Hg gradient wind height m
α surface roughness index
y y-coordinate
U(z) distribution of wind speed in the

vertical direction of the gorge
m/s

Uh wind speed at the mountain’s highest
point

m/s

z z-coordinate m
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α1 wind speed increase index in the
height direction

U(x) distribution of wind speed in
the horizontal direction of the
gorge

m/s

Umax maximum wind speed at a specific
height

m/s

x0 interval of wind speed growth
along the horizontal direction
near the mountain wall

m

α2 wind speed increase index in the
horizontal direction

U(x, z) two-dimensional wind profile m/s

1. Introduction

The total area ofmountainous lands in the western China
is about 4 million square kilometres, accounting for 65%
of the total mountainous area in China (Tan, 2019).
Large-scale building of high-speed rail in mountainous
regions with precarious gorges has begun in response to
the implementation of the western development strat-
egy. Trains operating in such environmentsmust contend
with more complex and unpredictable gorge wind loads
due to themountainous terrain’s complicated topography
and abundance of gorges. Vehicle stability when exposed
to crosswind is one of the priorities in bridge design (He
et al., 2022). In addition to serving as the foundation
for bridge wind resistance design (Li et al., 2010), the
research of gorge wind field characteristics also serves
as a guarantee for the safe operation of trains. Deep-cut
gorges have accelerating and limiting effects on incom-
ing flow, making the spatial distribution characteristics
of canyons wind fields anisotropic (Zhang et al., 2021).
Strong winds can even increase the likelihood of train
derailments and overturning in windy sections of the
mountains (Zou et al., 2022), especially when the train
enters and exits the tunnel frequently in a short period of
time under gorge wind loads. Due to the sudden changes
in the train operating environment, compression waves
and expansion waves are generated during train oper-
ation and the vortex structure on the leeward side of
the train also changes drastically, resulting in extremely
complex flow around the train. While the conventional
study of train operation in cross wind is not accurate
enough for the setting of wind field boundary conditions,
so it is imperative to explore a more realistic gorge wind
model to provide more exact boundary conditions for
the numerical simulation of train operations in the gorge
area.

In the field of wind engineering, there has been a
growing interest in studying wind field characteristics in

complex terrain, which has been driven by fieldmeasure-
ments, numerical simulations, and experimental research
conducted in wind tunnels (Shen et al., 2020). In terms
of field measurements, Davenport and Kaimal measured
wind characteristic parameters at various heights and
locations, and respectively proposed theDavenport spec-
trum and Kaimal spectrum by analyzing of the measured
results (Davenport, 1962; Kaimal et al., 1972). Similarly,
Pang et al. (2010) measured the wind field at the Si Du
River Bridge, calculated the mean wind speed, corre-
spondingwind direction, turbulence intensity, gust factor
and turbulence characteristics for a 10-minutes time-
averaged sample, and fitted the pulsating wind power
spectrum; Ke and Pei (2022) based on a typical U-shaped
canyon located in the western mountainous area, the
average wind characteristics and turbulence characteris-
tics of the canyon were obtained through long-termwind
field measurements. The measured results can provide
reference for the study of wind fields in mountainous
areas.

Although fieldmeasurements can yield themost accu-
rate results, they are time-consuming, labor-intensive,
and only allow for the collection of a limited number
of fixed locations. In addition, the terrain in the gorge
is highly intricate, which makes it challenging to quan-
tify wind speeds within themountains (Xue & Liu, 2016).
Wind tunnel tests are also an important method that uti-
lize scaled models to evaluate wind characteristic param-
eters at the bridge location. Taylor and Teunissen (1987)
used three different scaling ratios (1:800, 1:1200, and
1:2500) to conduct wind tunnel tests of the wind field on
theAskervein hill’s wind field characteristics. By compar-
ing the results to themeasured data, it was discovered that
the experimental error of themeanwind speedwas small,
while the experimental error of the turbulence statistics
was larger. This proves that the wind tunnel tests are
accurate in simulating the mean wind speed. Li et al.
(2016) created different types of single mountain mod-
els for testing and investigated the effects of slope, height
and the mountain shape on the topographic correction
coefficients of wind speeds at different locations on the
mountain. Aiming at complex ski resorts inmountainous
areas, Zhao (2021) conducted wind tunnel experiments
to finely describe the wind field characteristics of the
canyon from the perspectives of both mean wind charac-
teristics and turbulence characteristics. Nevertheless, ter-
rain wind tunnel tests still have some disadvantages, such
as long testing periods, limited experimental conditions,
and high costs.

As computational fluid dynamics (CFD) advances
by leaps and bounds, numerical simulation has gained
increasing attention in the study of wind fields in com-
plex terrain due to its economy and convenience. Many
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scholars have used numerical simulation to study wind
field characteristics in real or ideal terrain. Li et al. (2016)
took the real topography of the gorge with a large span
suspension bridge as the background and employed the
CFD method to explore the influence of the mountain-
ous Y-shaped estuary on the mean wind speed, wind
attack angle, wind profile, and wind speed amplification
coefficient under different incoming flow directions. The
Qingshui River Bridge in China is one such location, and
Zhang et al. (2017) used numerical calculation to investi-
gate basic wind parameters at the bridge site based on the
deep gorge terrain. They concluded that wind-induced
vibration calculation of the bridge only needs to take into
account the effect of the wind attack angle within 6° of
the incoming flow. These studies primarily focused on
wind field characteristics of particular mountain bridges,
but they neglected to take surface roughness into con-
sideration while analyzing the flow field. Hong (2020)
investigated the wind field characteristics of U-shaped
and V-shaped canyons, as well as the impact of canyon
parameters on the wind field, using numerical simula-
tion methods. Other researchers have used roughness
wall functions to simulate the wind field of rugged ter-
rain (Deng et al., 2010; Di et al., 2017), but the majority
of these studies focused on the wind velocity character-
istics of particular mountain locations rather than the
spatial wind velocity distribution characteristics inside
the gorge.

High-speed trains often encounter strong crosswind
when they run to the tunnel–bridge–tunnel infrastruc-
ture (Yang et al., 2021). In the numerical simulation
of side-wind aerodynamic characteristics of high-speed
trains, some scholars have adopted the uniform wind
or exponential wind model of the atmospheric bound-
ary layer as the boundary conditions (Xia et al., 2022;
Zhou et al., 2023). While this setup is feasible in open-
field conditions, the actual wind profile in gorge regions
will no longer satisfy the exponential wind model due
to the influence of the mountain and ground boundary
layers (Li et al., 2011). This can have an impact on the
computational results.

As China’s high-speed railway network expands into
mountainous areas, there will be a growing number
of tunnels and bridges crossing high mountains and
gorges. Frequent operations of high-speed trains in tun-
nels and on bridges in the presence of gorge winds will
become commonplace, highlighting the need to inves-
tigate the accurate and realistic gorge wind field as a
prerequisite for ensuring the safety of high-speed railway
operations in these regions. This study aims to over-
come limitations in measuring wind fields and conduct-
ing region-specific numerical simulations by develop-
ing mathematical models that accurately describe gorge

wind fields. These models will facilitate safe high-speed
train operations over bridges and tunnels in mountain-
ous regions. First, a realistic three-dimensional model
of Askervein Hill is created to check the accuracy of
the numerical simulation algorithm and mesh strategy
against measured wind speeds. Next, a typical gorge cal-
culationmodel is constructed to evaluate wind field char-
acteristics. Finally, a gorge wind field model is developed
and compared to other models, leading to more pre-
cise boundary conditions and theoretical recommenda-
tions for safe high-speed train operation in mountainous
regions.

2. Calculationmethod andmodel

2.1. Governing equations

The gorge wind field was computed using the commer-
cial software STAR-CCM+, and the three-dimensional,
incompressible, steady Navier-Stokes (N-S) equation was
solved by the following control equation.

The continuity equation is:

∂ui
∂xi

= 0 (1)

The momentum conservation equation is:

ρ
∂

∂xi
(uiuj)

= − ∂P
∂xi

+ ∂

∂xj

[
μ

(
∂ui
∂xj

+ ∂uj
∂xi

− 2
3

∂ui
∂xi

δij
)]

(2)

The energy conservation equation is:

∂

∂xi

[
uiρ

(
e + 1

2
uiui

)
+ uiP

]

= ∂

∂xj

[
K

∂T
∂xj

+ uiμ
(

∂ui
∂xj

+ ∂uj
∂xi

)
− 2

3
uiμ

∂ui
∂xi

δij
]
(3)

e = P
ρ(γ − 1)

+ 1
2
(ui2 + uj2 + uk2) (4)

The equation of state for the whole gas must also be
added to make the equation closed:

P = ρRT (5)

In equation (1)-(5), ρ, P, t are density, pressure and time
respectively, x and u are coordinates and velocity respec-
tively, the subscripts i, j and k denote the three directional
components, δij is the Kronecker sign, μ is the viscosity
coefficient, e is the internal energy per unit mass of gas,
K is the heat transfer coefficient, T is the temperature, γ
is the specific heat ratio and R is the gas constant.



4 J. CHENG ET AL.

Table 1. Roughness lengths of different types of ground surfaces.

Examples Roughness length (m)

Open sea, snow-covered flat plain 0.0002
Beaches, pack ice without large ridges 0.005
Level country with low vegetation 0.03
Dense shelterbelts, vineyards 0.25
Mature forests, cities or villages. 1

In existing research, the well-established and widely
used turbulence models include the standard k-ε tur-
bulence model and the SST k-ω model. Due to its
inadequate handling of flow with adverse pressure gradi-
ents and separation regions, the Standard k-ε turbulence
model is considered unsuitable for numerical simula-
tions of flow around bluff bodies by some researchers
(Murakami, 1993). Menter (1994) introduced the SST
k-ω model, which effectively computes turbulent shear
stress transport in adverse pressure gradient boundary
layers and is regarded as one of the most suitable two-
equation turbulence models for simulating separation
in bluff body flows within Reynolds-Averaged Navier-
Stokes (RANS) methods. In this study, following refer-
ence (Tang et al., 2014), the SST k-ω turbulence model
was selected. The convective term in the equations was
discretized using the Roe scheme, while the viscous term
was discretized using a second-order central difference
method.

2.2. Wall roughness

In numerical simulations of complex terrain, the velocity
distribution at the ground surface is greatly influenced by
surface roughness. Surface roughness can be described in
two ways, with engineers most often using the roughness
length y0, which is the height from the ground surface to
the point in the near-ground layer where wind speed is
zero (Deng et al., 2010). The second way to express sur-
face roughness is through the physical roughness height r,
which corresponds to the equivalent sand grain height in
circular tube turbulence experiments. Table 1 (Wieringa,
1992) presents roughness lengths for different surface
types, computed by researchers using long-term empir-
ical wind field data. Several studies (Abdi & Bitsuamlak,
2014; Mao et al., 2011; Menter, 1994; Pattanapol et al.,
2007; Zhou et al., 2008) have employed the wall func-
tion method to simulate roughness in complex terrain,
and the simulation results have shown good agreement
with actual measurements. Thus, in this paper, we also
adopt the wall function method to simulate roughness.

When utilizing the wall function, two opposing con-
ditions must be simultaneously satisfied (Blocken et al.,
2007). It is therefore essential to appropriately set the
roughness height and initial grid height of the wall. On

one hand, the near-wall grid resolution must be suffi-
ciently high to accurately capture the wall velocity dis-
tribution. On the other hand, the distance from the wall
to the centre of the initial grid should be larger than the
roughness height. Otherwise, if the centre of the first grid
is lower than the roughness height, it is equivalent to
dividing the grid on the solid wall in fluid space, result-
ing in the inability to compute and losing the physical
meaning of roughness.

This paper employs the wall function to calculate the
velocity around the wall, dividing it into a viscous bot-
tom layer, a logarithmic layer, and a turbulent layer. The
first grid layer is set to be within the logarithmic layer by
default. Equation (6) shows the velocity distribution in
the logarithmic layer.

u
u∗ = 1

κ
ln
(
E′ yu∗

ν

)
(6)

E′ = E
f

(7)

Where u is the velocity, κ is the von Karman constant
(which takes the value of 0.42), u∗ is the reference velocity
(which is derived from the turbulence volume of the tur-
bulence model), v is the kinematic viscosity coefficient, y
is the distance from the centre of the grid to the wall, E is
the default constant (which takes the value of 9), and f is
the roughness function.

The dimensionless quantityR+ is defined asR+ = ru∗/v,
where r is the physical roughness height. Additionally, the
roughness function f is a segmented function (Cebeci &
Bradshaw, 1977).

When R+ ≤ R+
smooth(R

+
smooth is a default parameter),

f = 1 (8)

WhenR+
smooth < R+ ≤ R+

rough(R
+
rough, B andCare default

parameters),

f =
[
B

(
R+ − R+

smooth
R+
rough − R+

smooth

)
+ CR+

]a
(9)

Where the index a is defined as:

a = sin

[
π

2
log(R+/R+

smooth)

log(R+
rough/R

+
smooth)

]
(10)

When R+ > R+
rough,

f = B + CR+ (11)

In addition, the relationship between the physical
roughness height r and roughness length y0 in STAR-
CCM+ is

r = Ey0
C

(12)
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Figure 1. Gorge model. (a) Front view, (b) Vertical view, (c) Oblique view.

The values of default parameters in the equations are
B = 0, C = 0.253, R+

smooth = 2.25, R+
rough = 90.

2.3. Computational model and domain

This paper takes the Sichuan-Tibet Railway as the back-
ground. The length of bridges on the Sichuan-Tibet Rail-
way is mostly between 300m-500m. There are many
sections of the Yarlung Zangbo River valley with a typ-
ically long and straight shape, and the length is about
1km-5 km. Referring to this characteristic shape, we took
the isosceles triangle as the cross-section of themountain
gorge, with rounded corners at the top of the mountain.
The forward part of themountain is made by rotating the
triangular cross-section. The mountain’s height, denoted
as h, is 450m. Taking h as the characteristic length, the
mountain’s length and width are 2.4 and 5.5 h respec-
tively. The dimensions of the computational domain are
24.3 h in length, 13.2 h in width, and 6.7 h in height. The
dimensions of the mountain and the calculation domain
are shown in Figures 1 and 2.

2.4. Grid strategy

There are numerous surface types in the mountain, and
the amount of vegetation that grows on the gorge’s sur-
face varies with the season. In order to fully consider the
relationship between calculation accuracy and surface

Figure 2. Schematic diagram of calculation domain.

roughness, the gorge studied in this paper is one with
a shallow grass or low vegetation surface type and low
roughness, and according to Equation (12), the rough-
ness height is set to 1m. This paper follows the roughness
requirements specified in the literature (Blocken et al.,
2007), with the first grid height of the boundary layer
of the mountain wall set to 2m, a grid growth rate of
1.1, and the outermost grid height of the boundary layer
set to 10m. Two refinement zones, where the grid size
is smaller, were established near the gorge to better cap-
ture wind flow in this area. A refinement region was
also established throughout the calculation domain to
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Table 2. Four types of surface parameters.

Classification of surface Height of gradient wind (m) Roughness exponent

A (Sea, desert, etc.) 300 0.12
B (Fields, jungle, etc.) 350 0.16
C (Flat hilly area, etc.) 400 0.22
D (Rolling hills, etc.) 450 0.3

accommodate the exponential wind model, which uses
a gradient wind height of 350m for the velocity bound-
ary condition. The specific grid sizes will be discussed in
the subsequent grid independence analysis.

2.5. Boundary conditions

The boundary conditions of the simulation include
velocity inlet, pressure outlet, and wall boundaries, as
shown in Figure 2. The velocity inlet boundary is located
in front of the gorge, and the atmospheric boundary layer
exponential windmodel, represented by Equation (13), is
applied.

U = U0

(
z
Hg

)α

(13)

Where U0 is the wind speed at the gradient wind height,
which is set to 30m/s, z is the height above the ground,Hg
is the gradient wind height, and α is the roughness index.
According to the wind resistance design specification for
highway bridges, the inlet velocity model parameters fol-
low the type B surface shown in Table 2 (Chen, 2022),
withHg set to 350m and α set to 0.16. The pressure outlet
boundary is set at the rear and both sides of the compu-
tational domain, the top of the computational domain is
set as the symmetric boundary, and the gorge mountain
is used as a rough wall boundary with a roughness height
of 1m.

3. Verification

3.1. Algorithm validation

The accuracy of the numerical algorithm and the rough-
ness settings were verified by using the case of Askervein
Hill, situated on the west coast of Scotland at a height of
116m (126m above sea level), with geographical coordi-
nates of 57°11′16.63′′N, 7°22′45.07′′W. The International
Energy Association conducted wind field empirical mea-
surements in the area during 1982-1983, and the report
of this project (Taylor & Teunissen, 1985) was used as a
reference by atmospheric boundary layer researchers. An
area of 4 km ∗ 4 km ∗ 1.5 km near the hill was selected as
the calculation domain. The elevation data was obtained
from the Chinese spatial geographic data cloud database,
converted into point cloud data with 3D spatial coordi-
nates by a coordinate converter, and reverse-engineered

by 3D software to generate the hill’s surface, as shown in
Figure 3.

The ground roughness length y0 of the hill is approx-
imately 0.028m, based on the local cover of grass as
reported in (Deng et al., 2010; Di et al., 2017). The wall
roughness height of the hill is set to 1m, following the
relationship between the physical roughness height r and
roughness length y0 in STAR-CCM+ . The wall bound-
ary layer meshing strategy from 2.2 is utilized to generate
the volumemesh, with amaximum volumemesh of 40m
in space. The TU03B case is computed with a wind speed
of 9.11m/s (Tang et al., 2014; Taylor & Teunissen, 1985)
and a wind direction of 30°N.E. at a height of 10m,
and the boundary conditions include velocity inlet and
pressure outlet. The mesh and boundary conditions are
illustrated in Figures 4 and 5.

The locations of the measurement points are depicted
in Figure 6. In the actual measurement project, a large
number of anemometers were erected on the A-A’ line,
and measurement points were situated close to the hill
with reference to the location of the anemometers, all of
which were 10m above ground level, with point H being
the highest point on the hill.

Figure 7 gives a comparison between the measured
data and the numerical calculation results. The wind
speed distribution obtained from the numerical calcu-
lations for the A-A’ line is generally consistent with the
measured data, indicating that the numerical calculation
method, grid division strategy and roughness setting in
this studywere used reasonably. The surface of themoun-
tain used in the CFD calculation has some deviations
from the actual mountain due to the use of latitude and
longitude data with 30m accuracy. As a result, the mea-
surement points in the numerical simulation do not cor-
respond exactly to the measurement points in the mea-
sured data, and there are some errors in the wind speed
calculated at certain locations. However, this does not
affect the verification of the accuracy of the algorithm.
In the next section, the same algorithm and boundary
layer grid strategy will be used to investigate the wind
field characteristics in a typical gorge.

3.2. Analysis ofmeshing independence

To verify the influence of grid resolution on compu-
tational accuracy, a grid independence study was con-
ducted for the gorge model established in Section 2.3.
The calculation method was consistent with that in
Section 3.1, and the boundary conditions were consistent
with those in Section 2.5. Under the premise of ensuring
that the grid centre height of the first layer is higher than
the roughness height, low, medium, and high-resolution
grid models were established by adjusting the size of the
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Figure 3. Formation process of Askervein hill. (a) Topographic map, (b) Point cloud, (c) Surface.

Figure 4. Local grid of Askervein hill.

Figure 5. Schematic diagram of boundary.

refinement region. The relevant grid configuration of the
three sets of gridmodels is shown in Table 3, and the spa-
tial distribution of the three grid models are illustrated in
Figure 8.

Figure 7. Comparison between calculated result and measured
data

Table 3. Grid configuration of three grid models.

Grid resolution Refinement zone 1 Refinement zone 2 Total number

Low 15m 30m 2million
Medium 10m 20m 6million
High 8m 16m 13 million

A series of measurement points were arranged within
50 metres from the mountain wall at the entrance of
the gorge. The measurement points were located at a

Figure 6. Position of measuring points. (a) Measuring points on the line A-A’, (b) Measuring points in calculation.
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Figure 8. Three grid models with different grid resolutions. (a)
Low resolution grid, (b) Medium resolution grid, (c) High resolu-
tion grid.

height of 250 metres above the ground, with a spacing
of 2 metres, and their positions are shown in Figure 9.
The wind speeds obtained from the three grid models
under different resolutions are compared in Figure 10.
It reveals that the wind speed distributions are generally
consistent. However, the wind speed at the measurement
points in the low-resolution grid model is slightly lower
than that in the other two models. To ensure the accu-
racy of the solution and reduce computational cost, the

Figure 10. Comparison of the wind speeds under three grid
models.

medium-resolution grid model was selected for subse-
quent calculations.

4. Results and discussion

4.1. Wind field characteristics

In this section, we focus on the analysis of wind field
characteristics. Since the lateral wind load has the most
significant impact on the stability of the train, we will
be discussing the y-direction velocity components. At
the entrance of the gorge, we define the y-coordinate
as 0, and in Figure 11, we present the velocity contours
of the cross-section with varying y-coordinate values. It
can be observed that the airflow at the entrance of the
gorge is partially accelerated towards the middle due to
the obstruction of the mountain. Meanwhile, the air-
flow in the middle of the gorge is slower, influenced
by the ground boundary layer. As a result, high winds
are present on both sides, and a low wind speed zone
exists in the middle of the gorge, as indicated by the
black dashed boxes in the figure. As we move towards
the back of the gorge, the low wind speed zone gradually

Figure 9. Position of measuring points. (a) Front view, (b) Vertical view.
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Figure 11. Sections’ location and velocity contours in y direction. (a) Location of the sections along the y-axis, (b) Velocity contour
(y = 0m), (c) Velocity contour (y = 500m), (d) Velocity contour (y = 1000m).

expands, and after stabilization, it extends up to 250m,
which is approximately 56% of the gorge height. The
influence of gorge topography on wind speed distribu-
tion is evident as the airflow at the bottom of the entire
gorge is obstructed and flows at a lower velocity, pro-
viding guidance for site selection of bridge and building
construction.

Figure 12 shows velocity contours for three planes in
the z-direction. As shown in the figure, the velocity on
both sides of the mountain is bigger, especially in the
area where the airflow from the front of both mountains
converges and flows into the gorge. The curved shape of
the mountain front reduces the flow area, leading to an
increase in wind speed at the entrance of the gorge. The
maximum wind speed occurs at the end of the circular
arc segment, indicating that there is a zone of wind speed
acceleration at the entrance. Due to the ground’s obstruc-
tion to airflow, the wind speed in the middle of the wind
speed acceleration zone decreases at lower heights. How-
ever, at higher heights, the obstruction of airflow by the
grounddecreases, resulting in a reduction of the lowwind

speed zone in the middle of the wind speed acceleration
zone.

The monitoring of wind velocity and observation of
velocity contours reveal the existence of a velocity bound-
ary layer on the mountain’s surface. The wind speed at
the wall is zero, and it gradually increases with the dis-
tance from the wall. In addition, the roughness height of
the wall disturbs the airflow, making the velocity bound-
ary layer on the mountain wall more distinct. Figure 13
shows the boundary layer at different y-coordinates on
the mountain wall. As shown in the figure, the thickness
of the velocity boundary layer is small at the entrance
of the gorge and gradually increases to a certain value
before remaining constant as the airflow moves into the
gorge. For high-speed trains, the distribution of wind
speed along the direction of train travel is crucial for safe
operation in the gorge area. As the train passes through
the gorge, it crosses the velocity boundary layer on the
walls of the two mountains. In the subsequent section,
we will develop and scrutinize the mathematical model
of the wind field within the boundary layer of the gorge.
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Figure 12. Sections’ location and velocity contours in z direction.
(a) Location of the sections along the z-axis, (b) Velocity con-
tour (z = 100m), (c) Velocity contour (z = 200m), (d) Velocity
contour (z = 300m).

4.2. Mathematical model of gorgewind

Taking the cross-section of y = 200m as an example to
study the wind field model in the gorge, the measure-
ment points are spaced 50m apart at different heights
between 50 and 450m, with themeasurement point clos-
est to the mountain wall being 0.1m away from the wall
and the interval between each measurement point along
the x-direction being 2m. The algorithm outlined in the
previous section is used to determine the average wind
speed at each measurement point. Figure 14 displays the
position of the measurement spots as well as the wind
speed at those points. The velocity boundary layer near

the mountain wall exists, as can be seen from the distri-
bution of wind speed at measurement points at various
heights. The wind speed increases gradually from small
to large with increasing horizontal distance from the
wall, and the maximum value of wind speed at measure-
ment points at various heights also rises gradually with
increasing height. The low wind speed interval, which is
detailed in section 4.1, is the range below the height of
250m where the wind speed of the measurement loca-
tions along the x-direction climbs to a particular value
and then progressively falls.

The distribution of wind speed in the vertical direc-
tion of the gorge is described by Equation (14), which
employs an expression similar to that of the exponential
wind in the surface boundary layer. Here, h represents the
height of the mountain, z is the coordinate in the vertical
direction, Uh denotes the wind speed at the mountain’s
highest point, and α1 is the wind speed increase index in
the height direction. This equation helps to illustrate the
distribution of maximum wind speed at different heights
inside the gorge. The mountain’s height and wind speed
at its peak are considered known characteristics, as we are
primarily interested in studying the wind field within the
gorge.

U(z) = Uh

( z
h

)α1
(14)

Analogous to the increase in wind speed with height, an
exponential expression is adopted to depict the variation
of wind speed in the horizontal direction. As demon-
strated in Equation (15), Umax represents the maximum
wind speed at a specific height in Equation (14). In addi-
tion, x0 represents the interval of wind speed growth
along the horizontal direction near the mountain wall.
Within the distance less than x0 from thewall, wind speed
gradually increases. In the process of determining x0, we
set a threshold such that when the wind speed at a mea-
suring point reaches 95% of the maximum wind speed
at the height of the measuring point. The distance from
that point to the wall is considered to be the x0.Moreover,
α2 signifies the wind speed growth index in horizontal
direction.

U(x) = Umax

(
x
x0

)α2

(15)

To model the wind profile across the entire gorge,
the wind profiles at multiple cross-sections are com-
bined. Specifically, the two-dimensional model of gorge
wind can be obtained by combining Equation (14) and
Equation (15), which describe the vertical and horizontal
variations of wind speed, respectively, for a specific cross-
section in the gorge. The resulting model is expressed as
Equation (16), in which the values of the three parame-
ters, namely, x0, α1, and α2, are determined based on the
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Figure 13. Velocity boundary layer at sections of the mountain slope along the y-axis. (a) Location of the sections, (b) y = 0m, (c)
y = 250m, (d) y = 500m, (e) y = 750m, (f ) y = 1000m, (g) y = 1250m, (h) y = 1500m, (i) y = 1750m.

calculated wind speed data. This two-dimensional model
provides a useful tool for predicting the wind speed and
direction in the gorge, which is important for many prac-
tical applications, such as wind energy development and
air pollution dispersion.

U(x, z) = Uh

( z
h

)α1
(
x
x0

)α2

(16)

We analyzed the wind speed on only one side of the gorge
because both sides of the gorge are symmetrical and have

an identical wind speed growth interval near the moun-
tain. Figure 15 shows the location of the measurement
points and the corresponding wind speeds. The mea-
surement points are 50 metres away from the wall. At
the cross-section of y = 200m, x0 is approximately 15m
because the wind speed primarily increases by 15m in
the vertical direction. It is worth noting that the moun-
tain’s height is 450m, which means that the boundary
layer effect near the summit is reduced. Consequently, the
wind speed increase rate at this height differs from that at
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Figure 14. Wind speed of measuring points. (a) Position of measuring points, (b) Wind speed of measuring points.

Figure 15. Wind speed of measuring points at different heights. (a) Position of measuring points, (b) Wind speed of measuring
points(z = 50m-200m), (c) Wind speed of measuring points(z = 250m-400m).

other heights, and therefore, x0 analysis does not apply to
this height.

After determining the wind speed growth interval
near themountain wall at x0, we identified themaximum
wind speed at each height within the x0 interval, corre-
sponding to the measurement location 50 metres away
from the wall. Next, we fitted this data to Equation (14),
where the dependent variable is U/Uh (where Uh rep-
resents the maximum wind speed at a height of 450m)
and the independent variable is z/h (where z indicates the
height and z = 0 at the bottom of the gorge). The fitting
results are illustrated in Figure 16.

For the y = 200m cross-section, the fitted value of
parameter α1 was approximately 0.11 with an interval
of ±0.006, the coefficient of determination was roughly
0.95. The exponent α1 in the gorge wind model is similar
to the roughness exponent in the atmospheric bound-
ary layer wind model, which reflects the influence of the
surface on the growth rate of wind speed with height. A
smaller value of α1 indicates a faster increase in speed
with height. Comparing the results with Table 2 reveals
that the growth exponent near the gorge entrance is

slightly smaller than the roughness exponent of class A
surfaces, indicating a faster increase in wind speed with
height at the gorge entrance.

The wind speed at the measurement points within
15m from the mountain surface at different heights is
fitted in the form of Equation (15) with U/Umax as the
dependent variable (here Umax is the wind speed at the
measurement point at 15m in x coordinate) and x/x0 as
the independent variable (here x is the distance from the
mountain wall to the measurement point), the α2 values
at heights from 100m to 400m and the coefficients of
determination are shown in Table 4. As Table 4 shows,
the values of α2 in the cross-section of y = 200m are
about 0.29 to 0.48, and the coefficients of determina-
tion are above 0.93. The parameter α2 reflects the rate of
horizontal wind speed growth. The airflow at the mid-
dle position of the canyon is affected by the boundary
layer of the mountain walls at both ends in the horizontal
direction, while only influenced by the ground in the ver-
tical direction. Therefore, the growth factor of horizontal
wind speedα2 is greater than the growth factor of vertical
wind speed α1.
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Figure 16. Parameter α1 fitting. (a) Wind speed on different heights, (b) Wind speed fitting,.

Figure 17. Comparisonof parameter x0 of different sections along the z-axis. (a)Wind speed at z = 100m, (b)Wind speed at z = 200m,
(c) Wind speed at z = 300m.

Table 4. The fitted α2 and the fitted determination coefficient of
y = 200m cross-section.

Heights α2 Interval R2

100m 0.29 ±0.026 0.94
150m 0.35 ±0.025 0.96
200m 0.41 ±0.021 0.98
250m 0.46 ±0.030 0.96
300m 0.47 ±0.024 0.98
350m 0.48 ±0.033 0.95
400m 0.37 ±0.021 0.97

According to the flow field analysis in 4.1, there is an
obvious difference between the flow state at the entrance
of the gorge and themiddle position of the gorge. In order
to examine the difference of the parameters of the wind
field model at different longitudinal depths of the gorge,
the same wind field model study was conducted for the
longitudinal 1/4 depth of the gorge (y = 600m) and the
middle depth of the gorge (y = 1000m). Give the wind
velocities at three cross-sections at 100, 200 and 300m
height for example of the measuring points within 50m

near the wall, as shown in Figure 17. It is clear that x0
at y = 600m cross-section is approximately 25 metres,
and x0 at y = 1000m cross-section is approximately 30
metres, indicating that the wind speed at the entrance of
the gorge near the wall grows faster and the thickness of
the velocity boundary layer is thinner, which is similar to
the flat boundary layer. As the boundary layer’s develop-
ment length increases, the thickness of the layer gradually
rises to a certain value and stabilizes.

After obtaining x0 from cross-sections at different
y-values, the wind speed at the measured point at x0
from the wall in the horizontal direction on the two
cross-sections was fitted with Equation (14) to obtain
the parameter α1 of the wind field model, as shown in
Figure 18. Comparingwithα1 at the entrance of the gorge
in the previous paper, the value of α1 gradually increases
as the position of the cross-section moves away from the
entrance of the gorge. These results indicate that the wind
speed at the gorge’s entrance increases with height more
quickly than it does in the middle of the gorge because
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Figure 18. Comparison of parameterα1 of different sections along the y-axis. (a) Wind speed fitting (y = 600m), (b) Wind speed fitting
(y = 1000m).

Table 5. The fitted α2 and the fitted determination coefficient of
y = 600m cross-section.

Heights α2 Interval R2

100m 0.21 ±0.018 0.91
150m 0.30 ±0.017 0.96
200m 0.37 ±0.011 0.99
250m 0.41 ±0.017 0.97
300m 0.38 ±0.012 0.99
350m 0.37 ±0.013 0.98
400m 0.29 ±0.014 0.97

the boundary layer between the ground and mountains
has less of an impact there. As the wind blows deeper into
the gorge, however, the airflow becomes more and more
influenced by the boundary layer, and the increase in
wind speed in the height direction gradually slows down.

Equation (15) was used to fit the wind speed at the
measuring stations within x0 of the mountain’s surface
on the cross sections of y = 600m and y = 1000m. The
results are displayed in Tables 5 and 6 as values for α2
and decision coefficients at various heights for the two
cross-sections. As shown in the tables, the values of α2 at
the gorge’s entrance are higher than the values of α2 at
its middle location at various heights, indicating that the
rate of increase in wind speed at the gorge’s entrance near
the mountain wall is slower than at the middle location
of the gorge.

4.3. Influence of gorge parameters onwind field
model parameters

Considering the gorge width (equivalent to the bridge
length) as an important parameter in practical engineer-
ing applications, the wind fields of gorges of different
widths were calculated, and data from the entrance of the

Table 6. The fitted α2 and the fitted determination coefficient of
y = 1000m cross-section.

Heights α2 Interval R2

100m 0.22 ±0.012 0.95
150m 0.29 ±0.013 0.97
200m 0.37 ±0.010 0.99
250m 0.40 ±0.015 0.97
300m 0.36 ±0.009 0.99
350m 0.34 ±0.010 0.98
400m 0.27 ±0.014 0.96

gorge and the middle section of the gorge were selected
to compare the effect of the gorge width on the wind field
model parameters. Firstly, the effect of gorge width on the
thickness of the velocity boundary layer near the moun-
tain wall, i.e. the size of x0, was compared.Wind speeds at
measuring points within 50m from the wall in the hor-
izontal direction were measured at heights of 100, 200,
and 300m, and the results are shown in Figures 19–21.
As depicted in the figures, the effect of gorge width on
the thickness of the velocity boundary layer of the moun-
tain wall is small, and the thickness of the velocity growth
interval near the mountain wall under different width
conditions is basically the same.

The parameters of the wind field model for gorges of
different widths were fitted by adopting the treatment of
4.1, and the values of α1 and α2 were obtained for dif-
ferent cross-sections in the gorges at three widths. The
parameters α1 and α2 in the wind field models for gorges
of different widths were compared.

As Figures 22 shows, the values of α1 are almost the
same for different gorge widths at the entrance of the
gorge, in the other two cross-sections, α1 decreases with
the increase of gorge width. This is due to the fact that
at the entrance of the gorge, the velocity growth in the
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Figure 19. Comparison of parameter x0 of different gorge widths at section y = 200m. (a) Wind speed at z = 100m, (b) Wind speed
at z = 200m, (c) Wind speed at z = 300m.

Figure 20. Comparison of parameter x0 of different gorge widths at section y = 600m. (a) Wind speed at z = 100m, (b) Wind speed
at z = 200m, (c) Wind speed at z = 300m.

Figure 21. Comparison of parameter x0 of different gorge widths at section y = 1000m. (a) Wind speed at z = 100m, (b) Wind speed
at z = 200m, (c) Wind speed at z = 300m.

height direction has not been affected by the boundary
layer of the ground and themountain wall, themaximum
velocity at various heights is mainly related to the incom-
ing flow boundary conditions, the width of the gorge has
less influence on the velocity growth in height. In the
cross-sections of y = 600m and y = 1000m, the gorge
width affects the velocity distribution near the ground,
the wider gorge it is, the less influence on the velocity
distribution near the ground by the boundary layer and

the higher wind speed, so the smaller α1 value obtained
from the fit.

As Figure 23 shows, the situation of α2 is different
from α1 at the entrance of the gorge, with the increase
of gorge width α2 are slightly increased, this is because
α2 characterizes the wind speed growth rate within the
boundary layer of the mountain wall in the horizontal
direction, with the increase of width, the wind speed
growth effect at the entrance of the gorge is weakened,
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Figure 22. Comparison of parameter α1 of different gorge
widths.

so the wind speed growth rate within the boundary layer
of the wall decreases, hence α2 decreases. As the cross-
sectional positionmoves deeper in the gorge, the effect of
gorge width on α2 gradually decreases, above the height
of 250m, the gorge width has almost no effect on α2, at a
height of 100m, α2 decreases with the increase of gorge
width, due to the lower velocity at lower heights caused
by the combined influence of the ground and the moun-
tain surface’s boundary layer, and with the increase of
the gorge width, the obstructive effect of the boundary
layer on the airflowmovement is weakened, so the veloc-
ity at the mountain surface increases and the value of α2
decreases. There is no discernible change in the values of
α2 at different gorge widths at higher altitudes because
the region below the mountain surface’s boundary layer
is largely open and the gorge’s width has less of an impact
on the wind speed there.

5. Conclusions

This paper established a two-dimensional mathematical
model of the gorge wind field by verifying the accuracy
of the numerical simulation algorithm and grid through
comparison with measured data. The wind field inside

a typical gorge was then calculated, and the impact of
the gorge’s width on the model parameters was exam-
ined. Based on the analysis, the following conclusions
were drawn:

The wind speed at the entrance of the gorge increases
due to the constriction of the flow path area. Inside the
gorge, the wind speed is affected by the ground and
mountain boundary layer, resulting in a low wind speed
zone below 250m. Additionally, a velocity boundary
layer exists on the surface of the mountain. Its thickness
is relatively small at the entrance of the gorge, but it grad-
ually increases and becomes stable with the development
length of the airflow in the gorge.

A two-dimensional model of the wind field in the
gorgewas established, with the parameter x0 denoting the
thickness of the velocity boundary layer on the moun-
tain wall in the horizontal direction. The thickness of
this layer is about 15m at the entrance of the gorge and
increases to around 30m at the middle position. The
parameter α1 represents the index of velocity growth in
the height direction, which increases gradually from 0.11
to 0.19 as the position moves from the entrance to the
middle of the gorge. The parameter α2 represents the
index of velocity growth in the horizontal direction, with
the value of α2 being slightly larger at the entrance than
at the middle position of the gorge.

The parameter x0 remained relatively constant regard-
less of the gorge width. As for the parameter α1, it
remained unchanged at the entrance of the gorge but
decreased as the gorge widened, after the airflow had
entered the gorge for some time. Conversely, the param-
eter α2 slightly increased with the gorge width at the
entrance, while in the middle of the gorge, at a height
greater than 250m, α2 remained mostly constant, and
only increased with the gorge width at a height of 100m.

The numerical simulation in this study used an appro-
priate grid resolution and a simplified typical gorge
model, which differs from the actual mountainous gorge.

Figure 23. Comparison of parameter α2 of different gorge widths. (a) α2 at different heights (y = 200m), (b) α2 at different heights
(y = 600m), (c) α2 at different heights (y = 1000m).
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While the calculated wind speed results may have some
differences from the real-world situation, they still reflect
wind field characteristics. The proposedwind fieldmodel
can reveal the distribution pattern of wind fields in typ-
ical gorges. Determining specific parameters and how
they vary with gorge features requires further numeri-
cal simulations and experiments at different scales. In the
future, we will conduct wind tunnel experiments to ver-
ify the model parameters, and apply the proposed wind
field model in the study of high-speed train operation
stability.
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