Wind characteristics over a simplified gorge by wind tunnel test
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ABSTRACT
A simplified gorge, which was abstracted from some real deep-cutting gorge where
the long-span bridges straddle, was introduced in the present wind tunnel studies. Then
the wind characteristics such as the mean wind speed, turbulence intensity and integral
length scale over the simplified gorge were studied in a simulated atmospheric
boundary layer. Furthermore, the effects of the oncoming wind field and oncoming wind
direction on the wind characteristics over the simplified gorge was also investigated. The
results show that compared with the oncoming wind, the wind speeds at the gorge
center become larger, but the turbulence intensities at the gorge center become smaller.
The different oncoming wind field have remarkable effects on the mean wind speed
ratios near the ground. When the angle between the oncoming wind and the axis of the
gorge is in certain range, such as smaller than 10°, the wind field in this case are very
close to those associated with the wind direction of 0°. However, when the angle
between the oncoming wind and the axis of the gorge is in other certain range, such as
larger than 20°, the wind field in the gorge will significantly change.
1. INTRODUCTION
Long-span bridges building in the mountain-gorge terrains always straddle the
deep-cutting gorges which are shaped as a V (Hu 2015). Therefore, the wind
characteristics at these bridge sites will be greatly influenced by the deep-cutting gorge
terrain, and then the wind characteristics around the bridge main beam and tower are
very complicated (Li 2011). Actually, the wind characteristics over the mountain-gorge
terrain are so complex that the current design standards and codes (CCCC Highway
Consultants CO.,Ltd. 2004) generally focusing on the homogeneous terrain are not
applicable for these long-span bridges (Chock 2005), and thus it is very necessary and
important to study the wind characteristics over the gorge terrain.
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For the studies on the wind characteristics at the bridge site located in the
deep-cutting gorges which are shaped as a V, Li (2011) investigated the wind field
distribution at the bridge site in such a deep-cutting gorge, and the terrain model around
the bridge site was modeled by the range of 8km×8km in the computational fluid
dynamics (CFD) commercial software. According to the numerical simulation of different
cases, the variations of wind velocities along the vertical direction and along the bridge
main beam were obtained, and the wind speeds and wind attack angles along the
bridge main beam changing with the different oncoming wind directions were also
analyzed. The results showed that the wind field at the bridge site in the deep-cutting
gorges is essentially different from that near the sea or over a wide river, and it is very
complex with particular spatial ambient flow. Chen (2008) took a super long suspension
bridge with a main span of 1176m located in a deep-cutting gorge which shaped as a V
as the research background, and investigated the effects of the gorge terrain on the
wind speed distribution along the bridge main beam in a wind tunnel with the scale of
1:500 and the terrain diameter of 4m. The wind tunnel test results show that the mean
wind speed profiles in the gorge obviously change along the bridge main beam, and it
cannot be simulated as a uniform wind speed profile. The attack angles at the bridge
main height are higher than the range of -3~3° prescribed by the codes and when
considering the speed-up effect of wind in the gorge, the height of measurement
position and the shape of terrain on both sides of the gorge should be taken into account.
Although the above gorge terrains which the long-span bridge straddle belong to the
deep-cutting gorge shaped as a V, they cannot be identical to each other in shapes,
which will result in the different wind characteristics over the bridge site. In other words,
the case-by-case studies on the wind characteristics at these bridge sites should be
conducted. To avoid that, an effective method is to obtain the fundamental information
about the wind characteristics over the typical or simplified gorge terrain, and then
provide the long-span bridge located in a real deep-cutting terrain shaped as a V with
some reference information in the preliminary design. Also, the fundamental information
from the typical or simplified gorge terrain can explain the complex wind characteristics
over the real deep-cutting gorge terrain. Therefore, it is important and meaningful to
study the wind characteristics over a typical or simplified gorge terrain.
To analyze the ground level flows over the hilly-valley terrain and to obtain
fundamental information giving the possibility of general evaluation of effects introduced
by the terrain geometry, Sierputowskia (1995) investigated the ground level flows over
three simplified valley models in a boundary layer wind tunnel. The results show that
three zones of deformation can be identified in the process of the wind flowing over the
valley terrain, and the level of wind penetration and the range of flow distortion depend
on the angle between the oncoming wind direction and the axis of the valley terrain.
Furthermore, the evolution of large scale disturbances is correlated with that of the
smaller scale fluctuations. The results obtained from the simplified models turned out to
be useful for understanding the wind characteristics over a real terrain model. Bullard
(2000) made three simplified valley models to investigate the effects of valley presence
on airflow direction and focus on valleys situated in areas of low relief by wind tunnel
test. The results show that the presence of a valley has no significant influence on
airflow direction when the approach angle of the wind is perpendicular to the valley
strike. However, any wind approach-angle less than 90° is found to cause marked

deflection of airflow to become more parallel to the valley. The findings outlined have
implications for the development of aeolian bed forms and processes of aeolian
sedimentation in the vicinity of real valleys. From the above, the studies on the simplified
models have become the practicable method to obtain the fundamental information
about the wind characteristics over the real terrain with complex geometry shapes.
However, it should be noted that the above studies on the wind characteristics over the
simplified model do not address the topic of the wind characteristics of the structures.
For the studies on the wind characteristics of the structures such as the long-span
bridge building in the complex terrain, Li (2010) investigated the wind characteristics
over the four simplified valley models in the simulated atmospheric boundary layer
model to gain understanding the wind characteristics over the mountainous valley
terrain and its further application to determine the design wind speed for the long-span
bridges straddling the mountainous valley terrain. The results show that it is not suitable
to describe the mean wind speed profile by the power law using the same roughness
exponent along the span-wise direction in the valley terrain. Furthermore, the
longitudinal turbulence intensity near the ground level in the valley is reduced due to the
speed-up effect. Although the fundamental results from the simplified valley models by
Li (2010) can be useful for understanding the wind characteristics over a real valley or
gorge terrain, it should be pointed out that the shape of the simplified valley models
were all conical, while the real valley or gorge terrain always extend over a long distance
along the axis. As a result, the wind characteristics obtained at the conical valley terrain
may not have enough representative. Furthermore, the studies did not investigate the
effects of different oncoming wind field or different oncoming wind directions on the wind
characteristics over the simplified valley or gorge terrain. Actually, the oncoming wind
field in the mountains valley terrain probably change with the atmospheric environment,
and the oncoming wind direction is not always along the axis of the valley or gorge
terrain.
In this paper, to study the fundamental wind characteristics over the gorge terrain,
an V-shaped simplified gorge, which was abstracted from some real deep-cutting gorge
shaped as a V which the long-span bridges straddle, was introduced in the present
studies, and the corresponding gorge terrain was made in a wind tunnel. Then the wind
characteristics such as the mean wind speed, turbulence intensity and integral length
scale over the V-shaped simplified gorge were studied in a simulated atmospheric
boundary layer. Furthermore, the effects of the oncoming wind field and oncoming wind
direction on the wind characteristics over the V-shaped simplified gorge was also
investigated. Finally, some main conclusions are presented.
2. Setup of wind tunnel test
The deep-cutting gorges shaped as a V are the typical terrain feature for the
long-span bridges building in the mountain-gorge terrains (Hu 2015). As discussed
earlier, each deep-cutting gorge is not identical in shapes, which will result in the
different wind characteristics at these bridge sites. To avoid the case-by-case studies
about the wind characteristics, a V-shaped simplified gorge, which was abstracted from
some real deep-cutting gorge shaped as a V where the long-span bridges straddle, was
introduced in the present wind tunnel studies.

The wind tunnel tests were conducted in XNJD-1 wind tunnel of Southwest Jiaotong
University of China. The test section of the wind tunnel is 3.6m-wide and 3.0m-high, and
the wind speed ranges from 0 to 22.0 m/s. To make full use of the test section size and
to conveniently investigate the effects of oncoming wind direction on the wind
characteristics over a simplified gorge terrain, the simplified gorge terrain was made in a
circular shape with a diameter of 3.066m and the height of 0.25m. Furthermore, to make
the oncoming wind flow over the edge of the terrain model smoothly and reasonably, a
transition section from the wind tunnel floor to the edge top of the terrain model must be
established (Hu 2015). Therefore, a curved transition section with an equivalent slope of
30° suggested by Hu (2015) was adopted around the circular gorge terrain. Then a
V-shaped groove with the angle of 120° was cut along the center of the circular gorge
terrain to simulate a simplified gorge terrain. The finally V-shaped simplified gorge
terrain model is shown in Fig. 1, and it causes about 5.4% blockage ratio of the wind
tunnel test section by careful calculation.

Fig. 1 The simplified gorge terrain model
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Fig. 2 Arrangement of roughness elements on the terrain surface (Unit: mm)
Some researchers have emphasized that the surface roughness has remarkable
effects on the wind characteristics of the terrain. Miller (1998) investigated the boundary
layer flow over a number of two-dimensional complex terrain in a wind tunnel, and made
a comparison of the wind speed profiles above the third crest for the rough and smooth
ridges. The result showed that the magnitude of the speed-up for the smooth ridge is
larger than that for the rough ridge, and similar results were obtained when comparing
the profiles above the first crest for the two surfaces. Derickson (2004) found
remarkable differences in the wind speed profiles between the terraced scale model

which can create surface roughness and the smooth scale model by wind tunnel test,
and these differences changed with the locations in the scale terrain. Cao (2006)
studied the effects of the surface roughness on the turbulent boundary layer flow over a
two-dimensional steep hill in a wind tunnel, and found that the speed-up ratio above the
crest of a rough hill is larger than that of a smooth hill. Besides, the separation bubble of
a rough hill extended further downstream which resulted in a larger reattachment length
than a smooth hill. Considering that there exist lots of vegetation and trees on the
surface of the real gorge which can create a certain surface roughness, so about 3500
small roughness elements (10mm cubes) were placed in a staggered pattern on the
terrain surface to simulate the real surface roughness appropriately, as shown in Fig. 2
and Fig. 1. This arrangement give a roughness density λ = 8.0%, where λ is defined as
the total roughness front area per unit ground area (Cao 2006).
In the tests, Cobra probes were used to measure the wind speeds in the simplified
gorge terrain, and the sampling frequency was 1250Hz and the sampling time was
about 60s for each measurement position. Considering that the real gorge terrain
always exists in the very complex terrain, so the surface roughness of the terrain and
the oncoming wind field should belong to the type IV according to the related
specification (CCCC Highway Consultants CO.,Ltd. 2004). Accordingly, the oncoming
wind field using a scale of 1/600 was simulated by the passive method of the
combination of spires and floor roughness arrays in the wind tunnel. The simulated wind
speed profile with the power law exponent of 0.296 agreed well with the target one
which is represented by the power law exponent of 0.30, as shown in Fig. 3. Besides,
the simulated turbulence intensity profile were also generally agreed well with the
corresponding target values, as shown in Fig. 4. In a word, the simulated oncoming wind
filed was in accordance with the specification.
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Fig. 3 Mean wind speed profile and its
fitted results by power law model
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3. Wind characteristics over a simplified gorge
For the long and straight gorge terrain, the wind usually flows along the gorge
(Bullard 2000). Therefore, the wind characteristics including the mean wind speed,
turbulence intensity and integral length scale in the gorge with the simulated oncoming
wind filed flowing along the gorge (as shown in Fig. 1) were detailed studied.

3.1 Mean wind speed and turbulence intensity
To investigate the wind field changes along the gorge terrain, the profiles of mean
wind speed and turbulence intensity at five positions, that is, the first position at 0.64m
upstream the center, the second position at 0.32m upstream the center, the third
position at the center, the fourth position at the 0.32m downstream the center and the
fifth position at 0.64m downstream the center, are shown in Fig. 5 and Fig. 6. It can be
seen that the mean wind speed profiles at different positions are very close. Although
there are some differences between the profiles of the turbulence intensity, the
differences are relatively small and even the profiles almost evenly change with the
positions. Furthermore, considering that the influences of the two ends of the gorge
terrain on the mean wind speed and turbulence intensity profiles at the center position
are smaller than those at the other four positions. Therefore, the wind characteristics at
the center position should be the most representative parameters for the present gorge
terrain, and the wind characteristics at the center position should be carefully and mainly
analyzed in the further studies.
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Fig. 5 Mean wind speed profiles along the
axis of gorge
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Fig. 7 and Fig. 8 show the profiles of mean wind speed and turbulence intensity at
the gorge center. Also the two figures show the profiles of mean wind speed and
turbulence intensity of the simulated oncoming wind. Compared with the oncoming wind,
the wind speeds at the gorge center become larger, but the turbulence intensities at the
gorge center become smaller. To further investigate the changes of wind filed at the
gorge center and the oncoming wind, the ratio of the mean wind speeds and turbulence
intensities at the gorge center to those of the oncoming wind are also shown in Fig. 7
and Fig. 8, respectively. It can be seen that with the measurement positions move away
from the ground, the mean wind speed ratios first increase and then decrease but
gradually become stable at last, while the turbulence intensity ratios first decrease and
then increase but gradually also become stable at last. On the other hand, considering
that the wind field over a flat plate can be generally divided into two layers, i.e., the inner
shear layer produced by the viscous effects and the outer potential flow layer where the

viscous effects can be ignored (Currie 2003). From the above, the wind field over the
gorge terrain can also be approximately divided into two layers, i.e., the gorge inner
layer and the gorge outer layer. In the gorge inner layer, the wind field is very complex
due to the influences mainly caused by the two side slopes of the gorge and also
caused by the oncoming wind. For the present study, the gorge inner layer is about
below the range of 0.205 ~ 0.231m, where the mean wind speeds accelerate, but the
acceleration is not stable. Also, the variations of the turbulence intensity fluctuate
remarkable. While in the gorge outer layer which is about above the range of 0.205 ~
0.231m, the variations of the mean wind speed and turbulence intensity are stable and
simple, the reason is that the influences of the two side slopes of the gorge on the wind
field in the gorge outer layer are small, and the wind field in the gorge outer layer mainly
depends on the oncoming wind filed. Therefore, the mean wind speeds and turbulence
intensities in the gorge outer layer are very consistent with those of the oncoming wind.
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3.2 Integral length scale
Integral length scales are measures of the average size of the turbulent eddies of
the flow, and it is very important to the wind loads on the structures. When the oncoming
wind flows into the gorge, the turbulent eddies and the integral length scale will change.
According to the Taylor’s hypothesis (Taylor 1938), the longitudinal integral length scale
can be computed by the following Eq. (1). However, it should be noted that the Eq. (1),
which is valid for the homogeneous and stationary turbulence (Mizuno 1975), is not hold
in the complex terrain. Therefore, the integral length scales in the gorge terrain
computed by Eq. (1) may not be accurate. From the view point of engineering
application, the integral length scale results computed by Eq. (1) can still be represent
the average sizes of the turbulent eddies of the flow in the gorge terrain, at least they
can be taken as the basis for comparing the different average sizes of the turbulent
eddies in the gorge terrain. Therefore, based on the Eq. (1), the longitudinal integral
length scales at the gorge center and the oncoming wind are shown in Fig. 9. It can be
seen that the longitudinal integral length scales generally become large with the

measurement positions move away from the ground. More importantly, the longitudinal
integral length scales at the gorge center are remarkable smaller than those of the
oncoming wind. The reason is that when the oncoming wind flows into the gorge, the
turbulent eddies break into the smaller eddies due to the disturbances mainly caused by
the two side slopes of the gorge. Therefore, the integral length scales at the gorge are
smaller compared with those of the oncoming wind.
U 
Lux  2  Ru  d
（1）
0

u

where Ru(τ) is the auto-correlation function of the longitudinal fluctuating wind u; σu is the
root mean square of u. It is generally believe that when the value of Ru(τ) is very small,
the errors caused by the Taylor’s hypothesis will increase. To improve the precision of
Eq. (1), the upper limit of integral in Eq. (1) is suggested to equal to 0.05σ2u (Flay 1984).
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Fig. 9 Integral length scales at the oncoming wind and the gorge center
4. Analysis of effect factors on the wind characteristics over a simplified gorge
To further investigate the wind characteristics over a simplified gorge, the effect
factors such as the oncoming wind field and the oncoming wind direction on the mean
wind speed and turbulence intensity over a simplified gorge are analyzed.
4.1 Effects of the oncoming wind field
To investigate the effects of different oncoming wind field on the wind
characteristics over a simplified gorge, the tests with the uniform flow served as the
oncoming wind were carried out. In the present study, the wind speed of the uniform flow
was 10.6m/s, and the turbulence intensity was about 1%. To enhance the comparability
of mean wind speeds in the gorge center between the different oncoming wind field, i.e.
the simulated type IV atmospheric boundary layer (IV ABL for short) and the uniform
flow filed (UFL for short), the ratio of the mean wind speeds at the gorge center to those
of the oncoming wind with these two oncoming wind field are calculated and shown in
Fig. 10. In the range of the gorge inner layer, the mean wind speed ratios associated
with the IV ABL are much larger than those associated with the UFL. However, the mean
wind speed ratios are almost the same for these two oncoming wind field in the range of

the gorge outer layer. Considering that the wind characteristics of the oncoming wind
field can be generally divided into two parts, that is the mean wind characteristics and
the turbulence wind characteristics. To investigate the effects of the mean wind
characteristics of the UFL such as the mean wind speed, the tests of UFL with the mean
wind speed of 6.8 m/s were conducted, and the corresponding mean wind speed ratios
are also shown in Fig. 10. It can be seen that the UFL with different mean wind speeds
are very close to each other in the mean wind speed ratios, which indicates that the
effects of the mean wind speed of the oncoming wind on the mean wind speed ratios at
the gorge center are very small, and then the turbulence wind characteristics of the
oncoming wind field probably have a remarkable effects on them.
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The turbulence intensity is the simplest parameter to describe the turbulence wind
characteristics, and it is also the important parameter to distinguish the oncoming wind
field of IV ABL and UFL. Fig. 11 shows the turbulence intensities at the gorge center with
these two oncoming wind field, where turbulence intensities at the gorge center
associated with the IV ABL are much larger than those associated with the UFL.
However, the turbulence intensities at the gorge center associated with the UFL with
different mean wind speeds are almost the same. From Fig. 10 and Fig. 11, the variation
of mean wind speed ratios associated with the IV ABL and UFL can be explained below.
In the range of the gorge inner layer, especially near the ground, the mean wind speeds
are very small due to the presence of the small roughness elements on the two side
slopes of gorge. However, when the oncoming wind of IV ABL with high turbulence
intensity flows into the gorge, the wind near the ground will get more kinetic energy
supplies due to the effects of the turbulent mixing. As a result, the speeds of the wind
near the ground increase. While the oncoming wind of UFL with the low turbulence
intensity flows into the gorge, the effects of the turbulent mixing become very small, and
then the speeds of the wind near the ground cannot increase. Therefore, the mean wind
speed ratios caused by the IV ABL with high turbulence intensity are much larger than
those caused by the UFL with low turbulence intensity. On the other hand, in the range
of the gorge outer layer, as the measurement positions are far away from the ground

and the two side slopes of the gorge, which makes the effects of the turbulent mixing
become small for different oncoming wind field. Therefore, the mean wind speed ratios
caused by the IV ABL are almost the same with those caused by the UFL in such
circumstances. Actually, the mean wind speeds in the gorge outer layer mainly depends
on the mean wind speeds of the oncoming wind as discussed earlier.
4.2 Effects of the oncoming wind direction
The different oncoming wind directions have remarkable effects on the wind field
over the gorge (Li 2011). Therefore, the tests with the angles between the oncoming
wind and the axis of the gorge equaling to 10° and 20° were carried out. Certainly, the
angles were completed by rotating the circular terrain, as shown in Fig. 1. Fig. 12 shows
the mean wind speed profiles at the gorge center with different oncoming wind
directions. The mean wind speeds associated with the wind direction of 10° are very
close to those associated with the wind direction of 0° (refer to the oncoming wind
flowing along the axis of the gorge). Especially for the measurement positions near the
ground, such as in the range of the gorge inner layer, the mean wind speeds associated
with these two wind directions are almost the same. However, the mean wind speeds
associated with the wind direction of 20° are obviously smaller than those associated
with the wind direction of 0° and 10°. If compare the mean wind speeds of oncoming
wind with those induced by the three oncoming wind directions, it is founded that the
wind speedup associated with the wind direction of 0° and 10° are more significant than
those associated with the wind direction of 20°, and the mean wind speeds at the gorge
center associated with the wind direction of 20° even decrease at the higher
measurement positions.
Fig. 13 shows the turbulence intensities at the gorge center with different oncoming
wind directions. It can be seen that the turbulence intensities associated with the wind
direction of 0° and 10° are close to each other, and they are both smaller than those
associated with the oncoming wind. However, the turbulence intensities associated with
the wind direction of 20° are very large, and they are generally larger than those
associated with the oncoming wind. The main reason is probably that the flow
separation occurs in the gorge when the oncoming wind flows into the gorge with large
wind directions, such as the oncoming wind direction of 20°, which result in a very large
turbulence intensities in the gorge.
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From the above, it can be concluded that when the angle between the oncoming
wind and the axis of the gorge is in certain range, such as smaller than 10°, then the
wind field including the mean wind speed and turbulence intensity in this case are very
close to those associated with the wind direction of 0°. However, when the angle
between the oncoming wind and the axis of the gorge is in other certain range, such as
larger than 20°, then the wind field in the gorge will significant change. To be specific,
the mean wind speed will decrease, the turbulence intensity will increase. Furthermore,
the closer the measurement positions move away from the ground, the greater the wind
filed changes.
5. Conclusions
From the above, the main conclusions are summarized as follows:
(1) Compared with the oncoming wind, the wind speeds at the gorge center
become larger, but the turbulence intensities at the gorge center become smaller. With
the measurement positions move away from the ground, the mean wind speed ratios
first increase and then decrease but gradually become stable at last, while the
turbulence intensity ratios first decrease and then increase but gradually also become
stable at last.
(2) The longitudinal integral length scales at the gorge center are remarkable
smaller than those of the oncoming wind due to the disturbances mainly caused by the
two side slopes of the gorge.
(3) The wind field over the gorge terrain can be approximately divided into two
layers, i.e., the gorge inner layer and the gorge outer layer. In the gorge inner layer, the
wind field is very complex due to the influences mainly caused by the two side slopes of
the gorge and also caused by the oncoming wind. While in the gorge outer layer, the
wind field is relatively stable and simple due to the influences caused by the two side
slopes of the gorge are small, and the wind field in this case mainly depends on the
oncoming wind filed.
(4) Because the oncoming wind of IV ABL has a relatively high turbulence intensity,

which result in the mean wind speed ratios in the range of the gorge inner layer are
much larger than those associated with the UFL. However, the mean wind speed ratios
are almost the same for these two oncoming wind field in the range of the gorge outer
layer.
(5) When the angle between the oncoming wind and the axis of the gorge is in
certain range, such as smaller than 10°, then the wind field in this case are very close to
those associated with the wind direction of 0°. However, when the angle between the
oncoming wind and the axis of the gorge is in other certain range, such as larger than
20°, then the wind field in the gorge will significantly change. Furthermore, the closer the
measurement positions move away from the ground, the greater the wind filed change.
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