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Abstract Concrete-plate fences have been widely adopted
for windblown sand control and mitigation along railways.
However, the inclination angles of inserting the concrete
plate with respect to the vertical direction, i.e., straight or
obliquely inserted concrete plates (SIP or OIP), signifi-
cantly influence the efficiency of sand-control. This study
performs a comparative evaluation of the SIP and OIP
sand-control fences using wind tunnel testing and field
monitoring data collected from the Lanzhou—Wulumugqi
High-Speed Railway Project. The results show that the
fence’s ability to reduce the wind speed and the sand-re-
taining efficiency gradually weakens with the increasing
wind speed. Compared with the SIP fence, the OIP fence
has a better wind speed reduction capability, stronger
ability to capture fine particles below the top of the fence; it
is more efficient for sand-retaining and induces stronger
eddy intensity. Generally, the wind tunnel test and field
monitoring results are consistent, whereas wind tunnel tests
incline to overestimate wind speed reduction and sand-
control efficiency. The study also finds that the aeolian
sand accumulated around the fence can weaken the pro-
tection efficiency, and hence cleaning the aeolian sand
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accumulated around the fence should be done periodically
to ensure the designed functions.
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1 Introduction

Aeolian sand along railway and highway lines caused by
wind-sand flow has potential risks for safety. Sand-control
systems, usually sand-control fences, are typically installed
to reduce such risks, e.g., the Taklamakan desert highway
[1, 2], the Qinghai-Tibet railway [3, 4], and the Baotou—
Lanzhou railway [5]. The Lanzhou—Wulumugqi high-speed
railway (LWHR), which is the world’s first high-speed
railway through the vast strong wind areas in the Gobi
desert [6] with a design speed of 250 km/h and a total
length of 1776 km from Lanzhou to Wulumugqi in the
northwestern part of China, mainly adopted sand-control
fences to intercept the sand particles on the predominant
wind direction side [6, 7]. Considering the durability and
the ability to resist wind forces, most of the sand-retaining
fences adopted along LWHR are made of concrete but with
different inclination angles of inserting-plate with respect
to the vertical direction, i.e., straight-installed plates (SIP,
as shown in Figs. 1a, 2a) and oblique-installed plates (OIP,
as shown in Figs. 1b, 2b), both the SIP and OIP fences are
designed as porous fences to enhance the sand-control
efficiency [8].
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The aerodynamic and sand-control performance of the
fences depends on its geometric design, mainly including
fence porosity, fence height, the relative wind direction, as
well as porosity structure feature [9]. Fence porosity is
commonly considered the most important parameter con-
trolling the protective performance of the fences; however,
it seems that the optimal porosity lacks consistency in
research. Raine and Stevenson [10] believed that a fence
with a porosity of 20% has the best reduction in leeward
mean velocity. Perera et al. [11] deemed that solid fences
are best for protecting the near-wake zone, while a fence
with a porosity of 20% provides good shelter characteris-
tics in the far wake. Lee et al. [12] found that the fence with
a porosity of 30% has a good shelter effect for alleviating
windblown sand particles, while Dong et al. [13] recom-
mended an optimal value of 30%—40%. From the per-
spective of mechanics, Dong et al. [14] revealed that the

Fig. 1 Photographs of inserting-plate sand-retaining fences: a SIP
and b OIP
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critical fence porosity is about 30%. As for fence height,
Caborn [15] indicated that the range of the downwind
shelter zone is proportional to the fence height, and
Alhajraf et al. [16] confirmed that the sand-trapping
potential is usually controlled by the fence height. Ceteris
paribus, the shelter distance of the fence is negatively
correlated with the relative wind direction referring to the
angle between the incoming wind direction and the normal
of the fence orientation. Jacobs [17] found that the recov-
ery distance required by the wind flow to re-reach the mean
wind speed or turbulence intensity in the open field
decreased with an increase in the relative wind direction.
Using field monitoring data, Wilson [18] found the oblig-
uity of the approaching wind may reduce the actual shelter
distance of the fence, which was also proven by Pefia et al.
[19]. Concerning the structure feature of the porosity, there
is little data in the literature available, especially field
monitoring data, supports the consensus conclusion on
which type is relatively effective for a certain height and
porosity. Unfortunately, the SIP and OIP fences encoun-
tered the same problem for the LWHR project, though
some relevant studies provided insights and helped to
understand the influence of porosity structure feature on the
protection effect [20-22]. The main concern is that the
fences mentioned above lack in situ monitoring data to
verify the reliability of the wind tunnel results, and the
porosity structure used in the research is also different from
the OIP and SIP fences that the LWHR intended to use.
Moreover, the inclination angle of the inserted plates with
respect to the vertical direction may induce different
aerodynamic performance and affect the sand-control
efficiency of the fence.

Three methods are often used to study windblown sand
problems mentioned above. Firstly, numerical simulation is
widely used to investigate the flow characteristics around
the fence. For instance, Telenta et al. [23] analyzed the bar
inclination effect on the fence wake characteristics behind
the fence using the three-dimensional numerical model,
and found that the bleed flow gets stronger and the turbu-
lence intensity decreases with the bar inclination angle
decreasing [23]. Lima et al. [24] investigated the factors
controlling the fraction of soil area over which the basal
average wind shear velocity drops below the threshold for
sand transport, and found that for typical sand-moving
wind velocities, the optimal fence height which is in a cost-
efficient view is around 50 cm. Bruno et al. [25] compared
the aerodynamic behavior of different solid barriers and
estimated the sand sedimentation performance of each
barrier using an approximated metric related to shear stress.
Their results showed that the patented S4S barrier has the
best sedimentation performances due to its innovative
aerodynamic shaping. Secondly, the wind tunnel test, i.e., a
scale physical model, is also a powerful tool to study the

Rail. Eng. Science (2021) 29(2):183-198



Comparative evaluation of concrete sand-control fences used for railway protection in strong... 185

aerodynamic characteristics of fences under artificially
simulated atmospheric boundary conditions. This method
has recently been more used to study the effect of fence
protection. Dong et al. [26] analyzed the inherent link
between fence porosity and mean airflow characteristics
behind the fence, and confirmed that the optimal porosity is
around 0.2 or 0.3. Zhang et al. [27] investigated the shelter
effect of a porous wind fence (porosity = 38.5%) on
saltating sand in a simulated atmospheric boundary layer.
They found that the mean speed decrease obviously on the
leeward of the fence, and a high-speed area exists in the
shear layer above the fence. In addition to the above two
research methods, field monitoring (i.e., the full-scale
physical model) is the most valuable as well as the most
costly tool to study the aerodynamic characteristics of the
fences in the field. Cheng et al. [28] evaluated the sand-
control efficiency of various fences along the Qinghai—
Tibet railway and analyzed their advantages and disad-
vantages. Zhang et al. [29] analyzed the windproofing and
sand-fixing benefits of different specifications of straw
checkerboards and their impact on ecological restoration.
They found that a one-meter-long checkerboard had the
best performance at reducing the surface wind speed and
intercepted sand. Compared with numerical simulation and
wind tunnel tests, field monitoring needs a much longer
time and is less adopted in research. However, Alhajraf
[16] found that solely using numerical simulation or wind
tunnel tests may lead to an insufficient understanding of the
sand-control performance of the fence due to different
boundary conditions and wind-sand environments. There-
fore, there is a need to conduct research to compare the
differences among the above three methods.

It has been noted that there have been few sand-control
fences in situ experiments associated with sand transport
study presumably due to the complexity of solid-air inter-
actions on wind-sand flow and the high investment of long-
term monitoring. Our literature review indicates that most
of the research results mentioned above have not been
applied in actual projects, and the research conclusions are
not verified with field monitoring data. In practice, the SIP
fences have been used in Qinghai-Tibet Railway with a
low wind speed environment, where the maximum wind
speed is approximately 25 m/s [3], which is significantly
lower than that of about 60 m/s along with the LWHR
project [7, 21]. The magnitude of wind speed may affect
the sand-carrying capacity of airflow and thus influence the
sand-control performance of the fence; i.e., theoretically,
relatively high wind speeds may induce most sand grains to
deposit only on the leeward side of the fence. In addition,
the OIP fences were first used in real engineering practice,
and its sand-control performance needs to be verified.

Although both the SIP and OIP fences are porous, Bruno
et al. [30] still divided them into two categories according
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to the different sedimentation mechanisms that they
derived and the aerodynamic performance, e.g., fence with
localized porosity and fence with deflecting porosity.
Moreover, research comparing the sand-control for differ-
ent fences to help fence selection in practice to control and
mitigate aeolian sand hazards is limited. To better under-
stand the sand-control performance of fences and the wind-
sand flow field properties around the fence, this study
comparatively evaluates the sand-control performance of
the SIP and OIP fences using field monitoring data of sand
transport and wind tunnel tests.

2 Wind tunnel test
2.1 Apparatus and materials

The wind tunnel utilized in this study has a total length of
38 m and is mainly comprised of five parts: the power
section, the rectifier section, the sand supply section, the
test section, and the diffusion section. In the sand supply
section, the sand samples were laid flat at the bottom of the
wind tunnel and would move when the incoming wind
speed exceeds the threshold wind speed. The test section
has a square shape of 1.2 m x 1.2 m with a length of
21 m. The inlet wind speed in the wind tunnel can be
adjusted within the range of 0—40 m/s.

It is well known that the accuracy of wind tunnel test
results is closely related to the simulation of the atmo-
spheric boundary layer, a thin layer with an obvious
velocity gradient mainly affected by the surface friction, in
which the flow is mainly turbulent. To ensure the accuracy
of test results, the passive method was used to simulate the
boundary layer in the wind tunnel. The emery paper was
used to simulate the roughness of elements, and the paper
adhered to the bottom of the wind tunnel 40H-60H away
from the windward side of the fence model, where H is the
fence height.

During testing, the wind speed at different monitoring
points was measured with the pitot tubes, as illustrated in
Fig. 3a. The pitot tubes, which can simultaneously monitor
the speed at heights of 0.3, 0.5, 1.0, 1.5, 3.0, 6.0, 12.0, 20.0,
35.0, and 50.0 cm, were arranged at the locations of 10H,
5H, 2H, 1.0H and 0.5H away from the windward side of the
fence, and 0.5H, 1H, 2H, 5H, 10H, 15H and 20H away
from the leeward side of the fence, respectively.

The sand transport rate in the wind-sand flow was
determined by the vertical distribution of the sand mass
collected by the stepped sand collection boxes, as shown in
Fig. 3b. The stepped sand collection box includes ten sand
samplers. Each sampler has a cross section of 2 cm x 2 cm
and is arranged 2 m away from the leeward side of the
fence model. The central heights of the sand sampler
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Fig. 2 Schematic diagram of the fence structure: a SIP and b OIP
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Fig. 3 Layout of the test section of the wind tunnel: a measuring wind speed and b measuring sand flux density

installed within the stepped sand collection box are 1, 3, 5,
7,9, 11, 13, 15, 17, and 19 cm from the wind tunnel bot-
tom. The sand samples used in the wind tunnel were taken
from the field monitoring site, and the grain composition is
shown in Fig. 4.

2.2 Similarity discussions

The movement characteristics of the airflow in the field are
so complicated that it is very challenging to simulate the
behavior accurately with wind tunnel tests. However,
geometric similarity, kinematic similarity, and dynamic
similarity of a wind tune test can enhance the reliability of
the experimental data.

Geometric similarity mainly refers to the similarity in
size and shape between the model and the real fence used
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in the actual project. The SIP or OIP fences along the
LWHR have a typical height of 2.0 m and a typical
porosity of approximately 20%; multiple plates are inserted
using an inclination angle of 0° for SIP and 45° for OIP,
respectively. Wooden strips were used in the wind tunnel
test to model the fences, and the heights of the models were
set to 0.2 m, with a geometric similarity ratio of 1:10. The
width of the models was 1.2 m, which is equal to the cross
section width of the wind tunnel. Furthermore, the shape of
each component of the fence was approximately replicated
and reduced following the above proportion. The porosity
of the models was designed as the same as the real fences,
i.e., approximately 20%. Theoretically, the blockage ratio
of the wind tunnel should be less than 5% to avoid dis-
tortion effects, but 16.7% (= 0.2/1.2) of the blockage ratio
is used in this study due to limitations of the wind tunnel
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Fig. 4 Grading curve of wind-sand flow in the monitoring site

facility and porous fences will affect the airflow less than
solid objects [31].

Equation (1) is used to ensure the similarity of the wind
speed profile [32], which is a key factor of the kinematic
similarity:

UZ/UZ, = (Z/Zr)aiv <1)

where Uz and Uy are the mean wind speed values at
heights Z and Z, from the ground in the field or the labo-
ratory wind tunnel, respectively; «; is the wind speed pro-
file index, also known as the surface roughness index. The
roughness index in the field was calculated to be 0.113
using U,go and Ujp, and the roughness index in the wind
tunnel test was calculated to be 0.107 using U,y and Us.
The two values of o, are approximately equal, indicating
that wind speed profiles in the field and wind tunnel both
conform to the power-law exponent and thus the wind
tunnel test can be regarded as satisfying the movement
similarity [32].

The similarity of Reynolds numbers (Re) typically
represents the kinematic similarity, but it was also used to
measure the dynamic similarity for the wind tunnel test
[32]. The reduction in the experimental model results in
that the Re of the wind tunnel is several times smaller than
that in the field. Previous studies have shown that scaled
model flows will be dynamically similar to the full-scale
case if Re is equal to or greater than the minimum inde-
pendence value of 1 x 10° [33]. For the wind tunnel test in
this study, the calculated Re value ranges from 4.15 x 10°
to 10.37 x 10°, implying that the wind tunnel test essen-
tially meets the required dynamic similarity. Note that
when calculating the Re value in this study, the formula
Re = pvl/u is used, where p denotes the airflow density and
equals 1.103 kg/m*; v is the mean the airflow speed and
takes the values of 10, 18, and 25 m/s, respectively; [ is the
characteristic length and equals 0.677 m; and p is the

Rail. Eng. Science (2021) 29(2):183-198

Fig. 5 Spin-type sand collecting instruments along the LWHR

dynamic  viscosity  of which

1.80 x 107> Pa:s.

airflow, equals

3 Field monitoring

The wind tunnel test described above was used to initially
evaluate the sand-control performance of the fences during
the preliminary design phase before the actual fences have
been installed along the LWHR. Furthermore, a field
monitoring program was carried out after installation of the
actual fences to verify the reliability of the wind tunnel test.

The field monitoring site, located in the Yandong wind
area along LWHR, is covered mostly by the Gobi desert
landscape. The instantaneous maximum wind speed in this
area can reach 42.3 m/s [34] (note that this speed is not the
maximum wind speed of 60 m/s yet that the LWHR
exposes). However, the Yandong wind zone is abundant
sand sources, so the wind-sand activity is very intense; and
the strong wind in this area has a high potential to cause
severe wind-sand disasters. The sand-control effects of the
fences were monitored on-site using the spin-type sand
collecting instrument. This instrument comprises a rein-
forced concrete foundation that supports a steel pipe col-
umn with sand samplers tied to the column. The sand
samplers can rotate freely with the wind force to ensure
that the inlet is always in line with the wind direction,
which improves the accuracy of the monitoring results. The
steel column made the sampler capable of collecting sands
flown in high locations.

As shown in Fig. 5, the spin-type sand collecting
instrument used in the LWHR includes four sand samplers
with four circular-opening inlets, which are installed at 0.5,
1.0, 2.0, and 4.0 m above the ground surface, respectively.
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Fig. 6 Wind Master Pro 3D anemometer for measuring wind speed
around fences

To monitor the vertical mass distribution of sands in the
wind-sand flow on both sides of the fence, a set of sand
collecting instruments are installed at 50 m windward and
20 m leeward from the sand-control fence, respectively.
The monitoring data were collected after each gale day

109 8 7 6 5 4 3 2 10 Wind direction ———>

() SIPv=10m/s[ T T T T T [

during the 2 years of carrying out the field monitoring
program.

The wind speed at different horizontal positions on both
sides of the fence was measured simultaneously by the
GILL WindMaster Pro 3D anemometer (Fig. 6), which can
measure the wind speed ranging from O to 65 m/s with the
wind direction ranging from O to 359°. Each fence has a
monitoring section, and each monitoring section has a total
of 5 anemometers, installed at 20.0, 10.0, and 3.0 m from
the fence on the windward side, and 3.0 and 20.0 m from
the fence on the leeward side, respectively, and each
anemometer contains 1 wind speed sensor installed at
1.2 m (i.e., 0.6H). To obtain the wind speed profile in the
study area, the vertical distribution of wind speed at 50 m
from the fence on the windward side was also measured by
the GILL WindMaster Pro 3D anemometer, and the height
of monitoring points were installed at 30, 60, 150, and
200 cm above the ground surface, respectively.

4 Results

4.1 Results of wind tunnel tests

4.1.1 Airflow field structure

Figure 7 shows the contour map of wind tunnel tests
obtained using the Kriging method in the Surfer 11.0

software under different wind speeds with 120 points of
wind speed data around the two types of fences, where L is
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Fig. 7 Contours of the wind speed around fences based on wind tunnel test: a v = 10 m/s for SIP, b v = 10 m/s for OIP, ¢ v = 18 m/s for SIP,
d v = 18 m/s for OIP, e v = 25 m/s for SIP, and f v = 25 m/s for OIP (unit: m/s; v represents the inlet wind speed of the wind tunnel; H,
represents the height above the bottom of wind tunnel)
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Fig. 8 Comparison between the wind speed profile disturbed by the fence and that not disturbed by the fence at different inlet wind speeds:
av=10m/s, bv =18 m/s, and ¢ v = 25 m/s. The WSPD-SIP and WSPD-OIP represents the wind speed profile disturbed by the SIP and OIP
fence, respectively
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Fig. 9 The relative wind speed around fences at different inlet wind speeds based on wind tunnel tests: a at a height of 0.6H above the bottom of
wind tunnel, and b at a height of 1.75H above the bottom of wind tunnel

the distance from the fence model and its negative and
positive values represent points on the windward side and
the leeward side, respectively. Similar to [21], the wind
field around the fence (Fig. 7) can be roughly divided into
three zones according to the wind speed and formation
mechanism: the local acceleration zone, the deceleration
zone on the windward side below the top of the fence, and
the wake zone on the leeward side of the fence below the
top of the fence. The local acceleration zone above the top
of the fence is caused by the Venturi effect, the decelera-
tion zone is caused by the retarding effect of the fence, and
the wake zone is caused by the eddy and the adverse
pressure gradient. It is worth noting that there are two
eddies in the wake area of the OIP fence and one eddy in
the SIP fence due to the difference in pore structure,

@ Springer

indicating that the eddy intensity in the wake area of the
OIP fence is stronger than that of the SIP fence. Thus, the
wake area of the OIP fence has a stronger sand capture
capability.

4.1.2 Variation of wind speed profile around the fence

The comparison between the wind speed profile disturbed
by the fence (WSPD) and that not disturbed by the fence
(WSPND) under inlet wind speeds of 10, 18 and 25 m/s are
shown in Fig. 8a—c, respectively. For the same fence, the
WSPD at the same horizontal position is similar under
three inlet wind speeds. It is also observed that for the same
fence, the WSPND is analogous to that of the WSPD at
L =—2H, — 0.5H, 15H and 20H, showing a logarithmic

Rail. Eng. Science (2021) 29(2):183-198
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distribution law with height, but different from that of the
WSPD at L = 0.5H and 2H which shows obvious wave-like
distribution, especially below the top of the fences. The
observation indicates that the eddy intensity in this area is
strongly affected by the uneven pores. Moreover, the
WSPD on the leeward of the fences is different from that of
Lee et al. [35], where the variation trend of the WSPD at
L = 0.5H and 2H below the top of the fences with height is
relatively more uniform. The findings indicate that
although the pore structure does not affect the wind field
around the fence as effectively as the porosity, the
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protection efficiency of fences can be further improved by
adjusting the pore structure given the same porosity.

The comparison of wind speed profiles at different
positions shows that the wind speed is significantly reduced
below the top of the fences and slightly increased above the
top. Compared with the SIP fence, the OIP fence is more
efficient to reduce the wind speed below the top of the
fence but accelerates the speed above the top. It is found
that the WSPD on the leeward deviates further from the
WSPND than that on the windward, which reflects indi-
rectly that the leeward side of the fence has a better wind
speed reduction effect.

4.1.3 Relative wind speed

Except for the scope of the deceleration zone and wake
zone, the attenuation amplitude of wind speed around the
fence, which can be represented by the relative wind speed,
is also a key index to indirectly evaluate the sand-control
performance. The relative wind speed at a given height z
above the ground is referred to as the ratio of the wind
speed disturbed by the fence at height z to the inlet wind
speed at height z not disturbed by the fence. The relative
wind speed, K, can be calculated using Eq. (2) [36]:

K, = Vz/vz07 (2)

where K, is the relative wind speed (%) at height z, v, is the
wind speed (in m/s) disturbed by the fence at the height z,
and v is the inlet wind speed (in m/s) not disturbed by the
fence at the height z.

As shown in Fig. 9, the variation trend of the relative
wind speed around the two types of fences at a similar
height is similar for three inlet wind speeds (i.e., 10, 18,
25 m/s). It is found that the variation trends of the relative
wind speed above and below H are markedly different. As
Fig. 9a shows, the relative wind speed at 0.6H from the
bottom of the wind tunnel follows an approximate
v-shaped distribution with a minimum value near the fence,
while Fig. 9b shows that the relative wind speed at
1.75H from the bottom of the wind tunnel presents an
approximately w-shaped distribution with a maximum
value near the fence. In addition, it is noted that for the
same fence, the relative wind speed above H is signifi-
cantly higher than that below H, and the horizontal length
for less than a certain relative wind speed on the leeward
side is much larger than that on the windward side when
the height is below H, as shown in Fig. 9a. The above
observations imply that the protection range of the fence is
within its height H, the sand particles in wind-sand flow are
more easily deposited on the leeward side, and the area of
depositing sand is also larger.

The following differences can be found by comparing
the relative wind speed of the two types of fences at
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1.0 -
= 0.8 Wind direction
id | —_—
E 0.6
| --e--ASNAS
204 --*+--AONAS
S | ——AsAS
22 —o— AOAS
0.2 4 MS
1 ——MO 3
=
0.0 - 5
T T T T I T T T T T T T T
-10 -5 0 5 10 15 20

Distance from the fence L/H

Fig. 13 Comparison of the relative wind speed around fences at the
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different wind speeds: (1) At a height less than H (Fig. 9a),
the relative wind speed curve of the OIP is generally below
that of the SIP under the same wind speed and the gap
between the two curves decreases gradually with wind
speed increasing. (2) At a height greater than H (Fig. 9b),
the relative wind speed of the OIP is also smaller than that
of the SIP under the same wind speed except for the
location near the fence on the leeward side. Furthermore,
with an increase in the wind speed, the gap between the
two on the windward side decreases gradually, while the
gap on the leeward side increases gradually.
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The above phenomenon indicates that the OIP fence has
stronger capabilities than the SIP fence in terms of reduc-
ing the wind speed under the same wind speed. The gap
between the two fence’s ability to reduce the wind speed
decreases gradually with an increase in the wind speed.
Another observation is the ability of the OIP fence to
accelerate airflow at the top of the fence is stronger than
that of the SIP fence. Acceleration in airflow may increase
the number of sand particles crossing the fence and weaken
the sand-control capability. However, this phenomenon is
only observed at the top of the OIP fence, which has little
impact on protection efficiency.

4.1.4 Sand transport rate on both sides of the fence

The transport rate is an indicator of the airflow capacity of
transporting sand. When the wind-sand flow passes through
the fence, most of the particles can deposit around the
fence due to the local wind speed reduction and airflow
recycling, thus the transport rate of the wind-sand flow will
decrease. Hence, its variation on either side of the fence
can reflect the fence’s ability to purify the wind-sand flow.
Based on the data obtained from the wind tunnel tests, the
sand transport rate of the wind-sand flow can be calculated
according to Eq. (3) [37]:

F, = Mz/(Az X T), (3)

where F, is the sand transport rate (in a unit of g/(cm2~s)) at
a certain height; M, is the mass of sand particles at the
height collected by the sand sampler in 7 periods (g); A, is
the inlet area of the sand sampler (cm?); and T is the
duration of wind speed (s).

As shown in Fig. 10, the sand transport rate of the
original wind-sand flow undisturbed by the fence follows
an approximate linear distribution on a semi-logarithmic
scale with varying height for different inlet wind speeds,
and the sand transport rate under no fence condition is very
sensitive to the height and the wind speed. Therefore,
reducing the wind speed will very efficiently reduce the
sand transport rate in the airflow. Comparing the sand
transport rate with and without fences under different wind
speeds (Fig. 10), we can see that the sand transport rate
decreases sharply after the original sand flows through the
fence. Moreover, the sand transport rate with the OIP is
smaller than that of the SIP at the same height on the
leeward side. The data support that the fences have sig-
nificant sand-control effects, whereas the OIP is better than
the SIP.

4.1.5 Sand-retaining rate

The sand-retaining rate is the most important index for
evaluating the protective effect of sand-control fences,
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which can directly evaluate the performance of the fences.
The sand-retaining rate can be calculated using equations
below [7, 28]:

J n
R; = Z (qwai — quai) Z (qwzi — qizi), (4)
i i=1

i=1

=

R = Z (QWzi - qlzi) Z Gwzi, (5)
i=1

i=1

where R; is the cumulative sand-retaining rate that is less
than or equal to the jth height (%); R is the total sand-
retaining rate (%); qw;; and gj,; represent the mass of sand
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collected at the ith height on the windward and leeward
side of the fence (g), respectively.

Figure 11 shows the vertical distribution of the cumu-
lative sand-retaining rate under different wind speeds. The
cumulative sand-retaining rate presents an approximate
logarithmic distribution with increasing height for three
wind speeds used in the wind tunnel tests. Moreover, the
sand-retaining rate increases very fast with an increase in
the height, which reaches more than 90% when the height
is approximately 0.6H above the ground surface. More
detailed comparisons of the cumulative sand-retaining rates
indicate that (1) the two curves almost coincide when the
height is below 6 cm (0.3H), (2) the two curves gradually
become separate when the height is higher than 6 cm
(0.3H), and (3) the separation degree first increases and
then decreases with the height increasing in the range of
0.3H to 1.0H and reaches the maximum at 0.75H. This
implies that the sand-control effect of the two fences does
not make a difference when the height is below 0.3H, but
the OIP fence gradually becomes more effective than the
SIP fence as the height increases from 0.3H to 0.75H. Note
that the cumulative sand-retaining rate of the OIP fence
slightly exceeds 100% at 0.75H and 0.85H on the curve,
which seems unreasonable. However, it objectively reflects
the phenomenon of airflow acceleration at the top of the
fence caused by the Venturi effect, which induces a neg-
ative sand-retaining of the OIP fence in these areas as the
OIP fence has a stronger airflow acceleration effect than
the SIP fence. It is noteworthy that the negative sand-re-
taining rate accounts for less than 3% of the total sand-
retaining rate, so the impact on the sand-control efficiency
of the fence from the acceleration effect near the top of the
OIP fence is insignificant.

Figure 12 shows the sand-retaining rate under different
wind speeds. It is also found the total sand-retaining rate of
the fences presents a decreasing trend with an increase in
wind speed, and the total sand-retaining rate of the OIP is
obviously greater than that of the SIP under the same wind
speed, which indicates that the higher the wind speed, the
worse the effect of the sand-control, and that the sand-
control effect of the OIP is better than that of the SIP.

4.2 Field monitoring data
4.2.1 Wind speed reduction capacity

Although the wind directions vary in the field, the wind
direction is set perpendicular to the fence model in the
wind tunnel test. To be able to more accurately compare
the wind speed reduction capacity between the fence model
and the actual fence, a period of wind speed time history in
the field, whose wind direction is approximately perpen-
dicular to the actual fence, is selected for comparison with
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the results of the tunnel test. Figure 13 shows the com-
parison of the relative wind speed at the height of
0.6H between wind tunnel tests and field monitoring under
the inlet wind speed of about 10 m/s. Note that the relative
wind speed shown in Fig. 13 is normalized to the wind
speed at — 10H instead of the inlet wind speed using
Eq. (2). It is observed that their variation trends that are
related to the distance from the fence are consistent. It is
also found that for the same fence, the wind speed reduc-
tion capacity with no aeolian sand around the fence is
stronger than that with the accumulated aeolian sand with
dimensions shown in Fig. 16. The observation indicates
that the gradually increased volume of accumulated aeolian
sand over time around the fence can reduce the protection
efficiency of the fence. Hence, it is ideal to periodically
maintain the fences to ensure they function as designed.
Moreover, the comparison results show that the wind speed
reduction capability of the SIP fences is significantly
weaker than that of OIP fences.

@ Springer

4.2.2 Sand-control performance

As shown in Fig. 14, the cumulative sand-retaining rate of
the fence during two years of completion of fence instal-
lation shows an approximate logarithmic distribution with
the height and reaches about 95% at 2 m. The observation
indicates that the effective sand-control range of the fence
is below its top. Similar to the results of the wind tunnel
test, the cumulative sand-retaining rate of the actual OIP
fence at 2 m is also slightly more than 100% due to the
airflow acceleration effect near the top of the fence.
Moreover, the total sand-retaining rate and cumulative
sand-retaining rate of the OIP fence at the same height that
is within the fence height is significantly higher than those
of the SIP fence, which implies that the sand-control effi-
ciency of the OIP fence is significantly better than the SIP
fence.

Figure 15 shows the total sand-retaining rate of the
fence under different Beaufort wind force levels. Similar to
the wind tunnel test results, the total sand-retaining rate of
the fences decreases with increasing wind force levels in
the field. The main reason is that more sand grains are
crossed over the fence with the higher wind speed and the
stronger sand-carrying capacity of the airflow, while the
sand-retaining efficiency of the fence decreases accord-
ingly. Moreover, the sand-retaining efficiency of the SIP
fence is lower than that of the OIP fence for the same wind
force level which is in line with the wind tunnel test
results.

Figure 16 shows the geometry dimensions of the
cumulative aeolian sand around the two types of fences
based on four years of observations after the completion of
construction [7]. No significant difference in the length and
maximum thickness of aeolian sand is found on the lee-
ward between the fences, but it does on the windward side
of the predominant wind direction: (1) the total lengths of
aeolian sand of the OIP and SIP fence are approximately
510 and 360 cm, respectively, which leads to a difference
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of 150 cm; (2) the maximum thicknesses of aeolian sand
are 50 and 45 cm, respectively, with a difference of 5 cm.
The total aeolian sand volume per unit length around the
SIP and OIP fences is about 1.55 and 1.96 m’/m, respec-
tively. The difference of sand volume per unit length
between the fences is approximately 21%, which indicates
that the sand-retaining efficiency of the OIP fence is sig-
nificantly higher than that of the SIP fence.

4.2.3 Grain size distribution

Grain size distribution in the wind-sand flow has the
characteristics of stratification along the vertical direction
under the action of gravity; the smaller particles are gen-
erally in the upper layer whereas the larger particles usually
stay near the ground surface. Fences have the function to
purify the wind-sand flow, and the particle composition is
changed accordingly. Thus analyzing the grain size distri-
bution in the wind-sand flow on both sides of the fence can
help to understand the performance of the fence. Figure 17
shows the grain size distribution of the wind-sand flow on
the windward and leeward of the fence collected by the
spin-type sand collecting instrument in the Yandong wind
area. The wind-sand flow at 50 m windward from the fence
(the original wind-sand flow) was dominated by sand
grains with particle sizes in the range of 0.1-0.25 mm,
accounting for approximately 65% of the total mass; fol-
lowed by sand grains with particle sizes less than
0.075 mm, accounting for approximately 20%; and the
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proportion of other grain sizes is less than 10%. After the
wind-sand flow is purified by the fence, the grain size
distribution on the leeward side of the fence changes sig-
nificantly. The sizes of the sand grains are still in the range
of 0.1-0.25 mm, but the corresponding proportion is
notably reduced by 10%. Moreover, when the grain sizes
are less than 0.1 mm, especially in the range of less than
0.075 mm, the corresponding proportion increases by
approximately 10%, and the proportion decreases when the
grain sizes are greater than 0.1 mm. We can also see that
the mass percentage of wind-sand flow on the leeward of
the SIP fence is higher than that of on the leeward of the
OIP fence for the fine particles, while the opposite is
observed with an increase of particle size. The above
observations indicate that both fences intercept well for
coarser particle sand poorly for finer ones.

Figure 18 shows the grain size distribution of wind-sand
flow on both sides of the fences at different heights. Below
the height of the fences (i.e., 2 m) used in the LWHR, the
grain size distributions of each fence at different heights on
the leeward side were similar. However, when the height is
above the fence (2 m), the grain size distributions on the
leeward side are significantly different from those below
the fence height, and the distributions are more similar to
those of the original wind-sand flow, which indicates that
this height is a critical parameter for the fence to affect the
wind-sand flow. The comparison on the grain size distri-
bution for the two fences shows that there are almost no
differences in altering the particle composition of wind-
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sand flow above the top of the fence, whereas the OIP fence
is more effective than the SIP fence for the sand trapping of
the fine particles below the top of the fence.

5 Discussion

Wind tunnel test results are generally in line with the field
monitoring data. However, the differences between the
wind tunnel test and the field monitoring conditions are
observed, e.g., surface conditions, wind conditions, etc.,
and the differences will inevitably affect the results.

As shown in Fig. 13, the on-site wind speed attenuation
capacity of the fence is significantly weaker than that of the
wind tunnel test, which implies that the wind tunnel test
has a trend to overestimate the wind speed reduction
capacity of the fence presumably due to the blocking ratio
effect; besides, the low aspect ratio of the fence model, the
interactions between the boundary layers developing on the
sidewalls of the wind tunnel and the wind flow around the
fence are also possible reasons that can lead to overesti-
mating the wind tunnel test results.

As shown in Figs. 11 and 14, the total sand-retaining
rate measured in the field is significantly lower than that
measured by the wind tunnel test. Like wind speed
reduction, the wind tunnel test has overestimated the sand-
retaining efficiency of the fence. Different factors from the
wind tunnel tests, including the higher wind speed in the
field, the longer wind period of the field monitoring area,
and more wind direction variations in the field, may cause
the observed differences separately or jointly. Moreover,
the change in the airflow field structure around the fence in
the field, which is affected by the accumulation of aeolian
sand around the fence, may also be one of the main
reasons.

In similar wind-sand environments, the two types of
fences have different protective efficiency, which is not
only related to their induced aerodynamic performance but
also related to the interaction between sand grains and the
angles of inserting plates. The sand grains in the wind-sand
flow hit the inserted plates and deposit in the windward of
the fence and the process influences the sand-deposition
efficiency. Since the heads and tails of inserted plates of
OIP fences are overlapped in horizontal projection, the
sand grains cannot easily pass through the gap between the
inserted plates in the inserting direction, and the OIP fence
has higher efficiency on the windward side.

The flow field structure and the accumulated aeolian
sand around the OIP fence are different from those of
Cheng et al. [38]. Since this study has a much longer
monitoring period, the amount of accumulated aeolian sand
on the windward of the fence is much higher than that of
Cheng et al.’s study. We also found that the contour shape

@ Springer

of the wind speed on the leeward side of the fence is
approximately triangular in this study, but it was approxi-
mately rectangular in Cheng et al.’s study. Moreover, the
shape of the wind speed profile at 20H is similar to the
undisturbed wind profile in this study, but significant
deviation from the undisturbed wind speed profile was
observed in Cheng et al.’s study. The possible reasons are
that the vertical eddy on the leeward side is dominant in
this study, but both vertical and horizontal eddies on the
leeward side are dominant in Cheng et al.’s study.

6 Conclusions

The performance of straight and obliquely inserted con-
crete-plate fences for sand control along the LWHR was
compared and evaluated using the data from wind tunnel
tests and field monitoring. The following conclusions can
be drawn:

1. Wind tunnel tests show that the effective protection
range of the fence is mainly below the top of the fence,
and the attenuation amplitude and range of the wind
speed on the wake zone of the leeward are significantly
larger than that on the deceleration zone of the
windward. Moreover, the protection efficiency of the
fences shows a decreasing trend with the increase in
the incoming wind speed.

2. Comparison of data based on wind tunnel tests and
field monitoring concerning airflow field characteris-
tics and sand-control performance shows that the OIP
fences have a better wind speed reduction capability,
higher sand-retaining efficiency and induces stronger
eddy intensity compared with the SIP fences. The
particle distribution in the wind-sand flow on both
sides of the fence indicates that the OIP fence has a
stronger ability to capture fine particles below the top
of the fences.

3. The wind tunnel test and field monitoring results are
generally consistent. However, differences were also
observed. Comparing with the data based on field
monitoring, the wind tunnel test has a trend to
overestimate the fence’s capability, including wind
speed reduction capability and the sand-control effi-
ciency. The reasons for wind tunnel test to overesti-
mate the wind speed reduction could be the blocking
ratio of the tunnel test, the interaction between the
boundary layers developing on the sidewalls of the
wind tunnel and the wind flow around the fence, while
the sand-control efficiency may be affected by the
differences between the laboratory test and field
monitoring in terms of ground conditions and the flow
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fields changed by the cumulated sand and multiple
wind directions in the field.

4. The increase in the volume of accumulated aeolian
sand induced by the fence can weaken their protection
efficiency. The study recommended periodically
removing the aeolian sand accumulated around the
fence to ensure the designed functions.
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