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Abstract: To study the sandstorm resistance design of civil structures and transportation infrastruc-
tures, the sandstorm flow fields with various grain concentrations were simulated by the windblown
sand tunnel. The results show that the grain concentration profile presents an exponential decay form
before the critical wind speed; as the test speed increases, the grain concentration decreases initially
and increases afterwards with height, and the characteristic height of moving grain increases while
the creep percentage decreases. Moving sand grains reduce wind speed and increase turbulence
intensity, and the whole process is affected by grain concentration. The moving grain and the turbu-
lence of the sandstorm flow field form a mutual feedback mechanism, which affects the wind-induced
response and impact response to structures. The variation of kinetic energy with height is similar to
that of total energy with height in the sandstorm flow fields. Specifically, the grain energy increases
with increasing concentration and wind speed, but decreases initially and increases afterwards with
height. Furthermore, the critical heights of the grain energy and concentration profile are both about
0.2 m, which has little impact on structures.

Keywords: sandstorm flow field; grain concentration profile; wind profile; turbulence intensity; grain

energy; wind tunnel simulation

1. Introduction

One-third of the lands all over the world are arid and semi-arid areas intensely
affected by the windblown sand, 20% of which are deserts. The four most frequent areas
of sandstorm climate in the world are Oceania, Central Asia, Central Africa, and North
America [1]. The city of Turpan, China, suffered the sandstorm disaster with a wind force
of 10 on the Beaufort scale for 16 h during 23-24 April 2010. It resulted in 3 deaths, more
than 420 destroyed houses, damaged agricultural crops with an area of 259 km?, and
14,000 devastated greenhouses, leading to the loss of 1.6 billion Yuan [2]. On 2 May 2018,
a strong sandstorm with a moving speed of more than 130 km/h blew in northern India,
resulting in about 130 deaths and 250 injuries, where most buildings collapsed, more than
12,700 electric poles, 1500 transformers, and 50,000 trees were destroyed. On 25 November
2018, Zhangye City, China, suffered a sandstorm with a wind force of 7~8, a “sand wall”
exceeding 100 m, and visibility less than 10 m, which caused most low-rise buildings to
collapse, thus causing a fire. At the same time, many trains of Lanzhou-Xinjiang Railway
were stopped or delayed. The sandstorm has a great effect on highways and railways
operation. For example, it will erode the subgrades, and bury the sands on roads and tracks.
Additionally, the strong sandstorm will overturn vehicles, derail trains, and do damage to
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windows [2-5]. It also exposes the pipelines in desert areas [6], erodes the structures [7],
damages buildings [8,9], bridges [10], photovoltaic power generation systems [11], thermal
power generation systems [12], and other structures. In a word, the sandstorm causes great
damage to the environment, agriculture, ecology, civil construction, transportation, and
industrial facilities, constraining regional economic and social development.

There is a lot of research on the flow field characteristics that affect the wind effect
of structures, including the flow field characteristics of monsoon [13], typhoon [14], and
tornado [15]. At the same time, some researchers have studied the characteristics of the flow
field around the structures by changing the structural shape and installing appurtenances
on the surface of structures, and have achieved some results [16,17]. However, there are few
studies on the flow field characteristics of the sandstorm that threaten structural safety. The
current research on windblown sand mainly focuses on aeolian physics, and the research
methods mainly include theoretical analysis, field observation, numerical simulation, wind
tunnel tests, and high-speed photography techniques [18-22]. The observation heights in
field measurements of windblown sand flow did not exceed 5 m in most studies [23-25].
Zhang et al., having measured the windblown sand flow below 48 m, found that the vertical
and horizontal distribution of sand mass flux was expressed with exponential functions
and power functions, respectively [26]. However, the field measurement method was
mainly adapted to the analysis of sand grain transport characteristics, which was difficult
to determine the influence of sand grains on wind profile and turbulence characteristics.
The existing wind tunnel research on the wind-sand flow mainly focuses on simulating the
general windblown sand environment by laying sand on the bottom plate of the wind tun-
nel. The constructed boundary conditions do not meet the actual situation of the sandstorm.
Through the wind tunnel tests, some researchers systematically analyzed the sand transport
rate models with different grain sizes [27,28], the influence of sandy surface length on sand
transport rate [29], the energy and speed distribution characteristics of saltating grains [30].
Nevertheless, the results in the wind tunnel were inconsistent with field measurement
values because turbulence characteristics of the desert areas were not considered suffi-
ciently. Some researchers also attempted to simulate turbulence characteristics in the actual
environment through the numerical simulation method and analyzed the sand grain’s
saltation and the evolution of the windblown sand flow [25,31]. However, the application of
a two-phase flow model and the differences in structural characteristics between simulated
windblown sand flow and the actual environment affected the results. Hence, verification
in field measurements and wind tunnel tests is necessary. Some research focused on a
detailed assessment of the effectiveness of various measures in sand control projects along
railways in cold and arid regions [4], while there is little research on sandstorm resistance
design for civil structures [32].

In the sandstorm conditions, civil structures and transportation infrastructures are
subjected to both wind load and particle impact load, and their control load is the sum of
the two, namely the sandstorm load. In this case, if only the wind load is considered and the
particle impact load is ignored, civil structures and transportation infrastructures will be in
an unsafe state. Therefore, understanding the flow field characteristics of the sandstorm
is necessary to study the sandstorm resistance design of civil structures and transporta-
tion infrastructures. In this study, strong sandstorm, moderate-intensity sandstorm, and
general sandstorm flow fields are simulated in the windblown sand tunnel on the basis
of the measured impurity-free wind characteristics in the typical desert area. We compare
wind profiles and turbulence characteristics between impurity-free wind flow fields and
sandstorm flow fields, and systematically discuss grain movement characteristics, energy,
and concentration distribution of grains in three types of sandstorm flow fields.

2. Test Methods and Apparatus

Different from the typhoon, it is difficult to predict the occurrence of the sandstorm by
weather forecast system, which makes it very difficult to investigate sandstorm character-
istics by full-scale measurements. The wind tunnel test can greatly shorten the research
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period and save time, manpower, and financial resources without the limitation of natural
conditions. In the field measurement, it is difficult to explore the influence of sand grains
on wind profile and turbulence characteristics in the sandstorm flow field by controlling
the experimental conditions. The wind tunnel test can simulate a variety of sandstorm flow
fields and realize the repeatability and multi-condition analysis of the test; by controlling
the test conditions, it is helpful to analyze the grain energy distribution and the influence
of sand concentration on wind speed and turbulence characteristics in the sandstorm
flow field.

As shown in Figure 1, sandstorm simulation tests were carried out in a wind tunnel
with the function of blowing sand. The wind tunnel can be continuously adjustable with
a testing wind speed from 1.5~30 m/s, with a 20 m-length, 3 m-width, 2.5 m-height test
section. The turbulence intensity of the uniform flow field is less than 1.0%, and the axial
static pressure gradient is smaller than 0.003 m~!. The spire-roughness technique is used
to simulate the atmospheric boundary layer in wind tunnel experiments. Specifically,
spires behave as vortex generators by flow separation on the edges of their windward plate;
meanwhile, their linear decrease of blockage with height brings about a corresponding wind
profile downstream. Roughness elements are used to physically simulate the roughness on
the Earth’s surface to adjust the profiles of wind speed and turbulence intensity in the wind
tunnel. Compared with the wind tunnel commonly used in structural wind engineering,
the windblown sand tunnel is equipped with a trapezoidal sand tank to simulate sandstorm
weather. The trapezoidal sand tank is installed at the top of the entrance of the test section.
It can adjust the number and area of drain holes to control the total amount of sand grains
entering the test section within the same time, thereby forming sandstorm boundary layers
of various intensities at the test location.

Drain hole/‘n: k
Honeycombs

¥

Figure 1. Instruments and flow field arrangement in the wind tunnel: (A) Drain hole; (B) Wind
profiler and sand sampler; (C) Flow field arrangement.

The sand sampler was used to measure the grain concentration at different heights
to determine the vertical distribution characteristics of sand grains. The sand sampler is
1-m-high, and there are 50 grain inlets with a cross-section of 2 cm x 2 cm. Each sand
inlet is connected to a detachable sand chamber, and each sand chamber is connected to
a vertical vent with a screen mesh to maximize the collection efficiency by reducing the
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air pressure in the sand chamber. The distance pieces between the grain inlets are thin to
reduce measurement errors. The front end of the sampler is wedge-shaped to reduce the
interference of the sampler with the airstream. Accordingly, the grain concentration profile
in the sandstorm flow field can be obtained by weighing the collected sand amount.

The wind profiler made by Shaanxi Air Instrument Company in Xi’an, China was used
to obtain the wind profile under the blowing sand climate, since the hot-wire anemometer
and cobra probe can only be used for impurity-free wind testing [33]. The wind profiler is
an array of 9 probes mounted at 9 heights (5 mm, 10 mm, 15 mm, 50 mm, 100 mm, 250 mm,
500 mm, 750 mm, and 1000 mm above the surface). To ensure the accuracy of the test
results, we calibrated the wind profiler with a cobra probe under clean wind conditions.
The results show that the wind speed and turbulence intensity measurement deviations of
the wind profiler are 0.15% and 0.75%, respectively. To further ensure the measurement
accuracy, the wind profiler is cleaned after each sandstorm test.

In this study, the sand samples taken from Tengger Desert in China have a mean
grain size of 0.2 mm [34]. Figure 2 shows the grain size distribution of the sand samples.
The sand sampler is 13 m away from the entrance to the test section. The bottom of the
lowest grain inlet is flat with the wind tunnel floor. Put the prepared sand samples into the
trapezoidal sand tank, and when the test wind speed reaches the preset value, open the
drain holes to release sand grains.

40

35

30

25

20

Percentage (%)

Grain size, d (mm)

Figure 2. The grain size distribution of the sand samples.

3. Test Results and Discussions
3.1. Cumulative Mass Curve of Sand Grains in the Sandstorm Flow Field

The grain transport characteristics are mainly affected by the turbulence characteristics
of the incoming flow. Therefore, the basis for accurately analyzing the movement laws and
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vertical distribution characteristics of grains in the sandstorm flow field is to obtain the
wind field characteristics of the typical landform. Unfortunately, the influence of wind field
characteristics under the actual landform on the grain transport characteristics was not
considered in the previous studies of aeolian physics [27-30], which led to the departure
of the wind tunnel simulation results from actual results. Therefore, it is important to
construct the impurity-free wind flow field under the actual landform before simulating
the sandstorm flow field by the windblown sand tunnel. Huang et al. conducted field
measurements on the impurity-free wind flow field in typical desert areas and found that
the impurity-free wind characteristics near the ground are different from the normative
values under similar landform types [33]. By comparing the test section size in the wind
tunnel with the measured height, the geometric scale ratio is chosen to be 1:10. As shown
in Figure 1, the impurity-free wind flow is simulated by using artificial roughness with
baffles, roughness elements, and spires in the wind tunnel. Figure 3 shows that the
longitudinal turbulence intensities and near-ground wind profile simulated by the wind
tunnel are consistent with the full-scale measurement results obtained by Huang et al. [33].
The simulation of the above-mentioned impurity-free wind flow is the premise of the
establishment of the sandstorm flow field and provides a basis for analyzing the grain
transport characteristics.

Turbulence intensity, 1, (%)

0 11 22 33 44
10 10 .
—e— Uz (wind tunnel test)
. m Uz (field measured)
—&—Iu (wind tunnel test)
6 A Tu (field measured)
E E
Ny 4 "
2 2
0 0
0 2 8

Wind speed, U, (m/s)

Figure 3. Wind profiles and turbulence intensities of the impurity-free wind.

In this test, we choose three test wind speeds of 10 m/s, 13 m/s, and 16 m/s (Wind
speed of wind tunnel fan) to simulate the sandstorm flow fields based on the established
impurity-free wind flow field. For each test wind speed, three flow fields of the general
sandstorm (Concentration 1), moderate-intensity sandstorm (Concentration 2), and strong
sandstorm (Concentration 3) are simulated by adjusting the number and area of drain holes
(0.55,1.05,1.5S, where S is the area of a drain hole) in the trapezoidal sand tank. When
the area of the drain hole is set tobe 0.5 5, 1.0 S, and 1.5 S, the sand grain mass entering the
test section within the same time is defined as Mass 1, Mass 2, and Mass 3, respectively,
and the relationship is satisfied: Mass 3 = 1.5 x Mass 2 =3 x Mass 1.

To understand the movement forms and distribution characteristics of sand grains,
we define the ratio of the cumulative mass below a certain height to the total mass as the
cumulative mass percentage of sand grains. Figure 4 shows the cumulative mass curves of
grains at different test wind speeds, and Table 1 presents some characteristic parameters of
moving grains. The results show that both grain concentration and wind speed affect the
cumulative mass distribution of grains. Accumulative mass curves gradually approach the



Atmosphere 2022, 13, 446

6 of 22

straight line with increasing wind speed, which means that the mass percentage decreases
gradually at the lower height, while it increases gradually at the higher height. When the
cumulative mass percentage of sand grains is 90%, the corresponding height is defined
as the characteristic height Zgy, which is more than 0.5 m and increases with wind speed.
However, the research conducted by Huang et al. shows that the accumulative mass
percentage within the height of 0~0.3 m has exceeded 90% [35]. It is mainly due to two
completely different grain concentration simulation methods. Huang et al. simulated the
general windblown sand environment by laying sand on the bottom plate of the wind
tunnel. The grains at the height z = 0 are defined as creeping grains and the corresponding
mass percentage is called the creep percentage F., which decreases as the wind speed
increases. The reason is that sand grains jump violently and more sand grains move at
a greater height with increasing wind speed. The average creep percentage at a wind
speed of 10 m/s is 25.2%, which is in good agreement with the value (25%) suggested
by Bagnold [36]. While the average creep percentages at wind speeds of 16 m/s and
13 m/s are 8.9% and 13.5%, respectively, which are lower than the value (25%) suggested
by Bagnold [36]. The study suggests that the creep percentage in the sandstorm flow field
should be the function of wind speed. We should specify the wind speed when evaluating
creep percentage. When the test wind speed is less than 13 m/s, the cumulative percentages
at the same height decrease with the grain concentration below the characteristic height, and
the opposite result occurs above the characteristic height. When the test wind speed is more
than 13 m/s, the cumulative percentages increase with grain concentration. Accordingly,
the critical speed of the cumulative mass curve in the sandstorm flow field is approximately
13 m/s.

1
—— Mass 1 (Concentration 1)

0.8 —&— Mass 2 (Concentration 2)
- —@— Mass 3 (Concentration 3)
£0.6
[\

5
‘504
an

0.2
0
20 36 52 68 84 100
Cumulative percentage, CMP (%)
(a)

Figure 4. Cont.
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Figure 4. Cumulative mass percentage: (a) At the test wind speed of 10 m/s; (b) At the test wind
speed of 13 m/s; (c) At the test wind speed of 16 m/s.

Table 1. Some characteristic parameters of moving grains.

Wind Speed (m/s) Grain Concentration 1 740 (cm) Mean Zg; (cm) 2 F, (%) Mean F. (%)

Concentration 1 (0.5 S) 56.0 25.7

10 Concentration 2 (1.0 S) 57.6 56.6 25.2 25.2
Concentration 3 (1.5 S) 56.1 24.7
Concentration 1 (0.5 S) 79.8 13.9

13 Concentration 2 (1.0 S) 78.1 79.3 13.9 13.5
Concentration 3 (1.5 S) 79.9 12.6
Concentration 1 (0.5 S) 92.4 10.2

16 Concentration 2 (1.0 S) 90.6 91.0 8.0 8.9
Concentration 3 (1.5 S) 89.9 8.4

1 Zgp is the height corresponding to the cumulative mass percentage of 90%; 2 F, is the creep percentage.
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3.2. Distribution Characteristics of Grain Concentration in the Sandstorm Flow Field

The grain concentration profile below 1 m can be presented by analyzing the collected
sand grains in the sand chambers of the sand sampler in sandstorm conditions. The
equation can be expressed:

ps = Q/(AtU;) (1)

where p; represents the grain concentration in the sandstorm condition, in g/m?, Q rep-
resents the collected sand grain mass, in g, U, represents the mean wind speed, inm/s, t
represents the sand sampling time, in s, A represents the inlet area of the sand sampler, in
m? [33]. Figure 5 shows the grain concentration profiles at three test wind speeds (10 m/s,
13 m/s, and 16 m/s), and Figure 6 shows the grain concentration profiles of three kinds of
sand grain mass entering the test section (Mass 1, Mass 2, and Mass 3). The results indicate
the grain concentration in sandstorm flow fields is affected by the measured height, the test
wind speed, and sand grain mass entering the test section.

—e— Mass 1 (Concentration 1)
0.8 —&— Mass 2 (Concentration 2)

—#—Mass 3 (Concentration 3)

0.6
E
N
0.4
0.2
0
0 12 24 36 48 60
Grain concentration, p, (g/m®)
(a)
1
—e—Mass 1 (Concentration 1)
0.8 —&— Mass 2 (Concentration 2)
—#—Mass 3 (Concentration 3)
0.6
E
(8]
0.4
0.2
0
0 12 24 36 48 60
Grain concentration, p, (g/m?)
(b)

Figure 5. Cont.
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—&—Mass 3 (Concentration 3)
0.6
E
Y04
0.2
0
0 12 24 36 48 60
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Figure 5. Grain concentration profiles: (a) At the test wind speed of 10 m/s; (b) At the test wind
speed of 13 m/s; (c) At the test wind speed of 16 m/s.

As shown in Figure 5, there is the same trend among grain concentration profiles
of Mass 1, Mass 2, and Mass 3 at the same test wind speed; when the sand grain mass
increases, the corresponding grain concentration increases. Since three kinds of sand grain
mass increase in multiples, three concentration profiles are also roughly distributed in
multiples. Nevertheless, grain concentration profiles are significantly affected by the test
wind speed. When test wind speed is 10 m/s, the grain concentration profile presents
an exponential decay form, which is consistent with most previous test results [27-29,35].
Because of the influence of gravity on moving grains, the grain concentration and its
reduction in the height of 0~0.2 m are obviously larger than those in the height of 0.2~1 m.
The grain concentration profile gradually decreases first and then increases with increasing
test wind speed. Due to the different simulation methods of grain concentration, the grain
concentration profiles obtained at high wind speeds are different from the previous test
results [27-29,35]. When the test speed reaches 16 m/s, the grain concentration in the
height of 0~0.2 m is significantly lower than that of the test speed of 10 m/s. The grain
concentration increases as the height increases within 0.2~1.0 m and reaches the minimum
at 0.2 m. It may be because grains in the trapezoidal sand tank drop from the roof of the
test section; the horizontal movement speeds of grains increase with the test wind speed.
Consequently, the vertical displacements of most grains decrease at the position of the sand
sampler, and the grain concentration at the higher height gradually increases. In addition,
the grain concentration decreases as the height increases within 0~0.2 m, and the maximum
grain concentration takes place close to the bottom of the wind tunnel. It may be because
the grain particles falling to the ground are raised again by the wind in the area upwind
of the sand sampler. It is similar to the concentration distribution of grains on the top of
dunes in the desert moving towards the bottom of the dunes under the action of wind force.
In a word, around 0.2 m is the critical height of the concentration profile (In the light of
the geometric scale ratio, the measured height is around 2 m), which has little effect on the
impact response for structures and can provide a reference for the sandstorm resistance
design of civil structures and transportation infrastructures.
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Figure 6. Grain concentration profiles at three kinds of sand grain mass: (a) Mass 1; (b) Mass 2;
(c) Mass 3.

As shown in Figure 6, there are obvious differences in the trends of the grain concen-
tration profiles obtained by the three test wind speeds at the same sand grain mass. When
test height is under a critical value, the grain concentration is negatively related to the test
wind speed and height; when test height is above the critical value, grain concentration
increases with test wind speed, and it occurs a positive interrelationship between the grain
concentration and test height at a high wind speed. The critical height tends to decrease
gradually as the sand grain mass increases.

3.3. Wind Speed Profile in the Sandstorm Flow Field

In order to analyze the influence of the grain concentrations obtained by three kinds
of sand grain mass on the wind speed, the wind speed profiles in the impurity-free wind
fields and the sandstorm flow fields at three test wind speeds are shown in Figure 7. The
results indicate the moving grain in the sandstorm flow field has a significant weakening
effect on wind speed.
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Figure 7. Wind speed profiles: (a) At the test wind speed of 10 m/s; (b) At the test wind speed of
13 m/s; (c) At the test wind speed of 16 m/s.

To quantitatively analyze the influence of moving grains on the wind speeds at dif-
ferent heights, we introduce the wind speed impact value AU, and impact factor I1F,,
respectively. The formula is as follows:

AU, = uz(ifw) - uz(ws) @)
IFy, = uz(ws)/uz(ifw)

where U, ir,) and U, ) are the airflow speeds in the impurity-free wind and sandstorm
flow field at a certain height z, respectively, in m/s.

Table 2 represents the impact values and impact factors of wind speeds at different
heights in sandstorm conditions, and the wind speed impact value profiles in sandstorm
flow fields are shown in Figure 8. The results show that the decreasing effect at different
heights is closely related to the grain concentration profile (Figure 5) in the sandstorm
condition. That is, the wind speed decreases more significantly with the increase of grain
concentration. Under the same test speed, the speed impact value profiles are roughly the
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same as the grain concentration profiles obtained by three kinds of sand grain mass; the
influence of Mass 1 (Concentration 1), Mass 2 (Concentration 2), and Mass 3 (Concentration
3) on the wind profile increases in turn. The impact factors of wind speed are all less than
1, further indicating that test speed can be weakened by the moving grain in sandstorm
conditions. When the test speed is 10 m/s, the influence of moving grains in a sandstorm
on the airflow speed decreases with height because the grain concentration profile presents
an exponential decay form. The weakening influence of airflow speed in the height of
0~0.2 m is obviously larger than that in the height of 0.2~1 m, and the reduction reaches
the maximum of 0.58 m/s. When the test speeds are 16 m/s and 13 m/s, the weakening
influence of airflow speed in the height of 0.2~1 m increases because grain concentration
increases with the increase of height. However, the weakening influence decreases because
the concentration decreases with height in the height of 0~0.2 m, and the reduction reaches
the maximum of 0.79 m/s. According to the impact factors at 9 different heights, the mean
weakening percentage of wind profile at Mass 1, Mass 2, and Mass 3 is 5.0%, 7.2%, and 9.7%
for the test speed of 10 m/s; the mean weakening percentage of wind profile at Mass 1, Mass
2, and Mass 3 is 5.1%, 7.3%, and 9.7% for the test speed of 13 m/s; the mean weakening
percentage of wind profile at Mass 1, Mass 2, and Mass 3 is 5.2%, 7.4%, and 9.8% for the test
speed of 16 m/s. Hence, the results further indicate the mean weakening of wind speed
profile in the sandstorm condition increases with increasing grain concentration.

Table 2. The effect of moving grains on wind speeds at different heights.

. Mass 1 (Concentration 1) Mass 2 (Concentration 2) Mass 3 (Concentration 3)
Wind Speed Height (cm)
(m/s) AU, (m/s) IFy, AU (m/s) IFy, AU (m/s) IFy,
0.5 0.35 0.88 0.46 0.84 0.58 0.80
1 0.32 0.90 0.42 0.87 0.54 0.83
1.5 0.27 0.92 0.38 0.89 0.50 0.85
5.5 0.23 0.94 0.31 0.92 0.44 0.89
10 10.5 0.16 0.96 0.25 0.94 0.36 0.92
25 0.10 0.98 0.19 0.96 0.26 0.95
50 0.09 0.98 0.18 0.97 0.25 0.96
75 0.08 0.99 0.17 0.98 0.23 0.97
100 0.07 0.99 0.15 0.98 0.22 0.97
0.5 0.36 091 0.48 0.88 0.62 0.84
1 0.36 0.91 0.47 0.89 0.61 0.85
1.5 0.34 0.92 0.45 0.90 0.61 0.87
5.5 0.30 0.94 0.43 0.91 0.57 0.89
13 10.5 0.25 0.95 0.38 0.93 0.51 0.91
25 0.20 0.97 0.32 0.95 0.44 0.93
50 0.21 0.97 0.34 0.96 0.45 0.94
75 0.21 0.98 0.36 0.96 0.46 0.95
100 0.22 0.98 0.36 0.97 0.47 0.96
0.5 0.43 0.91 0.60 0.88 0.79 0.84
1 0.42 0.92 0.58 0.89 0.77 0.85
1.5 0.41 0.93 0.57 0.90 0.76 0.86
5.5 0.39 0.94 0.54 0.92 0.70 0.89
16 10.5 0.35 0.95 0.49 0.93 0.65 0.91
25 0.27 0.97 042 0.95 0.57 0.93
50 0.28 0.97 0.43 0.96 0.59 0.94
75 0.29 0.97 0.45 0.96 0.60 0.95
100 0.29 0.98 0.46 0.97 0.59 0.95
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Figure 8. Speed impact values: (a) At the test wind speed of 10 m/s; (b) At the test wind speed of
13 m/s; (c) At the test wind speed of 16 m/s.
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It is worth noting that while grains weaken the wind speed, they can obtain the energy
from sandstorm flow fields to develop the grain impact load. Engineering structures are
liable to be worn, overturned, and destroyed by the grain impact load under the sandstorm
climate. As a consequence, we should consider the impurity-free wind load and the grain
impact load when designing engineering structures in sandstorm conditions.

3.4. Turbulence Intensity in the Sandstorm Flow Field

In order to analyze the influence of the grain concentrations obtained by three kinds of
sand grain mass on the turbulence intensity, Figure 9 presents the variation of turbulence
intensity with height under different concentrations and test speeds. The results indicate
the turbulence intensity in sandstorms decreases with the increase of height for all test
speeds and grain concentrations. The turbulence intensity in the sandstorm condition can
be significantly enhanced by the moving grain.
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Figure 9. Turbulence intensities: (a) At the test wind speed of 10 m/s; (b) At the test wind speed of
13 m/s; (c) At the test wind speed of 16 m/s.
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To quantitatively analyze the influence of moving grains on the turbulence intensities
at different heights, we introduce turbulence intensity impact value Al, and impact factor
IFy,, respectively. The formula is as follows:

Al = Iz(ws) - Iz(ifw)
3
{ IF, = Iz(ws)/lz(ifw) )

where I, ir,) and () are the turbulence intensities in the impurity-free wind field and
sandstorm flow field at a certain height z, respectively, in %.

Table 3 represents the impact values and impact factors of turbulence intensities at
different heights in sandstorm conditions, and the turbulence intensity impact value profiles
in sandstorm flow fields are shown in Figure 10. Similar to the wind profile, the influence
of moving grains in sandstorm conditions on turbulence intensities at different heights is
closely related to the grain concentration profile (Figure 5). The higher grain concentration
is, the more obvious the influence on the increase of turbulence intensity is. Under the same
test speed, the turbulence intensity impact value profiles are roughly the same as the grain
concentration profiles obtained by three kinds of sand grain mass; the influence of Mass 1
(Concentration 1), Mass 2 (Concentration 2), and Mass 3 (Concentration 3) on the turbulence
intensity increases in turn. The impact factors of turbulence intensities are all greater than
1, which further indicates the moving grain can strengthen the turbulence intensity in
sandstorm conditions. When the test speed is 10 m/s, the influence of moving grains in
sandstorm conditions on the turbulence intensity decreases with height because the grain
concentration profile presents an exponential decay form. The strengthening influence of
the turbulence intensity in the height of 0~0.2 m is obviously larger than that in the height of
0.2~1 m, and the increase reaches the maximum of 2.62%. When the test speeds are 16 m/s
and 13 m/s, the strengthening influence of turbulence intensities in the height of 0.2~1 m
increases because grain concentration increases with the increase of height. However, the
strengthening influence decreases because grain concentration decreases with height in
the height of 0~0.2 m, and the increase reaches the maximum of 2.85%. According to the
impact factors at 9 different heights, the mean increasing percentage of turbulence intensity
at Mass 1, Mass 2, and Mass 3 is 5.5%, 7.2%, and 8.7% for the test speed of 10 m/s; the
mean increasing percentage of turbulence intensity at Mass 1, Mass 2, and Mass 3 is 7.5%,
9.2%, and 11.5% for the test speed of 13 m/s; the mean increasing percentage of turbulence
intensity at Mass 1, Mass 2, and Mass 3 is 9.4%, 11.6%, and 13.6% for the test speed of
16 m/s. Hence, the results further indicate the mean increasing percentage of turbulence
intensity in the sandstorm condition increases with increasing grain concentration and
test speed.

Table 3. The influence of moving grains on turbulence intensities at different heights.

Wind Speed Height (cm) Mass 1 (Concentration 1) Mass 2 (Concentration 2) Mass 3 (Concentration 3)
(m/s) AL (%) IFy, AT (%) IFy, AL (%) 1%
0.5 1.99 1.08 2.31 1.10 2.62 1.11
1 1.80 1.08 2.09 1.10 2.37 1.11
1.5 1.74 1.08 1.98 1.09 2.29 1.11
5.5 1.55 1.08 1.73 1.09 2.07 1.10
10 10.5 1.06 1.06 1.32 1.08 1.62 1.09
25 0.45 1.03 0.80 1.05 1.14 1.07
50 0.41 1.03 0.74 1.05 0.94 1.06
75 0.35 1.03 0.62 1.05 0.80 1.06
100 0.28 1.02 0.52 1.05 0.64 1.06
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Table 3. Cont.

Mass 1 (Concentration 1)

Wind Speed Mass 2 (Concentration 2) Mass 3 (Concentration 3)
p Height (cm)
(m/s) Al (%) 1Fy, AT (%) IF, AL, (%) IF,
0.5 2.13 1.09 241 1.10 2.74 1.12
1 1.95 1.09 2.20 1.10 2.52 1.12
1.5 1.84 1.09 2.06 1.10 2.37 1.11
5.5 1.60 1.08 1.84 1.09 2.17 1.11
13 10.5 1.21 1.07 1.49 1.09 1.70 1.10
25 0.71 1.05 0.97 1.07 1.26 1.09
50 0.73 1.06 1.04 1.08 141 1.11
75 0.77 1.07 1.10 1.09 151 1.13
100 0.81 1.08 1.08 1.11 1.53 1.15
0.5 2.23 1.10 2.52 1.11 2.85 1.12
1 2.10 1.10 2.38 1.11 2.71 1.12
1.5 1.97 1.09 2.30 1.11 2.60 1.12
5.5 1.65 1.08 2.03 1.10 2.35 1.12
16 10.5 1.21 1.07 1.68 1.09 1.95 1.11
25 0.71 1.05 1.07 1.07 141 1.09
50 1.12 1.09 1.57 1.12 1.82 1.14
75 151 1.13 1.79 1.16 2.15 1.19
100 1.53 1.15 1.79 1.18 2.10 1.21
1 .
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Figure 10. Cont.
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Figure 10. Turbulence intensity impact values: (a) At the test wind speed of 10 m/s; (b) At the test
wind speed of 13 m/s; (c) At the test wind speed of 16 m/s.

It is worth noting that turbulence characteristics in sandstorm conditions are signif-
icantly affected by the moving grain. Since the turbulence characteristics represent the
relative intensity of wind speed fluctuation, sandstorms could enhance the fluctuating
wind load on structures compared with the impurity-free wind flow. At the same time,
the grain movement is significantly affected by the turbulence characteristics in sandstorm
conditions. The more disordered the sandstorm flow field is, the more violently the grains
move [35].

3.5. Energy Distribution of Grains in the Sandstorm Flow Field

The energy distribution of grains in sandstorm conditions, especially the kinetic energy
distribution of grains, is a key parameter to analyze grain transport characteristics and
impact response to structures. It is also a decisive factor for erosion, wear, damage, and
destruction of civil structures and transportation infrastructures in sandstorm conditions.
To further study the variation of grain energy with heights, the energy distribution model
of grains in sandstorm conditions is established and the above-mentioned wind tunnel
test data are analyzed in this section. In order to simplify the calculations for engineering
applications, on the basis of considering the structural safety and the allowable error of
theoretical calculations, we assume that the grains move at the same speed as the airflow
speed [33,35,37]. The following formulas are used to calculate the energy of grains in
sandstorm conditions.

Ey = %mug R~ %mug
E, =mgz 4)
E; = Ex + E, = ymU? + mgz ~ tmU2 + mgz

where m is the sand grain mass, in kg, g is the gravitational acceleration, in m/ s2, z is the
height, in m, Ey, E,, and E; are the kinetic energy, potential energy, and total energy of sand
grains in sandstorm conditions, respectively, in J, Us and U, are the sand grain speed and
the airflow speed in sandstorm conditions, respectively, in m/s, in this study, Us ~ U,.
As shown in Figure 11, the relationship between grain energy and height under three
test wind speeds is obtained by Formula (4). The results indicate that the grain energy is
closely related to heights, wind speeds, and grain concentrations. When the test speed is
the same, the kinetic energy, potential energy, and total energy of grains increase with the
increasing grain concentration, which is because the grain energy is positively correlated
with the mass of grains. Nevertheless, the energy profile of grains is significantly affected
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by the test wind speed. When the test wind speed is 10 m/s, the grain energy decreases
rapidly and then increases slowly with the increase of height. The grain energy within
0~0.2 m is obviously greater than that within 0.2~1.0 m, and reaches the minimum at
0.2 m. The reason is that the grain concentration decreases sharply with the increase of
height below 0.2 m, while the grain speed increases with the increase of height above 0.2 m,
but the grain concentration is less than that below 0.2 m. When the test wind speeds are
16 m/s and 13 m/s, the grain energy decreases slowly and then increases rapidly with the
increase of height. The grain energy within 0.2~1.0 m is obviously greater than that within
0~0.2 m, and reaches the minimum at 0.2 m. The reason is that the grain concentration
decreases with increasing height and grain speeds are also small below 0.2 m, while both
the concentration and speed of grain increase with height above 0.2 m. In summary, about
0.2 m is the critical height of the grain energy profile, which has little impact on engineering
structures. It can be seen that due to the difference in the grain concentration profile, the
particle energy profiles in the sandstorm flow field are different from the previous test
results in the general windblown sand conditions [30,35].
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Figure 11. Energy distributions: (a) At the test wind speed of 10 m/s; (b) At the test wind speed of
13 m/s; (c) At the test wind speed of 16 m/s.

Table 4 shows the average energy of grains at all heights. The results indicate that
the grain energy increases with wind speed in sandstorm conditions, which is mainly
because the kinetic energy of grain is in direct proportion to the square of grain speed in
the sandstorm flow field. The variation of total energy with height is similar to that of
kinetic energy with height, and the proportion of potential energy to total energy is quite
small. Accordingly, it is necessary to consider the kinetic energy distribution of grains in
sandstorm conditions.

Table 4. The average energy of grains at all heights.

Wind Speed (m/s) Grain Concentration Mean E; (103 ]) Mean E, (103 J) Mean E; (103 )
Concentration 1 (0.5 S) 27 4 31
10 Concentration 2 (1.0 S) 43 6 49
Concentration 3 (1.5 S) 54 8 62
Concentration 1 (0.5 S) 36 5 41
13 Concentration 2 (1.0 S) 94 12 106
Concentration 3 (1.5 S) 142 19 161
Concentration 1 (0.5 S) 109 12 121
16 Concentration 2 (1.0 S) 167 18 185
Concentration 3 (1.5 S) 252 26 278

4. Concluding Remarks

Sandstorm flow fields of various intensities are simulated in the windblown sand
tunnel based on the measured impurity-free wind characteristics in the typical desert area.
The characteristics of the flow field, grain transport, grain concentration, and grain energy
distribution in sandstorm conditions are further analyzed. The research results can be good
for the improvement of sandstorm test methods, and also provide the theoretical basis for
sandstorm disasters prevention and the structural design in sandstorm conditions. The
main conclusions of the study are as follows:

(1) Cumulative mass curves of grains are closely related to both the grain concentra-
tion and test speed. When the test speed is less than the critical value, the cumulative
percentages at the same height decrease with grain concentration below the characteristic
height, and the opposite result occurs above the characteristic height. When the test speed
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reaches the critical value, the cumulative percentages at the same height increase with
grain concentration. As the test speed increases, the cumulative mass curve approaches the
straight line, the characteristic height increases, and the creep percentage decreases. The
study suggests that the creep percentage should be a function of the wind speed.

(2) The grain concentration in sandstorm conditions is affected by the measured
height, test speed, and grain mass (the area of drain hole). When the test speed is the same,
the shapes of concentration profiles in different grain masses are very similar; the grain
concentration increases with increasing grain mass. When the test speed is less than the
critical value, the grain concentration profile presents an exponential decay form; when the
test speed reaches the critical value, the grain concentration decreases and then increases
with increasing height, and reaches the minimum at 0.2 m.

(3) The moving grain has a significant effect on wind speed and turbulence intensity
in the sandstorm flow field. The reduction profile of wind speed and the increment profile
of turbulence intensity are both closely related to the grain concentration profile, and
the impact value increases with increasing grain concentration. The turbulence intensity
decreases with increasing height for all test speeds and grain concentrations. The moving
grain and the turbulence of the sandstorm flow field form a mutual feedback mechanism,
which affects the wind-induced response and the impact response to civil structures and
transportation infrastructures.

(4) The grain energy increases with increasing grain concentration and wind speed in
sandstorm conditions. It also decreases first and then increases with increasing height, and
gets the minimum of grain energy at 0.2 m. Wind speed has a significant influence on energy
profile. The variation of kinetic energy with height is similar to that of total energy with
height and the proportion of potential energy to total energy is quite small. Accordingly, it
is necessary to consider the kinetic energy distribution of grains in sandstorm conditions.

(5) The critical heights of the grain energy and concentration profile in the sandstorm
flow field are both about 0.2 m (according to the scale ratio, the actual height is 2 m). At the
height of 0.2 m, the sandstorm has little impact on structures, which is conducive to the
sandstorm resistance design of civil structures and transportation infrastructures.
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Nomenclature

d grain size

z height

CMP  accumulative mass percentage

Zgo the height corresponding to the cumulative mass percentage of 90%
F. creep percentage

Os grain concentration

Q the collected sand grain mass

A the inlet area of the sand sampler
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t the sand sampling time

u, the mean wind speed

AU, the wind speed impact value
IFy, the wind speed impact factor

le(l-~ fw) theairflow speeds in the impurity-free wind flow field
U,(ws)  theairflow speeds in the sandstorm flow field

I, turbulence intensity
Al turbulence intensity impact value
IF, turbulence intensity impact factor
Lify)  the turbulence intensities in the impurity-free wind flow field
Iz(ws> the turbulence intensities in the sandstorm flow field
Ex the kinetic energy of sand grains in sandstorm conditions
Ep the potential energy of sand grains in sandstorm conditions
E; the total energy of sand grains in sandstorm conditions
U the sand grain speed in sandstorm conditions
u, the airflow speed in sandstorm conditions
g the gravitational acceleration
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