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The accumulation of sand on desert roads poses a significant threat to the smooth
transportation and driving safety of these roads. To address this issue, a combined
approach using the variable weight theory and cloud model theory is proposed for
conducting a safety risk assessment of sand accumulation on desert roads. An
evaluation index system for sand accumulation hazards is obtained through the
analysis of regional geomorphological conditions, wind dynamic conditions, and
engineering design factors. The evaluation index system’s constant weights are
determined using the Five-Point Scale Method and Analytic Hierarchy Process.
Moreover, the Variable Weight Theory is used to optimize these weights based on
the actual state of the project, thereby enhancing the accuracy of risk assessment.
Finally, based on the cloud model theory, a safety risk assessment model is
constructed for sand accumulation hazards on desert highways. The sand
accumulation hazard level of the highway is determined through this model,
and the comprehensive evaluation results are visualized and presented intuitively
using the MATLAB software. The experimental section of the new Wuhai-Magin
expressway sand prevention test is taken as an example for practical verification.
The results show that the sand accumulation disaster level of the experimental
section is grade lll, which is basically consistent with the actual engineering
situation, verifying the reliability and applicability of the model. Therefore, this
model could serve as an essential reference for risk assessments of sand
accumulation hazards, location optimization selection, and the establishment
of effective sand prevention engineering measures for desert highways.

KEYWORDS

desert highways, sand accumulation disaster assessment, five-point ccale method,
variable weight theory, cloud model

1 Introduction

Sand accumulation hazards have always been a major factor affecting the safe operation
of highways in sandstorm-prone areas and the construction of sand prevention projects.
According to the “National Highway Network Planning (2013-2030)”, the construction of
road channels linking the east and west of China’s central region will be strengthened to
expand the coverage of the road network (Chen et al., 2020; Jiang et al., 2022). However,
there are large areas of desertification in Inner Mongolia, Ningxia, Gansu, and other regions
(Gao et al., 2023), where sand accumulation disasters seriously threaten transportation and
driving safety, making the establishment of a sand accumulation disaster assessment model
for desert highways a key issue that needs to be addressed urgently.
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Sand accumulation disasters on desert roads will cause
problems such as reduced visibility, reduced road friction,
unstable driving conditions, and increased energy
consumption. It not only increases the risk of traffic
accidents, but also causes road damage and economic losses
(Wang C. et al., 20205 Miri and Middleton, 2022). Mitigating the
impact of sand accumulation disasters on line operations has
resulted in a number of outstanding sand control workers. In
the initial stages of research, some scholars used intuitive
methods such as field observations to analyze the influencing
factors and distribution of sand hazards on highways (Aili et al.,
2006; Deng et al., 2021; Chen et al., 2022). They also provided
sand control ideas tailored to specific wind and sand
environments. However, their understanding of the causes,
types, and characteristics of sand hazards on highways was
not yet clear enough. After the establishment of China’s first
wind tunnel for studying desert environments by the Lanzhou
Institute of Desert Research (Qu et al., 2019), Chinese Academy
of Sciences in 1965, scholars were able to use simulation
experiments to conduct in-depth research on wind and sand
physics and engineering theories such as sand particle motion,
surface and airflow around obstacles, starting from the root of
the problem (Xin et al., 2016a; Cong et al., 2019; Li et al., 2020;
Xie et al., 2020). They then applied this knowledge to sand
control practices, thereby reducing the severity of wind and
sand disasters. In the 2Ist century, the development of
computer technology has brought further refinement to the
study of wind and sand engineering. Scholars have delved
deeper into the movement patterns of sand particles in wind-
blown sand flows, mechanisms of sand accumulation on
highways, and measures for sand prevention and fixation
using methods such as numerical simulation and modern
laser technology (Yu et al, 2022; Ma, 2023; Yang et al,
2023). Ni, (2022) studied the response characteristics of
wind-blown sand flow and sand accumulation under
different roadbed parameters using numerical simulation.
Xin et al. (2016b) studied the

characteristics under different underlying surfaces using

sand accumulation
wind tunnel experiments and laser technology. Zhang et al.
(2019) optimized the porosity and layout of sand barriers to
maximize windbreak efficiency. Currently, research on the
construction of wind and sand regions mainly focuses on the
characteristics of wind and sand flow, and the optimization of
protection system parameters. However, there is no established
scientific model for predicting sand accumulation disasters on
desert highways based on natural and engineering data, nor for
evaluating them during operation. This lack of information
cannot effectively support the needs of desert highway
construction and operation. Therefore, the establishment of a
scientific sand accumulation disaster assessment model for
desert highways is of significant and practical importance.
Cloud model evaluation can consider the impact of multiple
uncertain factors and incomplete information (Zhao, 2022). It can
handle not only accurate numerical data but also fuzzy, subjective, or
incomplete information. This comprehensiveness enables cloud
model evaluation to provide a more comprehensive description
and analysis of problems, avoiding the limitations of traditional
methods that rely solely on a single indicator or data. Furthermore,
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the cloud model can convert expert knowledge and experience into
linguistic variables. By generating membership functions through
cloud drops, it incorporates expert experience into the evaluation
process, thereby improving accuracy. The cloud model can
transform evaluation results into linguistic variables, providing
decision-makers with visualized fuzzy information to assist in
These
evaluation a powerful evaluation method that can provide

making decisions. advantages make cloud model
accurate and reliable evaluation results in complex sand and dust
environments. In risk assessment, weights can help determine the
relative importance of different risk factors and provide decision-
makers with a more objective and accurate evaluation framework
(Song et al., 2023). However, due to the abundant sand sources and
frequent strong winds in desert areas, frequent sand and dust
activities make it difficult to support effective evaluation using
only constant weights. Variable weight theory optimizes constant
weights by the state value of indicators and established equilibrium
functions, enhancing the rationality and dynamic nature of weights
(Lietal., 2022). In practical situations, the importance and weight of
indicators may change with specific engineering environments and
other factors. This mechanism of dynamically adjusting weights can
reflect changes in the importance of indicators in actual situations
and more accurately reflect the contribution of each indicator to the
evaluation results.

In light of this, this paper integrates the theory of variable
weights and the cloud model to establish a sand accumulation
disaster assessment model for desert highways. By analyzing the
mechanism of sand accumulation on desert highways and the
coupling relationship between aeolian sand flow and engineering
design parameters, an evaluation index system for sand
accumulation disasters on desert highways was established. The
Analytic Hierarchy Process (AHP) improved by the five-point scale
method was used for weighting. To make the weight more objective
and dynamic, the variable weight theory was introduced, and an
equilibrium function was established to optimize the constant
weights based on the actual state values of the project. During
the evaluation process, the degree of membership of the evaluation
cloud in the standard cloud was used to realize the evaluation of the
scheme. This allowed for a prediction and evaluation of the sand
accumulation at each section of the desert highway based on existing
engineering data and natural data in the area. The comprehensive
evaluation results were visualized and intuitively presented using
MATLAB programming. Based on the evaluation results, a scientific
prevention and control plan for sand accumulation disasters was
implemented, and new ideas were provided for the selection of
highway routes in aeolian sand areas.

2 Materials and methods
2.1 Main research framework

As shown in Figure 1, the main framework of this study includes
four steps: the establishment of the desert road sand accumulation
disaster assessment system, the determination and optimization of
index weights, the evaluation of the cloud model and the
visualization of the assessment results, and the validation and
application of the model.
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FIGURE 1

The research framework.

FIGURE 2
Road surface burial by sand due to sand dune movement.

2.2 Mechanisms of sand accumulation
disasters on desert highways

2.2.1 Sand accumulation caused by the movement
of sand dunes

The sand dune itself provides the sand source for road sand
accumulation. When a highway passes through a dense group
of moving sand dunes, the dunes can be easily moved as a
whole under the action of wind, hindering traffic. Especially
when the sand dune group is low, the main wind direction is
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FIGURE 3
Sand accumulation due to obstacle encountered in wind-
sand flow.

single and perpendicular to the roadbed, the sand dune moves
rapidly and forms a large amount of sand accumulation on the
road surface. Figure 2 illustrates that severe cases of such
deposition can trigger sand burial of the road surface. On
the other hand, due to the large difference in mass between the
airflow and sand particles, when the running sand flow
encounters a sand dune obstruction, a pressure difference is
generated, and the resulting local resistance reduces the wind
speed, while also weakening the energy of the airflow carrying
the sand particles, causing some sand particles to deposit
(Chen, 2007).
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2.2.2 Wind and sand flow encounter blocked sand
accumulation

When the wind and sand flow pass through a saturated transit,
the flow field structure of the wind and sand is affected due to the
structure of the roadbed and the presence of other obstacles. The
with
deceleration zones and backflow zones appearing, causing a

airflow velocity undergoes significant changes, local
significant decrease in airflow energy, weakening the sand-
carrying capacity of the wind and sand flow, and leading to sand
deposition on the road surface (Zhang et al., 2008). As shown in
Figure 3, obstacles such as single or multiple plants clustered on both
sides of the highway can also cause sand accumulation on the road
surface. The roughness of the underlying surface also affects the
degree of wind and sand accumulation when encountering
resistance. A smooth underlying surface generates less friction,
allowing the wind and sand flow to pass through or over the
obstacles. Rough obstacles on the surface can increase friction,
decelerating the wind and sand flow and causing it to accumulate

behind the obstacles.

2.3 Establishment of the indicator system

The objectivity and accuracy of the results of a comprehensive
assessment depend first and foremost on the accuracy of the selected
indicators. Therefore, the establishment of an indicator system for
assessment is an important foundational task in comprehensive
assessment. Generally speaking, the more comprehensive the
evaluation indicators chosen, the more accurately they reflect the
actual project. However, too many indicators can lead to a loss of
independence, which can easily reduce the scientific validity of the
assessment.

The assessment index system of sand accumulation disaster is
established based on the formation mechanism of highway sand
accumulation, the coupling effect of wind and sand environment
and highway structure, the two-phase wind and sand flow and wind
and sand dynamics as the theoretical basis. Whether the results of
sand accumulation disaster assessment can truly present the actual
project, it is necessary to accurately characterize the wind and sand
environment and the coupling effect of wind-sand flow and highway
structure. Regions with severe wind and sand flow often have
abundant sand sources and strong wind conditions (Xie et al,
2016; Zhuo, 2018; Wang et al., 2019; Han et al., 2022). From the
perspective of providing a material foundation, the distribution of
mobile sand dunes along the route, the distribution of sand sources,
and the vegetation coverage will all affect the degree of sand
accumulation disasters on desert highways. From the perspective
of providing dynamic conditions, the dominant wind direction and
wind speed, frequency of wind erosion, the particle size distribution
of sand, and the form of the underlying surface can also affect the
severity of sand accumulation on desert highways. According to the
study on the response law of roadbeds to wind and sand flow, the
roadbed as an obstacle can also affect sand accumulation on
highways. The form of the roadbed, its height, the slope of the
embankment, and the curve radius can all interfere with the activity
of wind and sand flow. Increasing the height of the roadbed
strengthens its ability to block wind, thus reducing road sand
transport and increasing the likelihood of sand accumulation.
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Roadbeds with smaller slopes at the same height facilitate cross-
sectional sand transport and decrease the degree of sand
accumulation. In curved sections, a decrease in curve radius
corresponds to an increase in the intensity of wind-sand flow.
When the convex side of the curve is facing the wind, it diverts
wind and sand-flow outwardly, while the concave side has an inward
convergence effect on the wind-sand flow. Therefore, the desert road
alignment should give priority to the convex side windward
alignment with larger curve radius.

The use of roadbed structures is not recommended for desert
highways, so this paper only focuses on embankment structures.
Based on the previous analysis of the factors affecting sand
accumulation on highways and the independence of various
indicators, representative influencing factors were selected, and
an indicator system for assessing sand accumulation disasters on
desert highways was constructed, taking into account the
characteristics of highway construction in desert areas. The
indicator system includes three primary indicators: regional
geomorphological conditions, wind dynamics conditions, and
engineering design factors, as well as 10 secondary indicators,
such as the height of moving sand dunes, Drift Potential, and
roadbed height, as shown in Figure 4. The Drift Potential (DP) is
widely used in the study of aeolian landforms or the design of sand
control engineering (Xie et al., 2018). It is a scale of the wind energy
for sand movement on the ground. The specific equation for
calculating the Drift Potential is:

DP = max{0,V*(V - V,)t} (1)

In the equation, DP represents the Drift Potential, with units
expressed in VU. Vt and V are both in units of nautical miles per
hour (nmile/h), representing the critical wind speed for sand particle
movement at a height of 10 m and the wind speed greater than or
equal to the critical wind speed, respectively. The variable t
represents the duration of sand-moving wind, which is expressed
in frequency in the text. The critical wind speed for sand particle
movement is also related to the particle size distribution of the sand.
Therefore, the Drift Potential is a comprehensive indicator that
includes the wind speed in the study area, critical wind speed for
sand particle movement, and sand particle size distribution.

2.4 Classification of desert road sand
accumulation disaster level

2.4.1 Classification of sand hazard levels and
protection suggestions

Sand accumulation disasters on desert highways have a
significant impact on driving safety and traffic flow. In order to
better evaluate the degree of sand accumulation disasters on desert
highways, reduce the workload of maintenance and sand clearance,
and minimize driving hazards, the target layer is divided into various
levels. Based on existing research on the impact of sand
accumulation on road surface skid resistance (Pan, 2021), the
effect of road surface conditions on wheel adhesion, the ratio of
road surface width to standard vehicle width, and the level of
standard vehicle ground clearance, this paper uses sand
accumulation thickness as the evaluation criterion to classify the

level of sand accumulation on desert highways, as shown in Table 1.
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FIGURE 4

Indicator system of desert sand accumulation disaster assessment.

TABLE 1 Classification and Scoring of Sand Accumulation Damage Levels on Desert Roads.

Sand deposition disaster grade

Road area sand-accumulation thickness (cm)

The impact on traffic Score interval

| Potential deposition disaster [0,5]
1l Mild deposition disaster [5,20]
] Moderate deposition disaster [20,50]
\% Serious deposition disaster =50

Threatening traffic [0,25]
Impacts traffic [25,50]

Obstructing traffic [50,75]

Interrupting traffic [75,100]

Grade I'is considered as a potential sand damage level, with
a relatively small thickness of sand accumulation. As the road
base layer has more roughness, it has less impact on the skid
resistance of the road. This kind of hazard exists in almost all
desert road sections and requires regular clearing of the sand to
prevent it from developing into higher sand damage levels.
Grade II and Ill represent mild and moderate sand damage,
respectively. The thickness of sand accumulation has a greater
impact on the skid resistance of the road, which can
significantly limit driving speed and the height of the vehicle
chassis. This type of hazard can hinder or affect traffic flow. In
order to mitigate this problem, sand control measures should be
established based on the dominant wind direction. Vehicle
speed limits should also be implemented in affected areas,
and timely sand clearing should be carried out to ensure
road safety. Level IV represents severe sand damage, which is
typically characterized by sand accumulation in formations
such as sand dunes, sand tongues, or sand sheets that
obstruct traffic on desert roads. It has the greatest impact on
desert road traffic. In addition to establishing sand control
measures based on the engineering conditions of the affected
area, speed limit signs and warning signs for hazardous areas
should be installed in the affected segment to prevent traffic
accidents such as vehicle rollovers and collisions.
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2.4.2 Classification of indicator levels

Based on the engineering experience and previous research
results of scholars (Lei et al., 2008; Zhuo, 2018), a hierarchical
and quantitative classification of the established index layer based on
the sand accumulation hazard level is shown in Table 2. To better
describe the dominant wind direction’s impact on road surface sand
accumulation, we quantify it using the angle between the dominant
wind direction and the route, making the evaluation results more
objective.

2.5 Calculation of indicator weights

2.5.1 Calculation of constant weight weights

The Analytic Hierarchy Process (AHP) is a multi-level
evaluation method that combines qualitative and quantitative
analysis and is widely used in engineering assessments (Chen
et al, 2017). By comparing indicators pairwise, experts can
obtain judgment matrices and establish an increasing hierarchy
structure model to assign weights to the index layer. The
commonly used nine-point scale method in engineering
assessments has the shortcoming of having unclear differences
between the scales. On the other hand, the three-point scale

method is useful for assessing significant differences, but it is
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TABLE 2 Classification table of index layer.

Second index

Grade division

Height of moving dunes quantification <lm 1 m-3m 3 m-5m >5m
Form of underlying surface qualitation grass square Stone square gravel Natural face
Distribution of sand sources along the line qualitation The density of sand dunes is 20%-40%, The density of dunes is less = Sand dunes 60%-80% sparse, = The density of sand
including saline soil, meadow soil, etc. than 60%, with a small no planting; The density of = dunes is 80%-100%,
Silt land with vegetation, flat sand amount of sparse sand sand dunes is 40%-60%, with no vegetation
vegetation; 20%-40% density | most of which are aeolian and all wind-sand soils
of dunes, no planting. The sand
flat sand
Drift Potential quantification <200 VU 200-400 VU >400 VU
Dominant wind direction quantification 0°-90°
Frequency of sand-moving wind quantification <5% 5%-15% ’ 15%-35% >35%
Curved concave and convex side windward qualitation line straight convex measuring windward concave measuring windward
Slope rate quantification 1:1-1:5
Subgrade height quantification 1 m-5m
Radius of curve quantification 400 m- oo

‘le 19 uey
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TABLE 3 Five-scale method.

Expected

value

10.3389/feart.2023.1208416

Importance among =~ Two factors are
indicators equally
important

Compared with the two
factors, the former is slightly
more important than the latter

TABLE 4 Constant weight values of indicators.

Impact factors (X;)

Combination weight (W)

Compared with the two factors,
the former is obviously more
important than the latter

Compared with the two
factors, the former is very
more important than the
latter

Compared with the two
factors, the former is extremely
more important than the latter

Impact factors (X;) Combination weight (Wj)

Height of moving dunes (X;,) 0.213 Frequency of sand-moving wind (Xy3) 0.148

Form of underlying surface (X;,) 0.050 Curved concave and convex side windward (X3,) 0.028
Sand source distribution along the line (X;3) 0.117 Slope rate (X3,) 0.073
Drift Potential (X,;) 0.202 Subgrade height (Xs3) 0.083

Leading wind direction (X5,) 0.050 Radius of curve (X34) 0.035

limited in its ability to evaluate subtle differences. According to
statistical data, people’s expected values for “almost the same”,
“slightly better”, “better”, “much better”, and “extremely better”
are 1.00, 1.30, 1.77, 2.40, and 3.63, respectively. Therefore, based on
these expected values, the five-point scale method used in this article
to judge the importance level between indicators is shown in Table 3,
resulting in a more scientific and reasonable weighting.

After carefully analyzing the impact characteristics of sand drift
on the construction of desert highways, the improved Analytic
Hierarchy Process (AHP) principle is used to calculate the
weights of each indicator. In practical engineering, the variable
weight theory was used to optimize the constant weight obtained
by using the equilibrium function. The specific steps of the AHP
method are discussed in detail in reference (Meng et al., 2022).

Construct a judgment matrix based on expert ratings and the
established hierarchical structure model. Normalize the matrix using
the weighted arithmetic mean method. After normalizing the matrix
using the product-sum method, we obtained the comprehensive weight
values of 10 indicators relative to the target layer, as shown in Table 4.
Furthermore, The consistency ratio (CR) values of each judgment matrix
are calculated to be less than 0.1, indicating an acceptable level of
inconsistency in the judgment matrices. The consistency test is passed.

2.5.2 Calculation of variable weight

The weight determined by the Analytic Hierarchy Process is called
constant weight, which can only reflect the relative importance of each
index to the target layer in a simple and intuitive manner. However, the
comprehensive evaluation of the model is influenced by various factors,
including specific engineering environmental factors (Luo et al., 2018).
By only using constant weights, the importance of low-weight indicators
in extreme value situations may be overlooked, leading to potential
discrepancies between evaluation results and actual situations when
they are offset by the status of other indicators. The theory of variable
weight is a method to optimize the weights assigned to different
indicators through the state values of the indicators and equilibrium
functions, making the weights more rational and dynamic. In practical
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situations, the importance of indicators may vary depending on the
engineering environment and other factors. The state value of an
indicator reflects its performance in a specific engineering
environment, and indicators with better performance are assigned
higher weights while those with worse performance are assigned
lower weights. This mechanism of dynamically adjusting the weights
can reflect changes in the importance of indicators and accurately reflect
the contribution of each indicator to the assessment results. This paper
proposes using expert judgment and actual experience as the state
values to adjust the weights. Experts and designers can suggest adjusting
the importance of each indicator based on their understanding and
judgment of the current situation, thus reflecting more accurately the
contribution of each indicator to the decision outcome. This approach
helps identify and cope with changes and uncertainties in the
assessment process, improving the accuracy, reliability, flexibility,
and robustness of the assessment.

When optimizing the constant weight based on the state value, it
is necessary to establish an appropriate equilibrium function. Firstly,
the equilibrium function can incorporate the evaluated objectives
and constraints into the weight calculation, balancing the weights of
various indicators according to specific situations to better meet the
expected objectives and constraints. Secondly, the equilibrium
function can better reflect the positive, negative, or nonlinear
interactions between different factors, and can adjust the weights
by selecting different equilibrium functions based on different levels
of recognition of uncertain factors, in order to reduce sensitivity to
uncertainty. To scientifically evaluate the target and enhance the
rationality and dynamism of weights, variable weight theory is
adopted to optimize constant weights (Li et al., 2022). The
equilibrium function is introduced into the theory of variable
weights (Liu, 1997), and the formula for calculating the variable
weights is obtained as follows:

w?xj.“l
W (X1, X2, Xm) = G (2)

0 ,.0—1
> wpxg
k=1
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Forward Cloud
Generator
Drop(x, 1)
FIGURE 5

Forward cloud generator.

In the formula, w° , x i,m and w ; represent the constant weight,
status value, number of evaluation indicators, and variable weight of
the indicator, respectively. « is the variable weight factor, which
represents the evaluator’s requirement for the balance level among
the indicators. Its value can be determined according to the
engineering situation and decision-making needs.

2.6 Establishment of evaluation model

2.6.1 Cloud model theory

The cloud model is a mathematical model proposed by Professor
Li Deyi based on probability theory and fuzzy mathematics (Zhao,
2022). It is used to handle the correlation between fuzzy and random
characteristics of qualitative concepts and quantitative descriptions.
The cloud model ensures the scientific and rational integration of
qualitative and quantitative indicators by simultaneously
considering the uncertainty of affiliation degree, as well as the
characteristics of fuzziness and randomness. The assessment of
sand accumulation hazards involves a complex decision-making
problem that includes multiple qualitative and quantitative
indicators (Wang N. et al, 2020). Therefore, the theory of the
cloud model can be applied to improve the accuracy of scheme
optimization. Based on a comprehensive consideration of the actual
characteristics of desertification hazards and the characteristics of
various cloud model implementation methods, this research selects
the widely applicable forward normal cloud model, as shown in
Figure 5. Moreover, the comprehensive evaluation results have been
visualized and made intuitive through programming in
MATLAB software, with the specific implementation steps
detailed as follows.

(1) Determine the 3 cloud eigenvalue parameters of the cloud
model (Ex,En,He) and the number of generated cloud
drops N .

(2) To generate a normal random variable Er = NORM (En, He?)
with mean En and variance He?, the principle of normal
distribution can be utilized.
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(3) To generate another random number x; = NORM (Ex, Er?)
following a normal distribution with mean Ex and variance Er? ,
the principle of normal distribution can be utilized again.

(4) Calculate the determination y; = exp[—(x; — Ex)*/2Er?], and
(xi, ;) denotes a cloud drop.

(5) Repeat steps (2) to (4) to produce N cloud drops that satisfy the
conditions.

The cloud characteristic parameters include Ex, En and He. They
represent different aspects of information and features, which have
different impacts on the cloud droplet distribution. Ex represents the
center position or mean value of the cloud droplet distribution. It
reflects the expectation of decision-makers or evaluators. A higher Ex of
cloud droplet distribution implies that evaluators prefer or tend toward
higher results. En represents the degree of dispersion or uncertainty of
the cloud droplet distribution. The higher the En, the more dispersed
the cloud droplet distribution, or the greater the uncertainty. In
decision-making or evaluation, higher En implies that evaluators
face more uncertainty, may require more information, or have
higher risks in making decisions. He represents the degree of
imbalance in the cloud droplet distribution. He is mainly used to
capture skewness or abnormality in the distribution. Higher He may
indicate that the cloud droplet distribution deviates from the
equilibrium state in a certain direction, having an imbalanced
characteristic. In evaluation, He can help identify and analyze
in the distribution,
comprehensive understanding of decision-making risks.

abnormal situations providing a more

2.6.2 Establishment of evaluation criteria cloud
Based on the classification and quantification of the indicator
layer according to sand accumulation disaster levels as described in
the preceding text, if the evaluation interval of grade x is
[% min> X max)» then the
corresponding standard cloud can be calculated using Eq. 3.

numerical characteristics of the

Ex = X min T X max
2
En= X max — X min (3)
6
He=k
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In the equation, k is a constant that is appropriately adjusted
based on the degree of fuzziness of the variable. In this paper, the
value of k is set to He/10.

2.6.3 Evaluation of the establishment of a
comprehensive cloud

To evaluate sand accumulation hazards, an assessment
index established through the creation of
comment the formulation of
corresponding quantification rules. Experienced experts are

system is
evaluation sets and
invited to quantitatively score the corresponding aspects of
each plan. These scores are then computed and transformed
into cloud model values using a reverse cloud generator to
calculate the cloud model characteristic values of each
evaluation indicator. Finally, the comprehensive cloud value
is calculated based on the cloud model characteristic values
combined with the indicator weights (Song et al., 2023). This
assessment approach provides an objective and flexible way to
evaluate complex systems and can be adjusted and optimized
based on actual circumstances. According to the expert scoring
matrix (Eq. 4), the cloud eigenvalue parameters such as
expected value, entropy value, and super entropy of each
scheme are calculated, and the calculation formula is shown
in Eq. 5, where is the number of indicators and is the number of
experts. On the basis of the index cloud eigenvalue parameters
calculated in Eq. 5, the comprehensive cloud eigenvalue
parameters are calculated by combining the weights of each
the
combination assignment, and the calculation formula is

index obtained from multidimensional

shown in Eq. 6.

Ex; = ki;
Xj n; j
: En; =\ lilka Ex;| (5)
2 ng
He,; = ! zn:(ki~—Ex) - En
j n-14& j j j
Ex = WlExl + WzExZ + 0+ WmExm
En = \W.?En;®> + W,2En,> + - + W,,°En,,’ (6)

He = \\W*He,* + W,?He,> + - + W,,°He,,’

3 Case study and result analysis
3.1 Engineering overview

The newly built Wuhai-Magqin Expressway is located between
the Shapotou Scenic Area and the Tonghu Grassland Scenic Area,
boasting a unique geographical position. It is a key transportation
project within the National and Ningxia Hui Autonomous Region’s
“Thirteenth Five-Year Plan” and has a mainline length of 122.9 km.
In order to better investigate the sand damage patterns of the Wuma
Expressway and provide scientific guidance for the construction of
sand control systems, a test road section was constructed in the
vicinity of Section K171+800 of the mainline of the Wuma
Expressway, in the heart of the Tengger Desert, as shown in
Figure 6. The Da Jiang M300RTK multi-rotor drone was used in
conjunction with the Ruibo lens to conduct aerial surveying
operations. It was observed that the sand dunes on both sides of
the route form a grid-like chain, with a relative height of 2.1-3.6 m

2“ 212 ' Ilz“‘ and an average spacing of 30 m. The geological strata mainly consist

K=| o (4)  of Quaternary wind-blown sand and silt, with no bedrock exposed.

e Furthermore, according to existing research results, it is known that

ki Koz = Ko d,p the wind speed required to initiate sand movement at a height of 2 m
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TABLE 5 State value and variable weight calculation results.

Criterion Indicator Status Permanent rights Variable weight Comprehensive weight
layer (X;) layer (Cy) value (X;;°) synthesis (Wj) comprehensive weight change rate (%)
value (w;)
Xy, 52.157 02129 0.2237 5.09
X, X, 85.369 0.0499 0.0578 15.88
X5 72.013 0.1172 0.1314 12.07
Xy 22.481 0.2023 0.1796 ~11.20
X, Xan 99.006 0.0498 0.0595 19.55
X3 74.394 0.1478 0.1668 12.84
Xa 6.861 0.0285 0.0200 -29.97
X, X, 50.984 0.0735 0.0768 456
Xa3 11.716 0.0826 0.0644 -22.07
X 2314 0.0354 0.0200 ~43.58

persistent throughout the year in the study area, with strong

0.25 1 [ Constant weight comprehensive weight value sand/dust activities. The sand transport direction of the test
[ Variable weight comprehensive weight value . . . .
section is from west to east in all seasons, and the maximum

®- Comprehensive weight change rate

Drift Potential occurs during spring, indicating a strong sand
transport environment. Therefore, this study focuses on sand
drift accumulation in the spring season, with the Drift Potential
of 124.57 VU, where the sand transport direction is almost
perpendicular (88.08°) to the direction of the road.

Comprehensive weight value

3.2 Comprehensive assessment of sand
accumulation hazards on desert highways

Comprehensive weight change rate

3.2.1 Determination of indicator weights

In this paper, six experts involved in the design of the project and
two university scholars in the field of line selection were invited to
FIGURE 7 score the indicators based on engineering reality and the
Comprehensive weight change rate. classification shown in Table 2. The arithmetic mean of the

X1 X2 X3 X4 X5 X6 X7 X8 X9 XI0
Indicator layer Xi

scored values was used as the state value, and the variable weight
theory was applied to optimize the weights of the composite weights
in the Tengger Desert, also known as the threshold wind speed (Ut),  under constant weight. o was set to 0.2 according to engineering
is approximately 5 m/s. experience, and the calculation results are shown in Table 5. The
To validate the model, a straight section of the test road was  comprehensive weight change rate is the ratio of the difference
selected as a representative cross-section with an embankment  between the variable weight of the indicator and the constant weight
roadway configuration. The roadbed is 1 m high, with a slope to the constant weight. A positive rate of change for the composite
ratio of 1:3. The measured height of the moving sand dune in  weight indicates an increasing trend, while a negative rate represents
this section is approximately 3.2 m. Analysis of the wind dynamics  a decreasing trend.
of the test section was conducted using data obtained from a field As shown in Figure 7, the analysis of the composite weight
observation station in 2021. The analysis shows that the 2-min  values of the indicators relative to the target layer reveals that
annual average wind speed in the region is 3.28 m/s, with an annual ~ each composite weight value changes dynamically after the
average sand drift initiating wind speed of 7.18 m/s, and a sand drift  introduction of the variable weight theory. Analysis of the
initiating day count exceeding 280 days, accounting for 77.3% of the ~ changes in comprehensive weight rates showed that the weight
total days in a year. The maximum instantaneous wind speed wasas ~ change rates of concave or convex side windward in curve (X3,)
high as 18.6 m/s. The frequency of sand drift initiating wind speed  and the radius of the curves (X34, were the largest, with rates
occurring in spring is highest, accounting for 35.46% of the total,and ~ of —28.24% and —40.26%, respectively. This is because the cross-
the dominat wind direction is northwest, with a frequency of  section line type selected in this paper is mainly composed of
34.22%. The sand drift-producing winds are frequent and  straight line segments, and the value of the indicator state tends
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TABLE 6 Numerical characteristics of standard clouds.

Standard Cloud

Sand deposition disaster grade

10.3389/feart.2023.1208416

Score interval

| Potential deposition disaster [0,25] 12.5 4.1667 0.4167
I} Mild deposition disaster [25,50] 375 4.1667 0.4167
1l Moderate deposition disaster [50,75] 62.5 4.1667 0.4167
\Y Serious deposition disaster [75,100] 87.5 4.1667 0.4167
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Standard cloud distribution.

TABLE 7 Primary Indicator Cloud Digital Features.

Primary Indicator Cloud Ex En He
geomorphological conditions 64.2046 1.1482 0.5686
wind dynamics conditions 55.6297 0.8855 0.4562
engineering design factors 27.6428 1.1421 0.5656

to be in the extreme state. Therefore, the fixed weight assigned to
the indicators was too high, and it needs to be weakened to some
extent to make it more consistent with the actual engineering
situation.

3.2.2 Comprehensive evaluation of cloud models

As shown in Table 6, the numerical characteristics of the
standard evaluation cloud of sand accumulation disasters on
desert highways can be obtained by substituting the endpoint
values of the evaluation intervals for each level into Eq. 3 after
the quantification of indicators and the classification of sand
accumulation disaster levels, as described earlier. The standard
cloud image obtained by inputting the numerical
characteristics of the standard cloud into the MATLAB positive
cloud generator, as shown in Figure 8.

is
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To assess the degree of sand accumulation hazard on the line,
primary evaluation indicators are first selected for evaluation. The
expert scores for the secondary indicators are then used in Eq. 5 to
calculate the digital characteristics of the level two sand accumulation
hazard. The secondary evaluation cloud digital characteristics are then
combined with their corresponding weight matrix using Eq. 6 to obtain
the digital characteristics of the primary evaluation cloud indicators, as
shown in Table 7. The comparison graph between the primary
evaluation cloud and the standard cloud for the primary indicator is
obtained by inputting the standard cloud and digital characteristics into
the MATLAB positive cloud generator, as shown in Figure 9.

The primary index evaluation cloud number and its
corresponding weight matrix are synthesized and operated to
obtain the comprehensive evaluation cloud number feature
Ex = 54.0362, En = 1.0407, He = 0.5210. The comparison graph
of the composite cloud and the standard cloud is obtained by the
MATLAB forward cloud generator, as shown in Figure 10.

Judging from the comparison and proximity of the primary
index clouds, the regional geomorphological conditions as well
as wind power conditions are closer to level ITI, which provides
sufficient sand source conditions and strong wind conditions
for this section, and there is a potential danger of moderate
sand damage. The engineering design conditions are at level I,
which has less influence on the degree of sand accumulation at
this section, and the design parameters are better. Upon
comparing and analyzing the comprehensive evaluation
cloud and the standard cloud, it is found that the droplet
distribution of the comprehensive evaluation cloud falls within
the interval [46.90, 59.19]. Additionally, based on Figure 10, it
can be observed that there is a significant overlap between the
distribution of the comprehensive evaluation cloud and the
standard cloud III. Based on the principle of maximum
affiliation degree, the degree of wind-sand hazard at this
section is classified as level III, indicating a moderate level
of wind-sand hazard. Assuming that Ex in the comprehensive
evaluation cloud is used as the standard for estimating the
degree of sand accumulation, linear interpolation indicates
that the road surface at this section has an approximate sand
thickness of 16.21 cm. Based on on-site observations, as shown
in Figure 11, the actual measured sand accumulation thickness
is 17.56 cm, indicating a moderate level of sand hazard. The
evaluation results are consistent with the actual engineering
conditions, indicating that this section is at a moderate risk of
sand hazards. Sand accumulation on the road surface reduces
its skid resistance, posing a hazard to vehicular traffic.
Appropriate measures, such as sand control and fixation
measures, need to be established based on the dominant
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wind direction. In addition, vehicle speed should be restricted
in this hazard zone with timely sand removal to prevent traffic
accidents and maintain unimpeded traffic flow.

4 Discussion

4.1 Advantages of variable weight theory and
cloud model theory in evaluation

After introducing the variable weight theory into constant
weight optimization, dynamic changes in the weight values of
each indicator were observed. By calculating the rate of weight
change, it was found that when the value of an indicator approaches
an extreme state, the constant weight assigned to the indicator is too
large and needs to be weakened to ensure consistency with actual
engineering. Conversely, for indicators with a positive increase in
weight change rate, it means that they have a significant impact on
actual engineering. To prevent their influence from being
neutralized by other indicators, it is necessary to increase the
constant weight of such indicators and give them greater
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FIGURE 11
Actual measured thickness of sand accumulation.

importance. Therefore, the application of variable weight theory
makes the evaluation results of the model more scientifically.

During the assessment process of sand accumulation hazards on
desert roads, various uncertainties exist. Cloud model can effectively
model these uncertainties by introducing equilibriums and
membership clouds to describe the degree and scope of
uncertainty. This helps to express the fuzziness and uncertainty
of evaluation data and observation results more accurately and
provides more reliable evaluation results. The cloud model can
also integrate expert knowledge and incomplete data to obtain
more comprehensive and integrated evaluation results. By
combining the opinions and knowledge of different experts, the
cloud model can provide more credible evaluation results and solve
conflicts and differences among different expert opinions. In
addition, the cloud model can also perform cloud-based
reasoning analysis, deducing and inferring evaluation results
through the reasoning process, further enriching the information
content of sand accumulation hazard evaluation on desert roads. In
the evaluation of sand accumulation hazards on desert roads,
decision-makers need to formulate corresponding management
and control strategies based on the evaluation results.

4.2 Application of desert highways sand
accumulation hazard assessment model

Assessment of sand accumulation hazards on desert highways holds
significant practical importance for the construction of passageways in
sandy areas. Evaluating sand accumulation hazards on desert highways can
assess the safety of the road, identify potential disaster risks and danger
spots. By assessing the extent and impact of sand accumulation along road
sections, possible areas that may cause traffic hazards and accidents can be
determined, and corresponding safety management measures can be
proposed. This helps reduce the occurrence of traffic accidents and
ensure the safety of road users. It also provides information and
guidance necessary for the operation and maintenance of desert
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highways. Through evaluating the degree and trend of sand
accumulation, the maintenance needs and frequency of desert highways
can be understood. The evaluation results can guide maintenance
personnel in formulating appropriate cleaning plans, selecting suitable
cleaning techniques, and rationally allocating resources and equipment to
maintain the road’s accessibility and sustainable operation.

Assessment of sand accumulation hazards provides a basis for
developing prevention and mitigation measures. By analyzing the
causes and influencing factors of sand accumulation, potential sand
source areas and sand flow channels can be identified, and
corresponding measures can be taken to reduce sand supply and the
impact of sand flow on roads. The assessment results can also help
determine appropriate environmental protection measures to prevent
the impact of sandstorms on roads and surrounding ecosystems.
Additionally, it can provide a foundation for sustainable road
development. By understanding the development trend, scale, and
impact range of sand accumulation hazards, the sustainability and
feasibility of roads in the long and medium term can be assessed. The
assessment results can provide decision-making support for road
planners and guide road design, construction, and improvement.

4.3 Model limitations and improvements

This study presents a sand accumulation hazard assessment
model for desert highways that combines the variable weight theory
and the cloud model theory. The model allows for the evaluation and
prediction of the level of sand accumulation hazard for highways
based on the primary technical parameters that characterize the
wind and sand environment along the road and the engineering
design parameters. In the results analysis, the sand accumulation at
the section was predicted by Ex through linear interpolation.
However, in actual situations, the environment around desert
roads is complex, with intertwined sand dunes on both sides of
the road. Hence, the model may not be able to assess the actual sand
accumulation at the section accurately, but it can predict its
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approximate range and level. The assessment of the sand
accumulation at the cross section is only around the dominant
wind, but for the desert environment with variable wind directions,
it has some limitations. In order to realize the high-quality
construction of desert passages, the spatial coupling relationship
in the complex wind and sand environment needs to be studied in
depth subsequently.

Wind erosion of the roadbed is the primary form of sand
damage on highways in desert areas. The roadbed is mainly filled
with locally sourced sandy soil, which has a loose structure and
poor compaction, making the roadbed susceptible to wind
erosion and resulting in the erosion of the roadbed, slopes,
and shoulders. Additionally, the impact of transiting wind and
sand flows can lead to the collapse of road shoulders or the
hollowing out of the road bottom surface layer. This paper only
focuses on the safety risk assessment of desert road sand
which
minimize the impact of sand damage and better guide the
further

accumulation hazards, is somewhat one-sided. To

construction of access roads in desert areas,

consideration of wind erosion of the roadbed is needed.

5 Conclusion

This paper proposes a model for assessing sand accumulation
hazards on desert highways. An evaluation index system was
constructed from three dimensions: regional wind dynamic
conditions, regional topographic conditions, and engineering
design parameters. After determining subjective weights through
an improved AHP method, variable weight theory was introduced
for optimization. Based on the quantified gradation of sand
accumulation hazard levels and index layers, a sand
accumulation hazard assessment model for desert highways was
established using cloud models. The model was validated through a
study of the sand prevention test section of the newly constructed
Wuhai-Maqin Expressway. The following conclusions can be

drawn.

1) The variable weight theory was adopted to optimize the constant
weights determined by the improved analytic hierarchy process
based on the actual indicator status values in the case study. This
approach resolves the shortcomings when the status value is at an
extreme, and enhances the rationality and dynamicity of weight
adjustments.

A safety risk assessment model for sand accumulation disasters
on desert roads was constructed based on cloud model theory.
The evaluation results were visualized and presented using
MATLAB software. And protection recommendations were
provided for different levels of sand hazards.
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