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Abstract: To address the challenge of assessing regional system safety risks in the context of the large-scale, clustered
development of offshore wind farm regions, this study focuses on China’s coastal offshore wind farm regions and constructs a
comprehensive safety risk assessment model for offshore wind farm regions based on multi-spatio-temporal coupling. In this
model, we first identify risk factors in offshore wind farm regions from a four-dimensional perspective encompassing people,
machinery, environment, and management, and introduce a multi-spatio-temporal coupling factor to optimize the indicator
system. Next, we use the Analytic Hierarchy Process (AHP) to determine the weighting of each assessment indicator, and
then combine this with the Fuzzy Comprehensive Evaluation Method to establish a comprehensive safety risk assessment
model for offshore wind farm regions regions. Finally, we apply this model to the risk assessment of a real coastal wind
power region. The results indicate that, at the present time, the overall risk level of a specific offshore wind farm regions area
is classified as “moderate risk.” This assessment model can effectively quantify the dynamic coupled risks in offshore wind
farm regions areas, providing a theoretical basis and technical support for the planning, layout, and safety supervision of
offshore wind farms.
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1. Introduction

Against the backdrop of the ongoing advancement of the “dual carbon” goals and the strategy to build a maritime power,
coastal wind power generation has become a key focus of clean energy development in China’s coastal regions. Currently,
as the siting of offshore wind farms shifts from single-site development toward large-scale, clustered development and full-
lifecycle operations, safety issues have evolved from risks associated with individual facility failures or single operational
phases to regional systemic risks involving the combined effects of multiple factors, including navigation environments,
offshore construction, operation and maintenance activities, facility and equipment conditions, and organizational
management. Particularly in scenarios where multiple wind farms coexist and construction and operational phases overlap,
the risks in offshore wind energy areas may exhibit greater dynamism, coupling, and diffusion . Therefore, developing

comprehensive assessment models that reflect the overall characteristics of the region and the dynamic evolution of risks has
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become a critical issue in offshore wind energy safety management research.

Scholars both domestically and internationally have conducted research on safety risks associated with offshore wind farm
regions from various perspectives, primarily covering navigation risks during construction and operation and maintenance
(O&M) phases, risks related to turbine structures and facilities, specific disaster risks in wind farms, and wind farm planning
and decision-making. Regarding navigation safety, Yu et al. systematically reviewed the current state of research on the
quantification of vessel navigation risks in offshore wind farm regions waters /. Li et al. proposed a path planning method
for O&M vessels in offshore wind farms based on an improved A* algorithm . This method overcomes the limitations
of the traditional A* algorithm, which fails to account for dynamic obstacles, water currents, and crossing channels during
path planning for O&M vessels in offshore wind farms, resulting in significant improvements in path smoothness and the
overall risk value of the planned path. Wang et al. established an evaluation index system for navigation safety in offshore
wind farm construction waters /. The results indicate that offshore wind farm construction has a significant impact on the
navigation environment and traffic order in adjacent waters. Teng et al. proposed a comprehensive assessment method for the
safety distance between vessels and offshore wind farms based on AIS data to reduce navigation risks for vessels near wind
farm waters ). Wang et al. combined fuzzy AHP-DEMATEL with a cloud model to study the navigation safety assessment
of offshore wind farms; this method effectively enhances the systematic nature of indicator weight identification and risk
determination ', Zhang et al. constructed a multi-objective optimization model to assess vessel navigation risks in offshore
wind farm areas, expanding the application of risk assessment in front-end planning ”'. Some international scholars have
studied the impact of offshore wind farm regions development on maritime traffic safety. Rutkowski et al. utilized a spatial
vessel domain model to investigate navigation risks near proposed wind farms ™. Son et al. conducted research on the design
of navigation channel widths adjacent to offshore wind farms based on AIS data and collision probability models, arguing that
wind farm development requires a comprehensive consideration of collision risks between vessels as well as between vessels
and wind turbines . Milin et al. pointed out through extensive literature analysis that offshore wind farms may increase the
complexity of maritime traffic, which may lead to navigation safety and collision accidents "’

In terms of wind farm construction, operation and maintenance, and facility safety. Huang Hui et al. used the AHP fuzzy
comprehensive evaluation method to quantitatively analyze the safety risks of construction and hoisting operations in
offshore wind farms, and verified the applicability of the fuzzy evaluation method in high-risk operation scenarios. Dong et
al. constructed a safety risk model for offshore wind turbine installation operations based on the AHP-fuzzy comprehensive
evaluation method, covering five dimensions—personnel, management, equipment, vessels, and electrical systems—to
achieve a comprehensive assessment of safety risks during installation ", Zhu et al. proposed an FAHP-based evaluation
method to address lightning disaster risks during the operational phase of offshore wind farms "'*. In addition, some
researchers have conducted studies from the perspectives of the full life cycle and systems engineering. Huang et al.
identified multi-level risk factors and employed AHP and the risk matrix method to conduct safety evaluation research during
the construction of offshore wind farm regions subsea cables !"*. Kim et al. developed an HSE risk assessment module for
offshore wind farm regions based on systems engineering methods, using a combination of risk assessment methods to
address risks under conditions of uncertainty ",

Based on this, this paper identifies risk factors from four dimensions—human, machine, environment, and management—
across the entire lifecycle of offshore wind farm regions areas. It further introduces time-coupled and space-coupled
factors under multi-spatio-temporal coupling. Finally, by combining the Analytic Hierarchy Process (AHP) with the Fuzzy
Comprehensive Evaluation Method, the paper constructs a comprehensive dynamic assessment model for offshore wind farm
regions safety risks. Through a risk assessment of a specific offshore wind farm regions area along China’s coastline, the
research findings provide a theoretical basis for the planning and layout of offshore wind farms, the assurance of navigation

safety, and safety supervision.

2. Identification of Regional Risk Factors for offshore wind farm regions
Unlike the risks associated with a single wind farm, the regional risk assessment of offshore wind farms is a complex system

comprising wind farms at various stages of development and in different water areas. It should be treated as a dynamic,
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integrated whole, necessitating a comprehensive analysis; this also presents greater challenges for identifying and mitigating
water-related risk factors.

This paper treats offshore wind farms within the entire lifecycle of an offshore wind farm regions area as a single entity,
identifies their primary risk factors, and then conducts a risk assessment of the offshore wind farm regions area based
on these identified risk factors. By analyzing risk factors from four perspectives—human, machinery, environment, and
management—the risk factors for offshore wind farm regions areas are summarized as follows: environmental factors (natural
environment and transportation environment), human factors (crew and operational personnel), management factors (corporate
management and management by supervisory authorities), and machinery factors (vessel-related and equipment-related). The
risk factors for offshore wind farm regions areas are presented in Table 1.

Table 1. Identification of key risk factors in offshore wind farm regions areas

Risk Type

Key risk factors

Wind, waves, and currents (typhoon)
Heavy fog
Natural environment Thunder and lightning

Sensitive resources nearby

Environmental
factors

Transportation Environment

Natural Conditions of the Project Site
Insufficient water depth in the channel
Intersection of customary routes and existing routes

There are many vessels operating in the wind farm area

Traffic chaos
Lack of navigation aids
Insufficient crew training
Crew members’ violations
Crew members

Unfitness of crew members

Human factors Lack of safety awareness
Operators lack sufficient skill

Operators Operators’ non-compliance with operating procedures
Other safety hazards
Management negligence at the enterprise level

Inadequate emergency response plans/safety operating procedures

Business Management
Unnecessary warning and monitoring equipment

Management

Inadequate corporate communication systems
factors 4 P Y

Inadequate supervision or guidance from regulatory authorities
Management and Supervision

of Administrative Units Lack of clarity regarding the responsibilities of supervisory agencies

Poor communication between regulatory agencies and businesses
A collision caused by a loss of control of an individual vessel
In terms of ships The ship’s emergency lifesaving equipment is inadequate
Fire and Explosion Accidents
Machine factors .
Personal protective equipment is incomplete or in poor condition
In terms of equipment Inadequate safety equipment at wind farms

Failure or malfunction of wind turbine structures and equipment components
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Given that offshore wind farm regions zones contain wind farms at various stages of development, and that these wind farms
interact with one another both temporally and spatially, analysis cannot rely solely on initially identified indicators. Instead, it
is necessary to conduct a more in-depth exploration of the inter-wind-farm indicator data. Therefore, risk factors under multi-
spatio-temporal coupling must be identified to form coupled factors, and the risk factors listed in Table 1 must be adjusted

accordingly.

3. Development of an Indicator System for Assessing Wind Power Safety Risks in
Coastal Areas

A scientifically reasonable evaluation index system is an important prerequisite for conducting safety risk assessments in
offshore wind power regions. The Analytic Hierarchy Process (AHP) is highly applicable to complex systems involving
multiple objectives and criteria. It can decompose complex risk issues into several interrelated components and establish a
hierarchical structure based on the dominance relationships among these factors, thereby laying the foundation for subsequent
weight determination and comprehensive evaluation. For offshore wind farm regions regions, using the AHP to construct an
indicator system helps achieve a systematic characterization of regional safety risks.

Offshore wind farm areas face a variety of uncertainties that vary over time and space; moreover, these uncertainties may
interact with one another, posing greater challenges for the identification and mitigation of offshore risks. Therefore, it is
necessary to apply coupling theory to integrate the spatiotemporal aspects of offshore wind farms throughout their entire
lifecycle in order to identify risk factors. As shown in Figure 1, a three-tiered hierarchical evaluation index system has been
established, comprising the objective layer, the criterion layer, and the indicator layer. The objective layer defines the ultimate
purpose of the evaluation; the criterion layer classifies risk types across four dimensions; and the indicator layer breaks these
down into multiple specific, measurable risk indicators, thereby forming a comprehensive risk evaluation index system. The

criterion layer serves as a bridge connecting the objective layer and the indicator layer, playing a pivotal role in the index

system.
Figure 1. Identification of Major Risk Factors in offshore wind farm regions Areas
Target layer: Identification of Key Risk Factors in Offshore Wind Power Zones
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Specifically, the human factor includes personnel involved in safety within the wind farm area, such as construction workers,

operational staff, and managers. The probability of non-compliant operations refers to the likelihood of personnel in the wind
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farm area engaging in non-compliant operations, quantified as a value between 0 and 1; a higher value indicates a greater
probability of non-compliant operations and a higher risk.

With regard to equipment-related factors, accidents caused by vessel equipment failures refer to factors that may lead to risks
due to malfunctions in the vessel’s own facilities and equipment; these are quantified on a scale of 0 to 1, with higher values
indicating greater risk. Failures or malfunctions in wind turbine structures and components reflect the reliability or failure rate
of wind turbine facilities and equipment in the wind power area; these are quantified on a scale of 0 to 1, with higher values
indicating higher risk.

Regarding environmental factors for wind farm siting, the natural conditions of the water area include natural factors such as
typhoons, waves, and currents, quantified on a scale of 0 to 1; nearby shipping lanes refer to the conditions of shipping lanes
near the wind farm, quantified on a scale of 0 to 1; and traffic flow refers to traffic conditions near the wind farm, quantified
on ascale of 0 to 1.

Regarding the general characteristics of wind power areas, the distribution density of wind farms primarily reflects the degree
of concentration of wind farms. It is generally believed that the higher the distribution density, the greater the risk. This is
quantified on a scale of 0 to 1, with higher values indicating greater risk; Conflicts involving construction and O&M vessel
traffic primarily consider the intersection of navigation routes among operational vessels. It is generally believed that the
more intersections there are in the wind power area, the greater the potential risk. This is quantified as a value between 0 and
1, with higher values indicating greater risk.

With regard to management factors, management negligence or inadequacy refers to the failure of managers to adequately
oversee wind farms and personnel in the wind power area. It is generally believed that the greater the negligence, the higher
the risk of accidents or emergencies. This is quantified on a scale of 0 to 1, with higher values indicating greater risk. Poor
communication refers to the level of information flow within the wind power area and is quantified on a scale of 0 to 1, with

higher values indicating greater risk.

4. Comprehensive Dynamic Assessment Model for Wind Power Safety Risks in Coastal
Areas

4.1 Determining Indicator Weights Using the Analytic Hierarchy Process

The weights for the regional risk assessment indicators of offshore wind farms were calculated using the Analytic Hierarchy
Process (AHP). The specific calculation process is as follows:

(1) Construction of the Evaluation Matrix

Invite experts to assign importance scores to indicators, thereby constructing an evaluation matrix X = {X;, X,, ..., X;,}, as

shown in Equation (1):

X11  X12 X1n

X1 X22 X2n
X = .

Xm1 Xm2 e Xmn

Where: x,, represents the score assigned by expert n to indicator m.
(2) Calculation of combined weighted vector values

By combining the effects of different indicators, we obtain the combined weighted vector Aj+1 , as shown in the following

equation:
J J
A- _ CTl—l _ Cn—l
j+1 Zn—1 ck ~on-1
k=0 ~n-1

n—1 P . .
Where: Ay =13 C! _, is the number of permutations of j elements selected from n-1 elements.
=0

(3) Calculation of absolute weights.

Based on the weighted vectors, calculate the absolute weight w; of indicator i, as shown in the following equation:

n—1
w; = Z/’{j_‘_l . Xj(] = 0,1, ey U — 1, i = 1,2, ey m)
j=0
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Where: X denotes the set of all indicator score vectors for expert j.
(4) Determination of relative weights

Based on the absolute weight of indicator i, calculate the relative weight o; of indicator i, as shown in the following equation:
Wi

0i = om
i=1

w;

4.2 A Dynamic Comprehensive Risk Assessment Method Based on Fuzzy Comprehensive Evaluation
Using the indicator weights determined by the Analytic Hierarchy Process (AHP), we developed a comprehensive regional
risk assessment model for offshore wind farms based on the Fuzzy Comprehensive Evaluation Method.

(1) Determine the set of factors

The set of factors influencing the safety assessment of offshore wind farm regions under multi-temporal and spatial coupling
can be represented by primary and secondary indicators as follows:

Level 1 indicator : U={U,,U,,U;,U4,Us}

Level 2 indicator : U1={U,,U;,,U;3,U14,U,5}, U2={U21,U22,U23,U24,U25,U26}, U3={Us,,Us,,Us3}, U4={U41,U42,
U43,U44,U45}, Us={U51,U52,U53,U54,U55}

(2) Determine the weight set

The weights of the indicators were calculated and determined using the Analytic Hierarchy Process described in Section 3.1.
(3) Create a collection of comments

The safety risks of offshore wind farm regions areas are classified into four levels: I, 11, III, and 1V, and are grouped into
Rating Category V. The safety risk assessment ratings and their descriptions for offshore wind farm regions areas are shown
in Table 2, and the classification criteria for safety risks in offshore wind farm regions areas are shown in Table 3.

Table 2. Safety Risk Classification Comments and Descriptions for offshore wind farm regions Zones

Comments Risk Profile Risk Description
I Low risk The risk is acceptable; no action is required.
II General risks Where risks are tolerable and cost-effective, efforts should be made to further mitigate them.
I Significant risk Where technically and economically feasible, risks must be mitigated
v High risk This is extremely dangerous; immediate corrective action is required.

Table 3. Safety Risk Classification Standards for offshore wind farm regions Areas
Evaluation Criteria [50,70] [70,80] [80,90] [90,100]

Safety Risk Classification for offshore wind

farm regions Zones I I I v

(4) Determine the membership function

This method, which derives indicator scores based on actual scores or expert ratings, does not account for the ambiguity of
boundaries between grades. When applying the fuzzy comprehensive evaluation method, membership degrees are primarily
determined using membership functions. This allows for the consideration of transitional states between grades, thereby
resolving the issue of fuzzy boundaries between grades. Therefore, selecting the trigonometric method to calculate the
membership degree of evaluation indicators within evaluation grades can eliminate the unreasonable phenomena caused by

abrupt changes between adjacent grade regions. The membership function formula is as follows:

1,50 < x < 65
Y,(x) =4{75—x
_ <
10 ,65<x<75
X=65 s <x<7s
x
0 T~
Yll(x)= 85—X
<
10 ,75 < x <85
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X7 5 <x<8s
x
10 77
=95 —x 85 < x < 95
10 ="
X5 g5 <x <95
Y@ =410 '°°=%
1,95 <x <100
Figure 2 Triangular membership function
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(5) Determine the fuzzy evaluation matrix
Construct the fuzzy evaluation matrix R;. R, R3. R4 . R represents a mapping from U to V defined by the fuzzy evaluation
matrix, which can be expressed in matrix form as: R:{rjj},where =1,2,....n; Jj=1,2,...,n.r; represents the membership degree
of each single factor U; for evaluation level V; .
(6) Determine the comprehensive evaluation score and risk level
First, the fuzzy comprehensive evaluation set B for the factor set U is calculated based on the p=p*R fuzzy comprehensive
evaluation criteria. Next, the fuzzy comprehensive evaluation vectors for the first-level indicators are calculated sequentially
to obtain the fuzzy comprehensive evaluation vector for the evaluation target. Finally, the fuzzy comprehensive evaluation

score is calculated using the S=B*G formula to determine the comprehensive evaluation grade for offshore wind farm regions.

5. Case Study

At present, there are multiple existing and under construction wind farms in a certain offshore wind farm area along the coast
of China, based on the distribution map of wind farms and research data of wind farm areas. Adopting the constructed fuzzy
comprehensive evaluation method to evaluate wind farms in offshore wind farm regions.

(1) Indicator weights derived from the Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) was used to determine the weights for the fuzzy comprehensive evaluation of offshore
wind farms under multi-spatiotemporal coupling; the weight values are shown in Table 4.

Table 4. Weighting Values for offshore wind farm regions Regional Indicators

Evaluation criteria Weight allocation Evaluation Criteria Weight allocation
Improper operation Ul1 0.0557
Unfit U12 0.0655
Huma{lj lfactors 0.2360 Lack of safety awareness U13 0.0379
Skill Proficiency U14 0.0464
Insufficient training U15 0.0304

7
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Evaluation criteria Weight allocation Evaluation Criteria Weight allocation
Accidents caused by equipment malfunctions on ships, etc. U21 0.0276
Seaworthiness of Maintenance and Construction Vessels U22 0.0232
Equipment Factors 0.1288 The ship’s emergency lifesaving equipment is inadequate U23 0.0112
U2 ’
Personal protective equipment is incomplete or in poor condition
0.0195
U24
Inadequate safety equipment at wind farms U25 0.0311
Failures or Malfunctions in Wind Turbine Structures and Equip-
0.0161
ment Components U26
Natural Conditions of the Water Area U31 0.0534
Environmental Con-
siderations for Wind Nearby waterways U32 0.0444
o 0.1968
Fam;gltmg Traffic flow U33 0.0628
Sensitive resources U34 0.0362
Density of wind farms U41 0.0358
. Ratio of wind farm area to total area of the regional sea U42 0.0446
Overview of the
Wind Power Region 0.2776 Wind Farm Construction Milestones U43 0.0771
U4
Number of vessels deployed in wind power areas U44 0.0546
Conflicts between workboats and other vessels U45 0.0655
Management negligence or inadequacyUS51 0.0446
Inadequate emergency response plans/safety operating procedures
Us2 0.0379
Management aspects 0.1608
us ’ Inadequate communication equipment U53 0.0207
Unclear responsibilities U54 0.0316
Poor communication US55 0.0259

(2) Comprehensive Risk Assessment Based on the Fuzzy Comprehensive Evaluation Method
Taking Wind Farm No. 19 as an example, the fuzzy comprehensive evaluation vector for the evaluation objective is calculated

based on the B = Wx R fuzzy comprehensive evaluation criteria:

0 0.2892857 0.455426 0.2553412

0 0.2511250 0.414914 0.3333951
B=W*R=(0.2360,0.1288,0.1968,0.2776,0.1608) *| 0.027134 0.1361788 0.508943 0.3277439

0.019668 0.2503604 0.500576 0.2293951

0.019664 0.1464842 0.4263845 0.3913503
= (0.01396178,0.22047102,0.46860397,0.29431102)

Calculate the S = B * G fuzzy comprehensive evaluation score using the formula:

0.01396178 100
0.22047102 | 85
0.46860397 75
0.29431102 60

S=B*G= =72.9

The final risk assessment result was 72.94. According to Tables 2 and 3, the comprehensive risk rating for Wind Farm No.

19 is Level II, which corresponds to “general risk”—meaning the risk is tolerable. However, if it is cost-effective to do so,
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further risk mitigation measures should be implemented.

(3) Risk Assessment of Offshore Wind Farms

Based on collected data, field surveys, and consultations with wind power professionals, and taking into account risk factors,
the wind farms in the study area were evaluated using assessment criteria across four dimensions: people, vessels, the

environment, and management. The individual wind farms are shown in Figure 3.

Figure 3. Map of Wnd Farm Locations and Risk Assessment

Wind farm number

D-®

S T

Figure 4. Distribution of Risk Assessment Values for Each Wind Farm

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Based on the evaluation method described above, the final risk assessment ratings for each wind farm were determined, as

shown in Table 3.



Journal of Advances in Engineering and Technology Vol. 3 No. 2 (2026)

Table 5. Risk Assessment Results for Wind Farms in the Offshore Wind Farm Area

Number Rating Level Number Rating Level
1 General risks 13 General risks
2 General risks 14 Low risk
3 Low risk 15 General risks
4 General risks 16 General risks
5 General risks 17 General risks
6 General risks 18 General risks
7 General risks 19 General risks
8 General risks 20 General risks
9 General risks 21 General risks
10 General risks 27 General risks
11 General risks 23 General risks
12 General risks

An assessment of safety risks at 23 wind farms in the jurisdiction—covering both operational and construction phases—
revealed that wind farms numbered 3 and 14 were classified as “low risk,” while the remaining 21 wind farms were classified
as “moderate risk.” Although the overall risk level for the wind farm area is “moderate,” several wind farms are currently in
the construction phase and may be significantly affected by construction vessels. Therefore, for wind farms with higher risk
assessment values and those in the construction phase, wind power companies and relevant departments should pay special
attention to risk safety management and prevention measures for these facilities, further reducing risks during this stage and

preventing the risk level from escalating further.

6. Conclusion

This paper conducts a systematic risk assessment analysis of a specific offshore wind farm in a coastal region of China.
Risk factors were identified based on multi-spatio-temporal interactions, and an indicator system for evaluating wind power
safety risks in coastal arcas was established. Finally, a comprehensive risk assessment model for coastal wind power was
constructed using the Analytic Hierarchy Process (AHP) and the Fuzzy Comprehensive Evaluation Method. Case analysis
indicates that the overall risk level of wind farms under construction and in operation in the region during this period is
“moderate.” The application of the Fuzzy Comprehensive Evaluation Method to the risk assessment of a specific offshore
wind farm in China’s coastal region provides valuable theoretical references and practical applications for regional offshore

wind farm regions safety management.

Funding
No

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference
[1] Li, Y. N., Zhang, X. S., Wu, C. Y., & Others. (2026). A study on the optimization of condition-based maintenance for
offshore wind turbines under uncertainty in lifespan prediction. Journal of Safety and Environment, 1-13. https:/link.
cnki.net/urlid/11.4537.x.20260108.1712.002
[2] Yu, Q., Liu, K. Z., Yuan, Z. T., & Others. (2022). A review of the current status of research on the quantification of vessel
navigation risks in offshore wind farm waters. China Navigation, 45(3), 21-25.
10



Journal of Advances in Engineering and Technology Vol. 3 No. 2 (2026)

[3] Li, Z. Y., Wan, X., Li, J. Y., & Others. (2025). Route planning for offshore wind farm maintenance vessels based on an
improved A* algorithm. China Navigation, 48(1), 132-140.

[4] Wang, Z. H., Fan, Z. Z., & Feng, Y. (2022). Assessment of navigation safety in waters adjacent to offshore wind farm
projects. Shanghai Journal of Maritime Studies, 43(2), 54-59. https://doi.org/10.13340/j.jsmu.2022.02.009

[5] Teng, J. P., Xiong, Z. N., Yao, Z., & Others. (2023). A comprehensive method for assessing safety distances between
ships and offshore wind farms. Journal of Jimei University (Natural Science Edition), 28(6), 521-526. https://doi.
org/10.19715/j.jmuzr.2023.06.05

[6] Wang, F. W., Wang, K. S., & Zhang, Z. R. (2024). Evaluation of navigation safety in offshore wind farms based on fuzzy
AHP-DEMATEL. China Navigation, 47(4), 19-27.

[7] Zhang, J. F., Xiong, M. L., Wu, X. H., & Others. (2024). Multi-objective optimization of offshore wind farm siting
considering navigation safety. Chinese Journal of Navigation, 47(4), 66—72.

[8] Rutkowski, G., & Kubacka, M. (2025). Navigational risk assessment in offshore wind farms using spatial ship domain
models. Applied Sciences, 15(12), 6943. https://doi.org/10.3390/app15126943

[9] Son, J. W., & Cho, S. I. (2024). Optimal maritime traffic width for passing offshore wind farms based on ship collision
probability. Ocean Engineering, 313, 119498. https://doi.org/10.1016/j.oceaneng.2024.119498

[10] Milin, V., Skoko, I., Leksi¢, 7., & Others. (2025). Navigational safety hazards posed by offshore wind farms: A
comprehensive literature review and bibliometric analysis. Journal of Marine Science and Engineering, 13(7), 1330.
https://doi.org/10.3390/jmse13071330

[11] Dong, T., Xu, H., Huang, H., & Others. (2026). Safety risk analysis and countermeasures for offshore wind turbine
installation operations. Hydropower and New Energy, 40(1), 67-71. https://doi.org/10.13622/j.cnki.cn42-1800/tv.1671-
3354.2026.01.014

[12] Zhu, W. S., Huang, Y. D., Lu, W., & Others. (2024). Risk assessment of lightning hazards in offshore wind farms based
on FAHP. Guangdong Meteorology, 46(1), 83-86+91.

[13] Huang, H., Zhang, Q., Xu, H., & Others. (2024). Risk identification and safety evaluation of offshore wind power
submarine cable construction. Journal of Marine Science and Engineering, 12(10), 1718. https://doi.org/10.3390/
jmsel2101718

[14] Kim, S., Nam, K., Lee, T., & Others. (2024). Development of a Korean offshore wind power HSE risk assessment
module based on systems engineering approach. International Journal of Naval Architecture and Ocean Engineering, 16,
100612. https://doi.org/10.1016/j.ijjnaoe.2024.100612

11



Journal of Advances in Engineering and Technology

Asia Pacific Science Press P
APSP Vol. 3 No.2 (2026)

Stability of Geogrid-Reinforced High-Fill Slopes: A Review of
Experimental and Numerical Advances

Tiantian Xiong">**, Nurazim Ibrahim'

1. Faculty of Engineering Science and Technology, Kuala Lumpur University of Science and Technology, Selangor 43000,
Malaysia

2. College of Urban Construction, Xi’an Siyuan University, Xi’an, 710038, China

3. School of Human Settlements and Civil Engineering, Xi’an Jiao Tong University, Xi’an, 710049, China

*Corresponding author: Tiantian Xiong, 2339243 11@s.klust.edu.my

Copyright: 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.

Abstract: Geogrid Reinforcement Technology is one of the most widely used slope stabilization techniques in modern
geotechnical engineering. In the following paper, the recent research achievements and development trends of geogrid
reinforcement technology will be systematically introduced from the perspective of four aspects: interface interaction
characteristics, strength properties of the reinforcement, numerical simulation and analysis, and long-term service
performance. Based on the existing 40 core publications in the related field, the following conclusions can be drawn: Firstly,
the study of interface characteristics has evolved from the analysis of the macro level to the exploration of anisotropy
characteristics, cyclic responses, and environmental degradation effects; however, there is still a big gap between the micro-
mechanisms and the macro-analysis; Secondly, the results of the triaxial test show that the main function of the geogrid is to
improve the cohesion of the soil; Thirdly, the problem of particle fragmentation in special soils, such as calcareous sand and
coral sand, has become a key point in the current study. (3) Numerical simulation methods have developed from traditional
macroscopic finite element analysis to FEM-DEM coupled multi-scale methods. The application of green reinforcement
materials and new structures has expanded the engineering application range of numerical simulations; (4) the study of long-
term performance has changed from empirical judgment to full-scale monitoring and data assimilation, while long-term
prediction models under coupled conditions of multiple fields still need improvement. This paper aims to identify the gaps of
current research and forecast the direction of future study based on a review of the current status of related research, which
can serve as a comprehensive reference for related studies.
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1. Introduction
1.1 Research Background and Importance

The geogrid reinforcement technology was invented in the late 1970s in accordance with the theory of reinforced soil
developed by French engineer Henri Vidal. It has been over four decades since the geogrid reinforcement technology was

invented and applied in the field. The geogrid reinforcement technology is now a very important technology in the field of
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geotechnical engineering. The geogrid reinforcement technology is very simple in principle. The geogrid reinforcement
technology is developed in accordance with the idea of placing geogrids in layers in the soil mass. By virtue of the frictional
force between the geogrid and the soil mass and the passive resistance of the transverse ribs, it is possible to improve the
overall tensile properties of the soil mass so that the soil mass and geogrids are combined in terms of their force-bearing
properties. The geogrid reinforcement technology has been widely used in various projects because it is convenient in use,
has low costs, and is environmentally friendly. With the continuous advancement of relevant research and the accumulation
of extensive engineering experience, the understanding of the reinforcement mechanism of geogrids has evolved from the
description of the macroscopic characteristics to the establishment of a systematic theory involving the coupling of multiple
scales and multiple fields. The current research on the reinforcement mechanism of geogrids can be generally divided into
three aspects. The first is the interface characteristics between the soil and the geogrids. This began with the dual mechanism
interface model proposed by Jewell and Milligan in 1989 !, which has since been extended to incorporate anisotropy ',

8,10

responses to cyclic loading ™', and environmental degradation ""'?. The second strand is the mechanical properties and

391 and triaxial tests """ that

testing methods in reinforced soil. This has mainly been achieved through direct shear tests |
have analyzed and determined the constitutive behavior of the mechanical properties of reinforced soil. The third strand is the
analytical methods used in the stability analysis of reinforced slopes. This has progressed from the limit equilibrium methods

29-30,32

that were first employed to the popular and recent finite element methods ' |, and then to the recent multi-field coupling

35-36

and multi-source assimilations ">/, with the overall analytical methods being refined and coupled with each other.

1.2 Research Objectives

A review of the core literature in this field has identified three critical scientific questions and research gaps. Firstly, there
is a lack of integration between the microscopic and macroscopic responses in interface property research. Although the
anisotropy of interface strength and the effects of factors such as normal stress and grid type on interface strength have been
identified in research, and even generalized equations for interface strength have been proposed ', the results have not been
effectively integrated into the overall analysis of slope stability. Numerical simulation results relevant to this field also show
that the interface constitutive models commonly used in the finite element method are too simple and are not effective in
reflecting the spatial and directional variations in interface strength.

Secondly, the research on the reinforcement of special soils is still in the phenomenological description stage and lacks
sufficient modeling. With the development of engineering projects into complex geological zones, the reinforcement of
special soils such as calcareous sand and coral sand has received increasing attention. Through the research carried out so

[16-18] Some

far, it has been found that particle fragmentation plays a very negative role in the reinforcement of special soils
scholars have studied the influence of the grid's aperture and tensile strength from the perspectives of macro and micro.
However, there is still no consensus on the method for quantifying the influence of particle fragmentation and incorporating
it into the actual design. Although the research carried out using 3D printing technology has investigated the corresponding
relationship between the aperture and the particle size, providing a new direction for the refined design *°.

Lastly, the study on the coupling of multiple fields and long-term performance has a deficiency in that there is "abundant
short-term testing but weak long-term predictive capability." Various studies have focused on the degradative influence of

factors like wet-dry cycles, freeze-thaw cycles ', moisture content, and compaction degree *!

on the interface properties.
In addition, some studies have drawn long-term performance laws based on full-scale monitoring results, while other studies
have carried out long-term behavior studies through numerical simulations based on creep and environmental factors.
However, there is still a lack of theoretical models for extrapolating short-term environmental impacts.

These research gaps have resulted in three engineering practice challenges related to the design of geogrid-reinforced slopes.
Firstly, the difficulty in utilizing the results of interface research lies in the fact that the results are difficult to transform into
engineering parameters. Secondly, the design of special soils is based on experience rather than theory. Thirdly, the lack of
long-term performance prediction capability makes it impossible to assess the safety reserves of the slopes during the service
period. Therefore, it is of great importance to organize the existing research results systematically, clarify the development

strategies, and identify the key scientific issues in order to promote the theory of reinforced soils and push the innovation of
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engineering applications.

Based on the above background, this paper reviews and synthesizes 40 typical studies on the stability of geogrid soil slopes
through the following structure: In Section II, the research on the characteristics of the soil-geogrid interface is discussed,
including the mechanisms, influencing factors, and patterns of special states; In Section III, the test results on the mechanical
properties of reinforced soil are presented, including direct shear tests, triaxial tests, and long-term tests; In Section IV, the
development and recent achievements in the stability analysis methods of reinforced soil slopes are analyzed; In Section V,

the research trends and suggestions on the future research direction are presented.

2. Study on Soil-Geogrid Interface Characteristics

2.1 Theoretical Basis and Testing Methods

The interface interaction of the soil with the geogrids represents the heart of the entire reinforcement technology, as well as
the most critical scientific problem associated with this technology. Already as early as the 1980s, fundamental work was
carried out by Jewell & Milligan . In this context, the study suggested a new approach to understanding the properties of the
geogrids as continuous structures consisting of an infinite number of units capable of carrying loads, with the reinforcement
effect of the geogrids being based on the properties of two types of resistance: friction resistance at the interface of the grid
with the soil, as well as passive resistance of the grid's transverse ribs against the soil, a so-called "dual mechanism model" of
understanding the principles of the interaction of the soil with the geogrids, which remains a fundamental theory until now.
Regarding the materials used, a systematic review was performed by Al-Barqawi and Shanableh in 2021 . In their study,
they focused on the analysis of the correlation between the properties of the materials used, design concepts, and structural
configurations of the geogrids made from different types of polymers, including PET, PP, HDPE, etc. It was clearly stated that
the type of used polymer, the method of production, and the form of the structure directly affect the mechanical properties
and lifespan of the geogrids. For example, biaxial geogrids can be used in bidirectional loading conditions, while uniaxial
geogrids are mainly used in reinforced earth retaining walls. Moreover, triaxial geogrids have the ability to provide isotropic
bearing capacity. These findings provide significant references for the selection and design of materials in engineering
applications. To explore the problems related to the interface, standardized test methods must be employed. Stacho et al.
carried out tests using the large-scale direct shear test method to obtain the characteristics of the soil-grid interface’s shear
strength, as well as the correlation between the test conditions and the test results . In the case of "asymmetric interfaces,"
i.e., when the soil properties on the two sides of the grid are different, Liu et al. carried out direct shear tests using the large-
scale direct shear test method . The test results show that the moisture content plays a significant role in the interface’s
strength when dealing with silty clay soils; the maximum value is achieved when the moisture content is optimal, and the
interface’s strength is increased with the compaction.

For the gravel-soil mixtures, Wang et al. found the following more specific quantitative patterns through the experiments they
carried out: when the normal stress is not higher than 30 kPa, the peak interfacial stress increases linearly with the compaction
degree; when the shear rate is 1.5 mm/min, the interfacial stress can reach its maximum value Bl In addition, they found the
following interesting phenomenon: with the increase in compaction, the "pseudo-cohesion" at the interface increases, and the
"pseudo-friction angle" decreases.

2.2 Interface Anisotropy and Generalized Strength Equation

Past interface strength tests were carried out along a single direction, while engineering loads are normally not aligned along
a single direction. To deal with this, a unique testing device was created, as presented by Zhang et al, which allows the direc-
tion of shear to be changed during a test. Shear tests were carried out on bidirectional and tridirectional geogrids at different
angles: 0°, 45°, and 90° ',

The results show a significant finding in the following way: under the same normal stress conditions, the interface’s shear
strength depends on the direction of the shear and thus directly confirms the high level of anisotropy in the interface between
the soil and the grid. Further analysis has shown that the anisotropy in the interface between bidirectional grids and the soil
is more significant than the anisotropy in the interface between the soil and the triaxial grids. Moreover, the size of the soil’s

particles plays an important role in this anisotropy.
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Udomchai et al. changed the focus of their research to recycled materials and carried out large-scale direct shear tests on the
interface characteristics between recycled asphalt pavement (RAP) and jute geogrids ”'. They identified the parameter D/
FD (where FD is the content of recycled particles less than the opening of the geogrid) as the main parameter governing
the interface strength and established the generalized interface strength equation as o = a(D/FD) + b. The constants in the
equation were found to be dependent only on the type of recycled material and not the type of geogrid material. The equation
can be used as a valuable tool in the design calculation for the use of recycled materials in pavement engineering.

2.3 Effects of Cyclic Loads and Environmental Factors

During the service life of the structure, the structure will inevitably be subjected to cyclic loading such as traffic loading and
seismic loading. The changes in the properties of the interface subject to cyclic loading have a direct influence on the long-
term stability of the structure. In the study by Jiang et al. the influence of the gradation of the soil on the dynamic shearing
properties at the interface between the coarse-grained soil and the geogrid was investigated through cyclic direct shearing
tests ¥, It was concluded that if the content of the coarse-grained soil is high, the shearing stiffness K increases with the
increase in the maximum particle diameter d max, while the damping ratio D decreases. Optimal results were obtained at a
ratio of 0.073.

In addition, Zhang et al. studied four-directional geogrids with regard to their cyclic shear behavior at the interface with sandy
soils . It is evident from the findings of this study that the peak interface strength is directly proportional to the increasing
normal stress and the displacement amplitude of the shear. Furthermore, it is evident that increasing the normal stress and
the displacement amplitude reduces the number of cycles to peak interface strength. In addition, Ferreira et al. studied the
interface between HDPE geogrids and residual soils, revealing different evolutionary patterns of the interface under cyclic
loading "',

Besides mechanical loading, environmental factors are also important considerations in the engineering design of cold regions
and areas with alternating wet and dry conditions. The effects of wet-dry cycles and freeze-thaw cycles were systematically
studied by Zhou et al. "', The results indicated that these two types of cyclic loading can cause the mechanical properties of
the geogrid material to deteriorate, which in turn affects the synergy between the soil and the geogrid material. In addition,
the deterioration becomes more severe with the number of cycles.

In the case of loess, which is widely distributed in China, Zhang conducted research on this material "', In this regard, it was
revealed from the experiments conducted by Zhang that when the moisture content does not exceed the plastic limit, a higher
moisture content results in a shift in the curve from a softening type to a hardening type in the shear stress-shear displacement
curve. At the same time, a significant reduction in cohesion and friction angle at the interface occurs. In regard to compaction
degree, when this degree reaches 90%, a significant increase in thickness in the zone of shearing occurs. Therefore, in
reinforced loess engineering, this degree preferably should not be lower than 90%.

2.4 Particle Morphology and Micromechanism

In recent years, the influence of the morphological properties of soil particles on interfacial shear properties has become
a popular topic in the field of academia. In the study carried out by Li et al., a comprehensive method of direct shear tests
and discrete element method simulations was used to investigate the influence of particle size and roundness of the gravel
particles on the interface of the gravel grid "

Their results were conclusive; the reinforced soil interface displayed its characteristic shear softening behavior. Peak and
residual shear stresses decreased by 15% to 16% as the particle roundness increased from 0.35 to 0.75. On the other hand, as
the particle size increased from 5 mm to 13 mm, the internal friction angle increased by 10.8%, and the apparent cohesion
increased significantly by 144%. At the micron-scale, they observed a unique "peanut-shaped" distribution of shear contact
forces, and the tangential contact forces displayed a "petal-shaped" distribution.

In a study by Wang et al., the researchers emphasized the content of fine grain materials by evaluating its impact on the

1 ", The findings showed that with increasing content of fine grain

shearing behavior of geogrid-reinforced gravelly soi
materials in the soil, its peak strength and shearing parameters initially increased and then decreased. At the same time, a

significant relationship was established in which a lower content of fine grain materials coupled with a normal stress led to
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higher shearing dilatancy at the interface.

3. Reinforced Soil Mechanics and Experimental Studies

3.1 Triaxial Tests and Strength Characteristics

Triaxial compression tests still represent the most fundamental and widely used approach for the study of the mechanical
properties of reinforced soils. In the study by Zakarka et al., the influence of density and the non-uniformity coefficient was
investigated on the mechanical properties of single-layer geogrid-reinforced sand and gravel soils through consolidated
drained triaxial tests !"”. From the results obtained in the study, it is evident that the pressure has a critical influence on the
effectiveness of the reinforcement process, with higher pressure resulting in the reduction of the effectiveness of the grid.
Moreover, the deviatoric stress values for the gravel soils are higher compared to the sandy soils. The strength parameters of
the soils have shown that the grid has the greatest influence on cohesion but results in a reduction in the friction angle in most
test conditions.

For the special fill material of calcareous gravelly sand, the results of triaxial tests conducted by Liu et al. are as follows:
the effectiveness of reinforcement in strengthening the soil is obvious, and the fragmentation of particles has a significant

U In the study of layered reinforcement, Cui et al. tested

negative influence on the strengthening effect of reinforcement
composite materials with the following components: geogrid, sand, and clay """ It is shown in the study that the layered
arrangement of reinforcement has a significant influence on the performance of composite materials. The advantages of
different materials can be fully utilized through the design of layered composite materials in a reasonable way.

With the improvement of experimental methods, 3D printing technology has also been used in the construction of geogrids.
Shi et al. used 3D printing technology to prepare triaxial geogrids, which were used to study the mechanical properties of
reinforced marine coral sand-clay mixture materials "'¥. It was found that smaller amounts of clay, more reinforcement layers,
and higher confining pressures significantly improved the mixture's strength and cohesion. In addition, a linear relationship
was found between the rate of particle breakage and fractal dimension.

From the numerical simulation point of view, Liu used the three-dimensional discrete element method to investigate
the macro-micro response of the reinforced coral sand subjected to high confining pressure ", It was observed that the
mechanical responses of the reinforced and unreinforced specimens showed significant differences at high confining pressure,
with the reinforced specimens displaying obvious hardening characteristics and suppressing the phenomenon of strain
softening and swelling deformation. In addition, Zakarkaa and Skuodis put forward a parameter calibration method for the
grid-reinforced soil model based on the triaxial test results and identified the sensitive parameters that provided parameter

support for the subsequent numerical simulation .

3.2 Large-Scale Triaxial Tests and Coarse-Grained Soils

For engineering practice, such as highway and railway embankments, reinforcement of coarse-grained soils is a common
practice. In this area, small-scale triaxial tests are no longer suitable, and the only method used in this area of research is the
large-scale triaxial test.

Liu et al. took three typical gravel soils from Xinjiang and carried out large-scale triaxial tests to study their reinforcing

t *!. The results showed that the internal friction of the soil did not change significantly before and after reinforcement,

effec
which means it remained constant. The increase in strength mainly resulted from the increase in cohesion between the
soil particles. Regarding volumetric strain, it decreased significantly with the increase in confining pressure for reinforced
gravelly soil. Moreover, with the increase in confining pressure, the difference in volumetric strain between reinforced and
unreinforced soil became greater.

An in-depth study on the behavior of the shear response of calcareous gravelly sand was carried out by Chen et al. **. The
study compared the results obtained through large-scale triaxial tests and discrete element simulations, which indicated that
the soil has stronger resistance to strain softening compared to calcareous coarse sand; however, it is also found that the soil is
prone to fragmentation. Regarding the reinforcement mechanism, it is found that the main mechanism of reinforcement using
geogrid is that it restricts the lateral movement of the soil, which is equivalent to the suppression of volumetric shear swelling

behavior of the soil, which in turn increases the peak value of the shear stress.
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3.3 Reinforcement of Clayey Soils and Special Soils

In recent years, studies on reinforcement using clayey soils as fill materials have gradually become a focus of academic
attention. In the study conducted by Wang et al., the authors carried out a systematic investigation of the mechanical
properties of clay soils reinforced with geogrids using triaxial tests and discrete element simulations . The results showed
that the peak strength and cohesion of the reinforced soil can be significantly enhanced with an increasing number of
reinforcement layers, whereas the effect on the internal friction angle is limited. Meanwhile, it is verified that the stress-
strain relationship of reinforced soil follows the classical Duncan-Zhang model. Through discrete element micromechanical
analysis, it is found that the reinforcement can reduce the fluctuation of soil porosity, significantly improve the interparticle
contacts, and densify the soil structure.

With regard to the reinforcement layers' influence, minor differences were noted depending on the soil type used. In their
study on microgrid-reinforced sandy soil, Teles Junior et al. noted that an increase in reinforcement layers significantly
increases the soil's strength parameters, even causing a change in the soil's stress-strain curve from strain softening to
strain hardening ¥, On the other hand, in their study on granitic residual soil, Deng et al. noted a "marginal effect" in the
reinforcement influence, whereby the reinforcement effect of the two layers was not in a simple linear relationship, and the
reinforcement effect of the second layer showed a diminishing trend ™. Nevertheless, the studies by both authors validate
an important fact: the fundamental principle governing geogrid reinforcement in soil is an increase in cohesion, thereby
justifying the quasi-cohesion increment formula.

3.4 Advanced Manufacturing Technologies and Novel Materials

Significant developments have been observed in the manufacturing domain, providing new means of conducting advanced
studies on geogrids through innovative means such as 3D printing. Oliveira and Falorca avoided the usage of existing pre-
fabricated grids by designing test specimens with different apertures and stiffness values through CAD and 3D printing . In
the study, the mechanical properties of two-layered soil consisting of a base layer of granite aggregate and a subgrade layer of
sandy soil were examined.

The results of their research produced a very pragmatic conclusion: the reinforcement effect is often optimal when the ratio of
the grid aperture and the median soil particle size is close to 1. Moreover, they found nonlinear characteristics of interfacial
load transfer, indicating that the optimal interfacial behavior is not necessarily dependent on the grid’s stiffness.

With regard to numerical model application, Zakarka et al. calibrated the hardened soil model parameters based on
experimental results obtained during a triaxial test *”. The study showed that specific values of the power index 'm' and the
unloading-reloading modulus 'Eur’ are required to improve the model's accuracy in matching experimental results, which has
important engineering implications.

3.5 Macro-Micro Correlation and Particle Fragmentation

To clarify the reinforcement mechanism, it is crucial to establish the link between the macro-mechanical response and micro-
particle behavior. Luo et al. specifically focused on this, using the discrete element method to extensively study the macro-
micro mechanical behavior of geogrid-reinforced calcareous sand under three-dimensional loading **.

The findings indicate that reducing the aperture size of the geogrid and increasing its tensile strength both enhance the macro-
mechanical properties of the reinforced body. At the microniveau, particle failure is primarily governed by shear strain and
confining pressure, while the confining effect of the grid partially suppresses soil swelling deformation. By examining the
interaction between granular particles and the grid, this study provides a clear explanation for the intrinsic source of strength
enhancement in reinforced soil, offering valuable microniveau insights for a deeper understanding of the reinforcement

mechanism.

4. Numerical Simulation and Engineering Applications

4.1 Macro-Scale Finite Element Analysis

Finite element analysis has become a crucial numerical tool in the design of reinforced soil structures. Sundaravel and
Dodagoudar employed the finite element method to analyze the performance of reinforced soil retaining walls, comparing

and evaluating the applicability of different constitutive models such as Mohr-Coulomb and hardening soil models *”. This
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provides a reference basis for subsequent numerical simulations of reinforced soil structures.

Samal et al. performed static stability analysis on bamboo grid-reinforced slopes using MIDAS GTS NX finite element
software, exploring the feasibility of applying such green reinforcement materials in slope stabilization projects **. Onur
et al. also employed the finite element method to investigate the enhancement of overall slope stability through geogrid
reinforcement, conducting a quantitative analysis of the relationship between reinforcement parameters and safety factors '
Systematic research on the reinforcement mechanism and design methods for the tension type of reinforced earth retaining
walls has been carried out by Sun et al. ®*. The structural responses of the geotextile strips and the geogrids as the reinforce-
ment materials were compared in the research carried out by Sun et al. The results show that the tension type of reinforced
retaining walls can reduce the vertical stresses in the walls and the earth pressures on the wall panels.

In the control of the horizontal deformation of the walls, the wrapped geogrids are found to be more effective compared to
the geotextiles. However, in terms of safety, deformation, cost, and difficulty in the construction, the economic efficiency and
simplicity in the construction process of the walls using the geotextiles are more effective. Xu et al. carried out the analysis
on the displacement characteristics of reinforced earth retaining walls with super-high fill slopes subjected to the loads from
the structures on the crest using the FLAC3D software ™’ The analysis resulted in the findings on the significant differential
settlement in the wall and the slope behind the wall. This would be highly useful in the layout and designing of the structures
on the crest. Yoo et al. carried out the research on the reinforcement efficiency of the geogrid-reinforced slopes using the finite
element analysis method **. They validated the reliability of the model using the field measurement data.

4.2 Multi-Scale and Multi-Field Coupled Analysis

Computational advancements have allowed for multi-scale simulations, which can perform cross-scale studies from
microscopic interfaces to macroscopic structures. Zhao et al. carried out multi-scale numerical simulations using a coupled
finite element and discrete element approach for the analysis of reinforced soils using geogrids, and the intrinsic mechanisms
of reinforcement were studied at the mesoscopic scale . It can thus be shown that multi-scale models can simulate the mac-
ro-micro coupling in reinforced soils quite well. Reinforcement of soils can modify the internal force chains and anisotropy of
particle contacts in soils, and these are the microscopic mechanisms for the macroscopic strength of reinforced soils.
Multiphysics coupling analysis is also a research hotspot in this area. Ng et al. carried out a research on the response charac-
teristics of unsaturated soil-reinforced slopes under hydraulic-mechanical coupling conditions through numerical analysis and
centrifuge tests P°. It is found that the hydraulic coupling has a great effect on the stability of the unsaturated reinforced slope
under rainfall conditions; the reinforcement measures can well control the problems of deformation under the condition of
suction loss; and the results of the centrifuge tests verify the rationality and reliability of the numerical model.

4.3 Long-Term Performance and Field Monitoring

Long-term performance studies are of great importance in the development of a solid base for the achievement of full-
life-cycle design of reinforced soil structures. Bathurst and Allen discussed the long-term performance characteristics of
geosynthetic-reinforced retaining walls and slopes based on field monitoring results of full-scale structures, with a focus on
the importance of rational design and construction quality for long-term structural stability of reinforced soil structures "',
Abdi and Zandieh studied the long-term mechanical performance of reinforced soil structures subjected to combined material
creep and environmental effects through numerical simulations and proposed relevant long-term performance prediction
methods ",

Gaur et al. carried out a comparison of the characteristics of the pull-out resistance of various geogrids through the integration
of the results of the field pull-out tests and numerical simulation ®”. It has been found that the M65 geotextile strips show
20% higher initial pull-out strength in sandy soils compared to the biaxial geogrids. However, the ultimate pull-out strength
is found to be 8% less in the M65 geotextile strips. It has been found that the geotextile strips are more appropriate for use in
the construction of low-grade roads and other backfill works, while the geogrids show more advantages in the construction of
high-grade roads.

Gor et al. studied the improvement in the stability of the slope through the use of geogrid reinforcement by model tests and

. . [40
numerical analysis *.
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4.4 Engineering Application Cases

The applicable theoretical and experimental results have been used in various engineering practices. To illustrate, Reference !
carried out optimization of essential design parameters of tension-reinforced retaining walls in soil, based on the UAE’s heavy
haul double track high-speed railway project. Reference °* performed displacement analysis of super-high embankment

B9 carried out in-

slopes with building loads at the crest, which was used as a basis for choosing a building site. Reference
situ pull-out tests of the NH148B National Highway project in India, verifying the applicability of reinforced solutions with
geotextile.

Collectively, the engineering examples show that the theoretical results of laboratory testing, numerical simulation, and
theoretical analysis are gradually transforming from theoretical study into engineering practice, offering strong backing for

the advancement of reinforced soil technology.

5. Conclusions

This paper focuses on the stability of geogrid-reinforced earth slopes. By systematically summarizing and synthesizing
40 core papers, the recent research achievements, existing difficulties, and development directions in the future can be
comprehensively outlined as follows:

(1) Research on the characteristics of the interface between soils and geogrids has formed a comprehensive research
framework. This framework includes the theoretical basis, the development of test methods, the exploration of characteristic
laws, and the in-depth study of the micro-mechanisms. In addition, the academic community has gained a relatively clear
understanding of the influence of factors such as interface anisotropy, cyclic response, environmental degradation effects, and
particle morphology on the interface. However, the key difficulty lies in the fact that these advanced micro-mechanisms have
not been effectively integrated into the analysis framework at the macro-level.

(2) The research on the strength characteristics of reinforcing elements has shown a clear path of extension in the following
aspects: expanding from ordinary soils to special soils while incorporating advanced technologies to build connections
between the macro and micro scales. A large number of triaxial test results have confirmed the basic mechanism of the
reinforcement effect on the strength characteristics of soils—increasing cohesion. At the same time, the particle fragmentation
characteristics in special soils such as calcareous sand and coral sand are hot research fields. It is noteworthy that the
application of 3D printing technology has provided a new means for improving the research on the parameters such as grid
size and stiffness.

(3) Numerical simulation techniques are progressing rapidly. Analytical techniques have developed from traditional macro-
scale finite element analysis to FEM-DEM multiscale coupling and hydromechanical multiphysics coupling analysis. At the
engineering application level, the emergence of green materials such as bamboo grids and new engineering structures such
as tension-supported retaining walls has greatly increased the engineering applicability of reinforcement technology. The use
of field monitoring combined with data assimilation techniques has greatly improved the reliability of numerical simulation
models.

(4) In the aspect of the study on the long-term performance, the industry has gradually shifted its focus from the traditional
empirical estimations to the full-scale monitoring and data assimilation methods. Nevertheless, the prediction models that
can take into account the effects of multi-field coupling in the long-term performance analysis have not yet been developed.
Besides, the studies on the pull-out resistance and the long-term durability of new types of reinforcement materials, such as
geotextile tapes, are still in the primary stage and need to be further explored.

(5) Considering the present research status and existing gaps, the following four aspects are the direction for the future
research: Firstly, the establishment of theoretical models with accurate micro-macro correlations; secondly, the promotion
and establishment of the design theory for the reinforcement of certain soils; thirdly, the establishment of a science-based
method for predicting the service performance; and fourthly, the promotion and development of the research and engineering
applications of green reinforcement materials so as to provide theoretical guidance for the development of geogrid

reinforcement technology.

19



Journal of Advances in Engineering and Technology Vol. 3 No. 2 (2026)

Funding
This work was supported by the Xi’an Si yuan University President’s Fund Research Project (Project No. XASYB24ZHDO5).
Investor: Xi'an Siyuan University, Investment Amount: 60,000 RMB.

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference

[1] Jewell, R.A., & Milligan, G.W.E. (1989). Interaction between soil and geogrids. Proceedings of the 12th International
Conference on Soil Mechanics and Foundation Engineering, Vol. 2, pp. 1419-1422.

[2] Al-Barqawi, M., & Shanableh, A. (2021). Polymer geogrids: A review of material, design and structure (PET, PP, and
HDPE geogrids). Polymers, 13(16), 8399111.

[3] Stacho, J., Sulovska, M., & Slavik, I. (2020). Determining the shear strength properties of a soil-geogrid interface using a
large-scale direct shear test apparatus. Periodica Polytechnica Civil Engineering, 64(4), 989-998.

[4] Liu, K., Zhang, L., Wang, X., & Zhao, Y. (2019). Large-scale direct shear tests on soil-geogrid interface behavior.
Chinese Journal of Geotechnical Engineering, 41(4), 185-196.

[5] Wang, J., Qi, H., Huang, S., & Tang, Y. (2022). Large-scale direct shear test study of interface interaction between
geogrid and gravelly soil mixture. Hydrogeology and Engineering Geology, 49(4), 81-90.

[6] Zhang, J., Liu, Q., & Wang, Z. (2021). Anisotropic shear behavior of soil-geogrid interfaces. Applied Sciences, 11(23),
11387.

[7] Udomchai, W., Arulrajah, A., Rahman, M.A., et al. (2021). Generalized interface shear strength equation for recycled
materials reinforced with geogrids. Sustainability, 13(16), 9446.

[8] Jiang, M.J., Shi, J.Y., Li, S.Y., Hu, R.F., & Mei, G.X. (2024). Experimental study on the influence of gradation on cyclic shear
characteristics of coarse-grained soil-geogrid interface. Water Resources and Hydropower Engineering, 55(3), 162—172.

[9] Zhang, M., Ruan, X., & Jiang, L. (2024). Experimental study on cyclic shear performance of the four-way geogrid
reinforcement—soil interface. Applied Sciences, 14(4), 1373.

[10] Ferreira, F.B.F., Vieira, C.S.D.L., & Queiros, P.G.M. (2023). Effects of cyclic loading on soil-geogrid interaction
characteristics. In Soil-Geogrid Interaction under Cyclic and Post-Cyclic Pullout Loading Conditions. University of
Porto Repository.

[11] Zhou, Y., Guo, L., & Wang, Y. (2020). Effects of wetting—drying and freeze—thaw cycles on the tensile properties of
geogrids and soil-geogrid interface behavior. Geotextiles and Geomembranes, 48(6), 823—835.

[12] Zhang, W. (2025). Study on shear mechanical properties of loess-geogrid interface. Chinese Journal of Applied
Mechanics. ChinaXiv:202512.00076.

[13] Li, J., Liu, F., Gao, C., & Jin, Y. (2025). Test and DEM study on the influence of particle morphology on the shear
characteristics of the reinforcement—soil interface. Science Press.

[14] Wang, J., Lin, H., Tang, Y., & Tang, Y. (2025). Effect of fine particle content on shear characteristics of geogrid-
reinforced gravelly soil. Hydrogeology & Engineering Geology, 52(4), 264-272.

[15] Zakarka, M., Skuodis, S., et al. (2023). Triaxial test of coarse-grained soils reinforced with geogrids. Applied Sciences,
13(22), 12480.

[16] Liu, J., Zhang, H., & Wang, Y. (2024). Study on the shear and deformation characteristics of geogrid-reinforced
calcareous gravelly sand via triaxial tests. Frontiers in Earth Science, 12, 1287718.

[17] Cui, L., Ma, T., & Xue, J. (2021). Analysis of layered geogrids—sand—clay reinforced composites under triaxial
compression tests. Applied Sciences, 11(21), 9952.

[18] Shi, D., Xu, K., Chao, Z., Cui, P., & Zheng, J. (2025). Experimental study on mechanical properties of triaxial geogrid-
reinforced marine coral sand-clay mixtures based on 3D printing technology. SSRN.

[19] Liu, L. (2024). Effect of high stress levels on the shear behavior of geosynthetic-reinforced coral sand under triaxial

20



Journal of Advances in Engineering and Technology Vol. 3 No. 2 (2026)

conditions. Journal of Marine Geomechanics, 12(11), 2081.

[20] Zakarkaa, M., & Skuodis, S. (2024). Geogrid reinforced soil model calibration based on triaxial compression tests and
numerical simulation. ISSMGE Conference Paper.

[21] Liu, J., Pan, J., Wang, B., Hu, C., & Liu, Q. (2024). Study on the shear and deformation characteristics of geogrid-
reinforced gravelly soils based on large-scale triaxial tests. Frontiers in Earth Science, 12, 1287718.

[22] Chen, J.F., Bao, N., Ma, C., & Sun, R. (2024). Triaxial behavior of unreinforced and geogrid-reinforced calcarcous
gravelly sand: Experiment and discrete element modelling. Construction and Building Materials, 430, 136405.

[23] Wang, X., Hu, Q., Liu, Y., & Tao, G. (2024). Triaxial test and discrete element numerical simulation of geogrid-
reinforced clay soil. Buildings, 14(5), 1422.

[24] Teles Junior, R.C.B., Soares, A.B., & Aguiar, M.F.P. (2025). Drained tests on sandy soils reinforced with microgrids.
Soils & Rocks, 48(1), €2025003222.

[25] Deng, X.W., Duan, W.J., Yang, X.Q., & Zhu, Z.Y. (2024). Testing and mechanism analyses on the shear strength
characteristics of reinforced granite residual soil. Science Technology and Engineering, 24(22), 9535-9546. https://doi.
org/10.12404/j.issn.1671-1815.2306170.

[26] Oliveira, G.M., & Falorca, LM.C.F.G. (2025). Evaluation of two-layered soils reinforced with 3D printed geogrid
models under axisymmetric loading conditions. Geotextiles and Geomembranes, 53(3), 798-810.

[27] Zakarka, M., Skuodis, S., & Kuhlmann, J. (2024). Geogrid reinforced soil model calibration based on laboratory testing.
Proceedings of the 28th European Young Geotechnical Engineers Conference (EYGEC 2024), pp. 343-350.

[28] Luo, Z.G., Ding, X.M., Ou, Q., & Lu, Y.W. (2024). Macro-microscopic mechanical behavior of geogrid reinforced
calcareous sand subjected to triaxial loads: Effects of aperture size and tensile resistance. Geotextiles and
Geomembranes, 52(3), 456—472.

[29] Sundaravel, V., & Dodagoudar, G.R. (2024). Finite element analysis of reinforced earth retaining structures: Material
models and performance assessment. Indian Geotechnical Journal.

[30] Samal, R.N.S.D., Sahoo, S., & Badavath, N. (2023). Static stability analysis of bamboo grid-reinforced slopes using
finite element method (MIDAS GTS NX). Engineering Research Express, 5(4), 045073.

[31] Onur, E., Keskin, M.E., & Laman, M. (2016). Effect of geogrid inclusion on slope stability using finite element analysis.
Proceedings of the International Conference on Interdisciplinary Research, Valencia, Spain.

[32] Sun, S.X., Yang, G.Q., Ma, T.M., Li, X.J., & Gao, P.L. (2025). Numerical simulation study on structural behavior of
opposite-pull reinforced earth retaining walls. Journal of Jilin Jianzhu University, 42(1), 51-59.

[33] Xu, J.C., Wang, Y.S., Zheng, J.H., Shen, M.L., & Jiang, T. (2025). Displacement characteristics of reinforced earth
retaining wall slopes under building loads on slope top. Hans Journal of Civil Engineering, 14(1), 208-216.

[34] Yoo, S.E., Kim, S.Y., Jung, Y.J., Jeon, H.Y., & Ko, E.H. (2024). Numerical analysis of geogrid effects on geogrid-
reinforced slope. Journal of the Korean Geosynthetics Society, 23(2), 45-53.

[35] Zhao, J., Zhang, F., & Liu, J. (2023). Multi-scale modeling of geogrid-reinforced soils using coupled FEM-DEM
approaches. Acta Geotechnica, 18(6), 2451-2465.

[36] Ng, C.W.W., Zhou, C., & Liu, H. (2022). Coupled hydro-mechanical behaviour of unsaturated soil slopes reinforced
with geogrids: Numerical analysis and centrifuge validation. Computers and Geotechnics, 145, 104679.

[37] Bathurst, R.J., & Allen, T.M. (2022). Long-term performance of geosynthetic-reinforced soil walls and slopes: Lessons
from full-scale monitoring. Geotextiles and Geomembranes, 50(6), 1152—1170.

[38] Abdi, M.R., & Zandieh, A.R. (2017). Numerical modelling of long-term behaviour of geosynthetic-reinforced soil
structures considering creep and environmental effects. Computers and Geotechnics, 90, 125-137.

[39] Gaur, K., et al. (2025). A comparative study of pullout strength of geostraps and implications for long-term durability.
Applied Sciences, 15(14), 7715.

[40] Gor, M., Taher, N.R., Aksoy, H.S., & Awlla, H.A. (2022). Effect of geogrid inclusion on slope stability. Proceedings of

the 5th International Conference on Interdisciplinary Scientific Research.

21



Journal of Advances in Engineering and Technology

Asia Pacific Science Press P
APSP Vol. 3 No.2 (2026)

Automatic Modulation Classification using Residual
Connection and Bottle-neck Transformers with Trend-aware
Self-Attention

Geng Wang"*, Luming Li’, Xin Chen"”

1. Beijing Institute of Satellite Information Engineering, Beijing, 100095, China

2. Beijing Institute of Spacecraft System Engineering, Beijing, 100094, China

3. State Key Laboratory of Space Information System and Integrated Application, Beijing, 100095, China

*Corresponding author: Geng Wang, wg312wg@gmail.com

Copyright: 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.
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modulation pattern classification. The DSC (Depthwise Separable Convolution) used in the model can significantly reduce
the model parameters. The introduced time trend-aware self-attention mechanism can eliminate the influence of abnormal
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1. Introduction

1.1 Research Background and Importance

In modern wireless communication systems, Automatic Modulation Classification (AMC) is one of the core technologies for
signal demodulation and identification. Widely used in spectrum monitoring'”, electronic countermeasures, MIMO systems'”,
Internet of Things (IoT)"”, next-generation 6G networks® and other fields. The goal is to quickly and accurately identify
the modulation mode of the signal by analyzing the time-frequency characteristics of the received signal, thus laying the
foundation for sub-sequent signal demodulation and information extraction. However, as the communi-cation environment
becomes increasingly complex (for example, due to multi-path fading and non-Gaussian noise interference'™), traditional
AMC methods that are based on manual feature extraction (for example, high-order statistics'®, constellation diagram
analysis"” and wavelet transform'®, etc.) are faced with problems relating to insufficient feature robustness and limited
generalization capability. The performance is shown to be especially susceptible to significant degradation when the signal-to-

. P 9
noise ratio is at a low level™.
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In the past few years, deep learning has become a novel approach to the challenges of AMC. O’Shea et al."” pioneered the
application of convolutional neural networks (CNN) to the AMC task, attaining an 89% accuracy rate for 12 modulation
types. This study sub-stantiated the efficacy of CNN in facilitating local feature extraction. Subsequently, the re-searchers
mitigated the gradient vanishing problem of deep networks and improved training stability by introducing residual
connectivity (ResNet) for modulated signal iden-tification'". However, conventional CNN face challenges in modeling the
long-range temporal dependence of signals and exhibit sensitivity to local noise. To address these limitations, Zhou F et
al.'”” Zhang put forward a proposal for a CNN-LSTM network modulation identification scheme. This method combines the
advantages of CNN and LSTM networks, using the periodic characteristics of modulated signals and employing a recurrent
network to capture timing information. This approach significantly enhances the identification accuracy of signals in complex
electromagnetic environments. Hamza et al.""” designs a bidirectional long short-term memory (BiLSTM) model to classify
signals with different digital modulations.

This paper proposes a novel network architecture that fuses residual connected depth-separable convolution with a trend-
aware self-attention mechanism. This architec-ture is referred to as ResDBoTTA (Residual DSC Bottleneck Transformers
with Trend-aware Attention) AMC Network. It utilizes residual-connected deep separable con-volution (DSC) "* to enhance
the practicality of deployment on industrial devices, and introduces a trend-aware self-attention mechanism and global
deep convolutional feature reconstruction. The network gives us fresh perspectives on AMC systems that have excel-lent
modulation recognition capabilities, strong stability and minimal computation. The major contributions of this work include
the following:

A Depth separable convolution residual block (DSC residual block) is applied. This type of block addresses the gradient
vanishing problem by employing jump connec-tion, and it reduces the computational complexity by integrating Depthwise
Separa-ble Convolution (DSC) to facilitate efficient multi-scale feature extraction.

A time trend-aware multi-head self-attention mechanism (MHSA-TA) was intro-duced. The one-dimensional causal
convolution was incorporated into the mul-ti-head self-attention (MHSA) module in BOT, thereby establishing a novel
MHSA-TA module. This module employs local context information to discern the temporal trend of the signal, suppress noise
interference on attention weights, and augment the model’s noise-resistance.

Feature reconstruction using global deep convolution (GDConv) is proposed: instead of GPA, we use the GDConv module to
spatially reconstruct the feature map through global deep convolution. This approach enables the adaptive learning of feature
im-portance at varying locations, thereby enhancing the classification accuracy.

The proposed ResDBoTTA will be validated by evaluating its performance on the publicly available RadioML2016.10a and
RadioML2018a dataset. The experimental results demonstrate that ResDBoTTA exhibits a high level of performance in these
two datasets, achieving classification accuracies of 93.23% and 97.43% at a 12 dB signal-to-noise ratio. These results indicate
that ResDBoTTA significantly surpasses the performance of existing methods. The ablation experiments further validate the

advantages of the temporal trend-aware attention mechanism and GDConv.

2. Related Works

This section reviews early AMC methods and further reviews the recent research of AMC.

2.1 Traditional AMC methods

Most of the early AMR methods for electromagnetic signals are designed for Gaussi-an noise channels, and they are
mainly based on the likelihood based (LB) modulation identification method. The LB algorithm optimizes the model
identification accuracy ac-cording to the likelihood functions of different modulated signals (e.g., mixed likelihood ratio,

[ "and it can be consid-ered that the LB algorithm ensures that the

average likelihood ratio!"”, generalized likelihood ratio
modulation identification results can get the optimal value under the Bayes” minimum misclassification cost criterion. It can
be con-sidered that the LB algorithm ensures that the modulation identification result can get the optimal value under the
Bayes minimum error cost criterion, but when there are more types of modulation signals, it directly leads to the increase
of computational complexity of the algorithm, and it is sensitive to the mismatch of the model and the parameter devia-

tion. With the advancement of technology, feature based (FB) modulation recognition methods have gradually become the
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mainstream. FB algorithms have low computational complexity and can achieve better recognition results through reasonable
design of feature extraction. Feature based recognition algorithms generally include feature extraction and classification
network, and many researchers have studied various types of features for extraction, including high-er-order cumulative
quantities (HOC)"”, cyclic smoothness features!", approximate entropy!”, etc., and the feature extraction algorithms can be
used in a variety of ways. However, in the case of identification and classification of mul-tiple types of modulated signals,
the above methods generally suffer from the problems of cumbersome manual feature extraction and high computational
complexity, and their recognition effect is poor in low signal-to-noise ratio environments.

2.2 Recent AMC Method Based on Deep Learning

After CNN and LSTM, the Transformer™ model has been shown to further en-hance feature modeling capability by
capturing long-range dependencies through the Self-Attention mechanism (Self-Attention). Srinivas A et al.”" initially
proposed BoTNet (Bottleneck Transformer), a fusion network of CNN and Attention. This network replaces the 3x3
convolution operation in the middle of the Bottleneck layer, as implemented in ResNet50, with Multi-Head Self-Attention.
This modification serves to reduce the amount of parameters by reducing the number of feature map channels in the middle
layer. S. Lin et al.”” proposed a spectral CNN model built on the AMC Time-Frequency Attention mechanism to correlate
the time and frequency domains of the signal. W. Zhang et al.””! proposed an AMC model based on CNN and Spatial Self-

1 used multi-head at-tention

Attention mechanism to en-hance the connection between channel and space. Liang Z et al.!
in combination with CNNS to facilitate modulation recognition, thereby capturing the relationship between IQ signals. M
Qi et al.” increases the amplitude and phase characteristics of the signal while using the IQ signal. Y. Feng et al.”* added
the Gramian angular field as a third feature input in addition to the two IQ signals used for AMC. Zhang et al.””’ combine
CNN with Transformer and performed a sliding window process to fuse the IQ information prior to signal input. R. Duan et
al.” used multi-modal inputs such as constellation diagrams to improve accuracy at high SNRs, and used only IQ signals at

29]

low SNRs to ensure accuracy. Z. Luo et al.”” utilized a combination of CNN, LSTM and transformer algorithms to achieve

optimal outcomes by employing mul-timodal input signals. W. Kong et al.”>”

used the Transformer for self-supervised pre-
training, after fine-tuning using a small number of labeled signal samples to accom-plish AMC.

In general, CNN Self-Attention Mechanism models have achieved good performance for AMC. Nonetheless, these
methodologies continue to exhibit deficiencies. BoTNet solves the problem of gradient vanishing during feature extraction
in deep networks, but the model parameter scale remains a potential area for enhancement. Moreover, the tradition-al multi-
head self-attention mechanism is sensitive to noise, and is prone to erroneous al-location of attention weights under outliers or

local disturbances, thus reducing model robustness.

3. Signal Model and Proposed Model

3.1 Signal Model

In this part, the signal model for automatic modulation classification is shown. In wireless communication systems, the
received signal is usually affected by multipath fading, noise interference, and nonlinear distortion. Assume that the received
signal passes through an additive Gaussian white noise (AWGN) channel, its baseband equivalent signal model can be

described as:

y(®) =h(®) *s(t) + n(®) (1)

where s(t) is the transmitted modulated signal, h(t) is the channel impulse response, n(t) is the noise obeying the complex
Gaussian distribution CV(0, 6%) , and 42 is the noise power.
For discrete sampled signals, assume a symbol rate of B. The sampling interval is T; = 1/B and the received signal can be

expressed as:
L-1
yln) = )" hiklsfn — k] +nfn] @)
k=0

where L is the channel memory length. The mathematical form of the modulated signal s[n] depends on the modulation
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method. Take the example of common modulation types:
PSK (Phase Shift Keying):

s[n] = e/Cm/M+é0) m € {0,1,...,M — 1} 3)
QAM (Quadrature Amplitude Modulation):
s[n] = a,, + jbn, 4
(am, by) is the coordinates of the constellation points.
FSK (Frequency Shift Keying):
S[Tl] — ejanmnTs (5)

fi, is the discrete frequency point.
The datasets signal format used in the experiments is 1/Q signals. The objective of modulation identification is to predict the
kind of s[n] based on the received 1Q signal.
3.2 ResDBOTTA model structure
The ResDBoTTA model proposed in this paper consists of the following three main modules: a feature extraction module
using deep separable convolution with residual concatenation and a multi-head self-attention mechanism based on temporal
trend sensing, a feature reconstruction module using a global deep convolution algorithm, and a classification module. The
specific structure is shown in Figure 1.

Figure 1: The structure of ResDBOTTA model
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3.3 Feature Extraction Layers
3.3.1 Residual Connected DSC Block

The jump connection method of residual network species can not only solve the problem of gradient vanishing, but also

improve the network performance. The ResDBoTTA proposed in this paper designs a DSC residual block by introducing the
jump connection method while using DSC instead of ordinary convolution. In order to extract the features of the signal, we
first go through a linear convolution, then through two DSC residuals in parallel, and finally through a maximum pooling
operation. Fig. 2 shows their structure.

The DSC operation process is comprised of two steps. Initially, the deep convolutional layer performs the convolutional
operation on each channel of the input individually. Subsequently, the dot convolutional layer fuses all the channels. The
operation of the deep convolutional layer is shown in Fig. 2. The deep convolution kernels are single-channel, and that the
number of kernels is equal to the inputs. The height and width are still 5x5. The point convolution layer is characterized by a
convolution kernel height and width of 1 standard convolution layer, a single convolution kernel size of 1x1x3, and a single
point convolution kernel operation of the input and the output in the height and width of the dimension of the same, but the
output into a single channel of the form of 8x8x1, as illustrated in Figure 2.

3.3.2 Time trend-aware multi-head self-attention mechanism

The conventional self-attention mechanism calculates the similarity between the query and the key by point-by-point (point-
wise) without leveraging contextual information. In the event that the observation at a given time step is an outlier, it will
incorrectly match the relevant points. This results in an inaccurate weight assignment for self-attention. As illustrated in the
left panel of Fig. 3, point A is incorrectly matched with point B, rather than being matched with the more similar point C. In

this study, we propose a temporal trend-aware attention mechanism (MHSA-TA) to extract the local context information of
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each node so that each node has the ability to perceive the context, and then construct an attention matrix by capturing the
local trend. The proposed MHSA-TA model contributes to more accurate predictions and is more stable than the traditional
attention mechanism.

Figure 2: DSC residual block and DSC operation
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Figure 3: Conventional self-attention (left) and time-trend-aware attention (right)

The ResDBoTTA network employs a temporal trend-aware multi-head based self-attention mechanism module in the
last residual block, replacing the conventional convolution operation. This modification enhances the modulation pattern
recognition anti-noise capability, thereby functioning as a signal smoothing filter. The module has been shown to increase
the robustness of the model in the face of noise and disturbances by reducing its sensitivity to outliers or extreme values.
Furthermore, the module has been shown to reduce the mis allocation of weights and improve the generalization of the
model over unknown data. In modulation recognition, time-trending self-attention ensures that the model maintains a high
recognition accuracy even in the presence of poor signal quality.

MHSA-TA is a variant of MHSA that replaces the query and key projection operations in MHSA with 1D convolution, as
shown in Fig. 4. The use of convolution here allows the contextual relationships of the time domain signals to be extracted as
inputs to the MHSA, enabling our model to capture trends hidden in the time data series and to ignore anomalous changes.
The definition of MHSA-TA is as follows.

For an input X ¢ RNXTXC, where N represents the number of sequences, T denotes the sequence length, and C is the number
of channels. The context relationship is captured by two 1D causal convolution of 1 X k. These layers generate the query Q
and key K representations. Additionally, a separate 1 X 1 convolution layer is employed to generate the value V.

Q € RN*T™*C = Conv,,(X)
K € RNTXC = Conv, i (X) (6)
V € RVTXC = Conv, (X)

The matrix of Q, K, V is reshaped by the reshape operation to obtain a representation in the form of multi-head attention:
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Q € RVxTxd — reshape(Q)
K € RV*xTxd = reshape(K) (7
V € RV*xTxd = reshape(V)

Figure 4: The multi-head attention structure (a) and Time trend-aware multi-head self-attention structure (b)
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Then, the attention matrix is computed in a localized contextual and normalized by softmax:

KT

A € RVWXTXT = goftmax (Q—> (8)
Vi

where £ represents the number of attention heads, d represents the number of channels per attention head, and C = h X d.

Finally, V is weighted and summed and restored to the same shape as the input:

Y € RVXhxTxd — A .y
9

Y € RV*T*C = reshape(Y)
Y € RNXTXC is the output of the MHSA-TA.
3.4 Feature Reconstruction
After DSC operation, in the feature reconstruction part, ResDBoTTA proposes to utilize GDConv operation to learn the
importance of features at different locations, after which the classification ability of reconstructed features is enhanced
by ReLU activation function and bias term. The global deep convolutional layer is a deep convolutional layer with a
convolutional kernel dimension equal to the size of the input feature map. The output of the global deep convolutional layer

can be expressed as:

Gm = OReLy Z Ri,j,m : Fi,j,m + by, (10)
LJ

In Eq. (10) F is the feature map (Last Feature Map, LFM) with size W x H x M; K is a global deep convolution kernel with
size W x H x M; b is the bias term; G is the output classification feature vector of size | x 1 x M; (1,]) denotes the spatial
location index; m denotes the channel index. Looking further, the size of the global deep convolution kernel K is equal to the
size of F in the input LFM, The feature reconstruction operation occurs between the channels corresponding to § and F. For
a particular channel m, the values of K, and F,, at the same position (i, j) are first multiplied, then all dot product results are
summed plus a bias term by, and finally a classification feature is obtained by the output of the ReLU activation function.
Adding an FC layer activated by Softmax (normalized exponential function) after feature reconstruction transforms the

predictions into probabilistic outputs.
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3.5 ResDBOTTA model parameters
ResDBOTTA is implemented based on three parts: the DSC residual block, the MHSA module and the global deep

convolutional feature reconstruction module. The specific configuration of the network is shown in Table 1. Four DSC
residual blocks are deployed in the feature extraction part, the MHSA module is utilized in the fourth DSC residual block
instead of the original convolution. The residual units are convolved and passed through the MHSA module before being
summed up, and finally go through the maximum pooling. A layer of standard convolution is deployed at the front and back
of the four DSC residual blocks. The first two DSC residual blocks are designed with 32 convolution kernels to decrease both
the parameter count and computational load. And in order to enhance the feature dimension and extract sufficient information
from the current input for feature extraction, the number of convolution kernels in the first standard convolutional layer and
the last two DSC residual blocks are both designed to be 64, i.c., from 32 classes of features to 64 classes of features.

Table 1: ResDBoTTA parameter configuration

Network layer Output dimension function
Input 2x1024x1 --
First Conv 2x5 ReLU 1x1024x64 Feature Extraction
DSC Residual Block 1x512%32
DSC Residual Block 1x256%32
DSC Residual Block 1x128x64 Feature Extraction
DSC MHSA-TA Block 1x64x64
Conv 1x1 Linear 1x16x64
GDConv 1x16 ReLU 1x64 Feature Reconstruction
FC Softmax 24 Classifications

The loss function uses the categorical cross-entropy loss function categorical crossentropy that works better with Softmax for

classification tasks, and its definition can be expressed as:
output

Loss =— Z y; - log y; (11)

i=1
From Eq. (11), we can see that the result is 0 when y; is 0 and the correct result output exists when and only when y; is 1. This
loss function is mainly used for comparing the two probability distributions, and in the back side it is connected to Softmax
to rescale the model output so that it has the correct attributes, and the network finally outputs the result through an FC layer

activated by Softmax.

4. Experimental Results and Discussion

4.1 Dataset Description

The DeepSig RadioML2016.10A"" and RadioML2018.01A"* datasets were used in this paper, respectively. The DeepSig
RadioML 2016.10A dataset contains 8 digital modulation methods and 3 analog modulation methods, with a total of 220,000
samples. The signal-to-noise ratio ranges from -20dB to 18dB with 2dB spacing. The data format is 2x128 1Q signals.

The DeepSig RadioML 2018.01A dataset contains a total of 24 signal modulation types, and there are 4096 data for each
modulation type at each signal ratio in the range of signal ratios from -20dB to 30dB with a step value of 2dB, for a total of
2555904 data. The signal data is divided into I and Q and the data format is (1024,2). By sampling, 2064384 data points with
signal-to-noise ratios from -20dB to 20dB are used, of which 1548288 are training samples and 516096 are test samples.

4.2 Experimental Settings

The ResDBoTTA network is trained with epoch of 100 and batch_size size of 512. Lazy Adam is used as the model optimizer
during the training process instead of the commonly used SGD optimizer because in this structure the SGD optimizer
tends to fall into local minima and has a slower rate of descent. Lazy Adam can handle sparse updates more efficiently. The

ResDBoTTA network employs a categorical cross-entropy loss function, categorical crossentropy, which is used to measure
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the extent to which the model's predicted value f(x) differs from the true value y. It guides the direction of the next step of
training by calculating the gap between the forward computed result and the true value in each iteration. The loss function of
the ResDBoTTA network when training the RadioML 2018.01.A datasets is shown in Figure. 5.

Figure 5. Loss function for RadioML 2018.01.4 datasets
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4.3 Baseline Models
Table 2. Baseline models of RadioML 2016.10A4 datasets
Datasets Model Parameters
CNN 0.85M
ResNet 3.1M
MCLDNN 0.41M
RadioML 2016.10A
1DCMMPF 0.17M
CNN-atten 0.24M
ResDBOTTA 0.17M

CNN"’ model: The classical CNN architecture proposed by O'Shea et al. contains 3 convolutional and 2 fully connected
layers, with the input being a joint time-domain amplitude-phase representation of the I/Q signal. The model achieves 89%
accuracy on 12 classes of modulated signals, but the timing dependence is not considered.

ResNet'"'"" model: A deep convolutional network with residual connections is used to mitigate the gradient vanishing problem
by jump connections. The model has a classification accuracy of 93.2% (SNR = 20 dB) for 24 classes of signals on the
RML2018 dataset.

MCLDNN": The article proposes a spatio-temporal multi-channel learning framework. This model is able to receive
different types of input data and process different spatio-temporal features through a multi-channel model.

CNN-atten": A radio signal recognition method based on the combination of convolutional neural network (CNN) and Self-
Attention Mechanism is proposed in this paper. The accuracy of recognition is enhanced in low signal-to-noise conditions.
IDCMMPFP: This article proposes an AMC model that combines the outputs of multiple CNN models to improve the
accuracy and robustness of modulation recognition through parallel fusion.

The comparison baseline model of data set RadioML 2018.01A is shown in the Table 3:
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Table 3. Baseline models of RadioML 2018.01A4 datasets

Datasets Model Parameters
CNN 1.7M
ResNet 21M
MCNET 0.13M
RadioML 2018.01A
PETCGDNN 0.075M
CNN-atten 0.25M
ResDBOTTA 0.18M

MCNET™: The MCNET proposed in the article is an improved CNN modulation recognition model that can reduce the
consumption of computational resources while ensuring high classification accuracy.

PETCGDNN"": The model proposed in the article combines graph convolutional network (GCN), temporal convolutional
network (TCN) and pyramid structure for multilevel feature learning. The accuracy of recognition is improved and the
number of parameters is reduced.

The same models as in the previous RadioML2016.10A experiment are CNN-atten, ResNet and CNN.

4.4 Comparative Experiments of Different Networks

As shown in Figure 6, the confusion matrix shows the results of the proposed model in identifying the RML2016.10A (a)
and RML2018.01A (b) datasets at a signal-to-noise ratio of 12dB. (c) and (d) respectively describe the recognition accuracy
curves of the comparative test with the baseline model on the RML2016.10A datasets and the RML2018.01A datasets. The
following sections (e) and (f) present the recognition accuracy of the ResDBoTTA for different modulation types on the
RML2016.10A and RML2018.01A datasets, respectively. As shown in Figure 6(c), for the RML2016.10A dataset, when the
signal-to-noise ratio is greater than 2 dB, the recognition accuracies of all the compared models reach more than 80%, among
which MCLDNN, cnn-atten, and resdbot all exceed 90% accuracy.

For the RML2018.01A dataset in Figure. 6(d), at 10 dB, all except CNN achieve over 85% accuracy. As demonstrated in
Figure. 6(e) and Figure. 6(f), the proposed model demonstrates commendable recognition accuracy for various modulations,
except for two modulations: WBFM and AM-SSB-SC.

As shown in Figure. 6(a) and Figure. 6(b), the ResDBoTTA network achieved better recognition results in the high signal-
to-noise ratio interval, with 93.23% recognition accuracy for the RML2016.10A dataset and 97.43% for the RML2018.01A
dataset under the condition of a signal-to-noise ratio of 12 dB. Under the condition of higher signal-to-noise ratio, the model
proposed in this paper has higher recognition accuracy compared with other models.

Figure 6. Experiments results
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4.5 Ablation Experiment
An ablation study was conducted on the RadioML2018.01 A dataset to test the performance of the module using two models:

Ist model: Using the ResDBoTTA model without multi-head attention.
2nd model: Added multi-head attention to the 1st model, but no time trend-aware.

Figure 7. Recognition accuracy of the three models
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Based on the results of the ablation experiments in Figure. 7, we can get the following conclusion. All models based on
the DSC residual block structure have good recognition accuracy. The multi-head self-attention mechanism gives a great
improvement in accuracy compared with 1st model and 2nd model. On this basis, the trend-aware self-attention mechanism

can further improve the recognition accuracy in the case of high signal-to-noise ratio.

Conclusion

In this study, a new ResDBoTTA net is proposed to recognize the modulation of communication signals. The proposed
ResDBoTTA model consists of three parts: depth-separable convolutional residual block to achieve multi-scale feature
extraction, time trend-aware self-attention mechanism, and feature reconstruction using global depth convolution. The self-
attention mechanism using time trend awareness helps to substantially improve the modulation pattern recognition accuracy
of the ResDBoTTA model. In order to examine the modulation pattern recognition capability of ResDBoTTA net, a detailed
experimental analysis is conducted and the results are examined from several aspects. The experimental results show that
the modulation pattern recognition accuracy of ResDBoTTA net is improved compared to the existing techniques. Further

research can be done in the future to reduce the model complexity while ensuring the accuracy.
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Abstract: Carbon nanotube reinforced aluminum matrix composites have the advantages of light weight and high specific
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1. Introduction

As a commonly used lightweight metal material, aluminum alloy is widely used in various fields due to its low density,
excellent processing performance and controllable cost. However, the strength, hardness and wear resistance of a single
aluminum alloy are difficult to meet the needs of high-end scenarios. Researchers have long been committed to improving the
properties of aluminum alloys by adjusting the thermal deformation parameters and optimizing the heat treatment process.
Although the mechanical and physical and chemical properties of aluminum alloys can be improved to a certain extent, due to
the structural characteristics of the material itself, it has failed to achieve a leap-forward breakthrough in performance. In this
context, aluminum matrix composites have become an important research direction to solve this bottleneck problem due to
their advantages of strong designability and excellent comprehensive performance!'’.

As a new type of nano-reinforcement, carbon nanotube (CNT) has extremely high elastic modulus, tensile strength, excellent
thermal conductivity and electrical conductivity. The CNT/Al composites prepared by using CNT as reinforcement can
effectively combine the lightweight characteristics of aluminum matrix with the excellent reinforcement effect of CNT, and
show broad application potential in high-end fields such as aerospace parts and automobile lightweight structural parts.
However, due to the strong surface inertia of CNT and the large difference in physical and chemical properties between CNT
and aluminum matrix, there is a problem of weak interface bonding between them, which seriously restricts the full play
of CNT’s excellent performance. As a connecting bridge between the matrix and the reinforcement in the composite, the

structural characteristics and formation mechanism of the interface directly determine the comprehensive properties of the
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composite, such as mechanics, thermal conductivity and electrical conductivity. Therefore, interface regulation has become
the core key to the performance optimization of CNT/AI composites. At present, the research on the interface control of CNT/
Al composites mainly focuses on three directions: optimization of composite preparation process, CNT surface modification
and aluminum matrix alloying. This paper will systematically review the above research directions and the properties of

composites.

2. Preparation Process of CNT/Al Composites

2.1 Liquid Phase Method

The liquid phase method is to directly add the reinforcement particles or first make the composite preform into the metal
melt, and then stir and finally cool to obtain the composite material. However, the interfacial reaction during the preparation
process is not easy to control, especially the reaction between the reinforcing particles and the aluminum matrix. In the liquid
phase method, the liquid metal can completely encapsulate the carbon nanotubes, and there is enough surface contact to form
a strong interfacial bonding force. However, at higher temperatures, serious interfacial reactions may occur, and the formation
of brittle interfacial phases affects the properties of the composites. Zhang et al.”’ used high-energy ball milling (HEBM)
-semi-solid stirring casting (SSC) process to prepare CNT reinforced Al-Cu-Mg composites, and explored the effect of CNT
on the microstructure and properties after hot extrusion, as shown in Fig.1. With the multiple strengthening effect induced by
CNT, when the CNT content increased from 0 to 1.5 wt. %, the tensile strength and yield strength of the composites increased
from 319 MPa and 261 MPa to 523 MPa and 476 MPa, respectively.

Figure 1: The schematic diagram of the preparation process of CNT/Al copper magnesium composite material’”.
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2.2 Solid-state Method

The solid phase method mainly includes powder metallurgy, hot extrusion, cold pressing sintering and spark plasma sintering
(SPS). In order to improve the density, carbon nanotube dispersion and mechanical properties of materials, it is often
supplemented by single or composite secondary processing processes such as extrusion, rolling, friction stir welding and
forging.

The powder metallurgy method achieves uniform dispersion of the reinforcing phase by mixing the matrix powder with the
reinforcing phase particles. After mixing, the green body is obtained by cold pressing, and the density can reach 80% of the
theoretical density. Subsequently, the green body was sealed and degassed to remove the water adsorbed on the surface of
the powder ; finally, a high-density composite material was prepared by isostatic pressing or uniaxial sintering"’. Choi et
al." found that when preparing aluminum matrix composites by powder metallurgy method, with the increase of ball milling
strength, carbon nanotubes and aluminum matrix formed a good interface bonding through mechanical occlusion. Singhal et
al.”’ prepared aminated carbon nanotubes reinforced aluminum matrix composites by powder metallurgy method. The results
show that the dispersion of aminated carbon nanotubes in aluminum matrix is significantly better than that of unmodified
carbon nanotubes, which can be uniformly dispersed in aluminum matrix without obvious agglomeration.

The hot extrusion method refers to the processing technology of extruding the material powder from the mold hole by high
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pressure under the heating state. Wu et al.”” used semi-solid powder metallurgy process to achieve partial liquid phase
sintering by raising the temperature near the melting point of aluminum powder during hot pressing. It was found that the
increase of liquid phase composition could significantly improve the density and mechanical properties of the material.
The hardness of CNT/6061A1 alloy composite reached 87.5 HV after sintering at 620 °C, which was nearly twice as high
as that of the matrix alloy. Esawi et al.” mixed Swt. % CNT with aluminum powder by ball milling, cold pressing and hot
extrusion sintering. The results showed that the stiffness of the composite was 23% higher than that of pure aluminum, and
the tensile strength could be increased by 50%. When the CNT content exceeded 2 wt. %, the dispersion difficulty increased,
and the mechanical properties did not meet the expectations. Liu et al.” used a bimodal structure design (Fig. 2), and added
unmilled aluminum powder to the CNT/Al composite powder, so that the elongation of the composite was 100% higher than
that of the uniform CNT/Al composite, and the tensile strength remained basically unchanged. Bakshi et al.”’ found that in
the densification process of composite powder, when the extrusion ratio is greater than 20 and the pressing force reaches the
order of GPa, the composite material has better performance ; the greater the extrusion ratio and pressing force, the higher the
deformation degree of the material, and the hot extrusion rate and temperature need to be reasonably controlled, otherwise it
is easy to cause processing instability and surface cracking.
Figure 2: A schematic diagram of the preparation process of CNT/2009A41 composites with heterogeneous and uniform

structure[ 4 .
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George et al."” prepared CNT/Al powder mixture by ball milling, and sintered in nitrogen atmosphere after 120 kN
pressure cold pressing. The results showed that the mechanical properties such as Young ‘s modulus of the composite were
significantly improved. Xu et al."" found that the higher the input energy of ball milling and the longer the time, the more
serious the damage of CNT, and the defects will promote the formation of Al,C; in the subsequent sintering or heat treatment
process. The interfacial reaction rate of high-speed ball milling composites is 61.85%, which is much higher than 2.42% of
low-speed ball milling. Although high-speed ball milling can make CNT embedded in Al matrix to achieve good bonding, it
will seriously damage the crystal structure of CNT. Chen et al."” showed that amorphous natural AL,O, could be transformed
into y-AL O, nanoparticles under the suitable SPS conditions of 540~635°C, 30~300 MPa, and 60 min, thereby improving
the strain hardening ability of the composites. Chen et al.!"! used the cumulative extrusion bonding (AEB) process to process

ultrafine-grained aluminum. The microstructure characterization showed that a good interface bonding was obtained after 6
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passes of processing, and the average grain size was <440 nm. Compared with the traditional accumulative rolling bonding
process, this process can refine the grains more efficiently and significantly improve the mechanical properties of the samples.
2.3 CNT In-Situ Generation Method

CNT in-situ formation method refers to the process of directly in-situ growth of CNT on the surface of metal particles.
However, the carbon source used in this method to generate CNT is combustible gas, which not only has certain safety
hazards, but also has low yield, thus limiting its practical application. Kwon et al."* prepared AI/CNTs composites by SPS
combined with hot extrusion process. It was found that the addition of CNT can improve the tensile strength without reducing
the elongation. The reason is that CNT exists in the grain boundary layer, and the formation of Al,C; and the good orientation

of CNT along the extrusion direction achieve effective stress transfer (Figure 3). Yang et al.!"”!

synthesized CNT in situ after
depositing 5% (mass fraction) nickel on the surface of aluminum powder by impregnation method. The results show that
the high crystallinity CNT synthesized in situ has a bamboo structure, which can avoid the interface reaction with aluminum
matrix below 1,000 °C. The yield strength and elastic modulus of the composite with CNT content of 1.5% prepared by hot
pressing are 2.2 times and 3 times that of the pure aluminum matrix, respectively.

Figure 3: High resolution transmission electron microscopy images of the microstructure of CNT/Al composites afier
extrusion’”. (a) Al,C; morphology, and the crystal structure of A1,C; was confirmed by illustrations. The surface of (b) and (c)

defective carbon nanotubes (CNT) forms tubular Al,C;, while the CNT tip forms granular AL,C;
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3. Surface Modification of CNT
The core of CNT surface modification is to improve the surface activity by regulating its surface state and microstructure,
thereby improving its compatibility with the aluminum matrix and inhibiting the agglomeration of CNT, mainly including
surface oxidation modification and surface coating treatment. In order to realize the surface functionalization of the original
multi-walled CNT without destroying its structural integrity, Zhou et al."® modified the CNT by mild acid treatment. The
appropriate amount of acid-treated CNT and Al powder were dispersed in ethanol respectively, and the suspension was mixed
after 1 h ultrasonic treatment. The results showed that the modified CNT could be uniformly dispersed in the aluminum

matrix. So et al.'”!

coated silicon nanoparticles on the surface of CNT and formed a SiC layer after high temperature
annealing. The SiC layer not only reduced the wetting angle between CNT and aluminum matrix and improved the interfacial
wettability, but also significantly enhanced the interfacial bonding strength by forming SiC covalent bonds. Chen et al.!"
prepared 2195A1/CNT composites by Al,O, partially coated modified CNT, combined with melting casting and hot extrusion.
After aging treatment, the tensile strength, yield strength and elongation reach 697 MPa, 590 MPa and 11.3%, respectively,
and the mechanical properties are significantly improved compared with those of 2195 alloy under the same conditions. CNT
is mainly distributed in the grain boundary, and there is a small amount of fluorescent rod-like Al,C; phase near it, which is

formed by the segregation of the solute element interface of the alloy, as shown in Figure 4.
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Figure 4: TEM images""” : (a-b) TEM images, (c) SAED patterns, (d-e) HRTEM images.
@ . .

4. Aluminum Matrix Alloying

Matrix alloying refers to the addition of a small amount of alloying elements (Si, Cr, etc.) to the aluminum matrix. Through
the interfacial chemical reaction between the alloying elements and CNT, a certain thickness of the interfacial reaction layer
is formed, thereby improving the interfacial bonding strength and inhibiting the reaction between CNT and the aluminum

matrix to form AlI,C, phase which is easy to hydrolyze. Yuan et al."”’

introduced magnesium into aluminum powder when
preparing CNT reinforced aluminum matrix composites. It was found that micro-nano strengthening phases such as Al,C,,
MgALQO, and Al,O; were formed at the bottom of the pits of the composites. At the same time, the Al,O, layer is replaced by
spinel phase (MgAl,O,), which is distributed both around the interface and inside the layered grains. Such fine nano-grains
can effectively alleviate the stress concentration, eliminate the early crack source during the tensile process, and significantly

P reported a strategy to improve the ductility and tensile strength of

improve the extensibility of the material. Cao et al.
CNTs/Al composites by embedding CNT into the matrix grains. The preparation process is shown in Figure 5. Two kinds
of composites were prepared by modified ball milling powder metallurgy process, which were CNT mainly dispersed in the
grain interior and mainly distributed in the grain boundary. The results show that compared with the composites with CNT
distributed at grain boundaries and the reference composites, the composites with CNT dispersed inside the grains have
higher tensile strength and ductility at different CNT contents.

Figure 5: Preparation schematic diagram of CNTs/Al composite powder with different carbon nanotube distribution™”
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5. Properties of CNT Reinforced Aluminum Matrix Composites

CNT reinforced aluminum matrix composites have excellent comprehensive mechanical properties. The uniform dispersion of
CNT in aluminum matrix plays an increasingly important role in improving the comprehensive properties of composites. At
the same time, the introduction of CNT can significantly reduce the thermal expansion coefficient of the composite material.
On the one hand, the thermal expansion coefficient of CNT itself is almost zero, on the other hand, the CNT at the interface

231 Since

has a restraining effect on the aluminum matrix, thus inhibiting the thermal expansion of the composite material '
the conductivity of CNT is lower than that of aluminum matrix, its addition will lead to a decrease in the conductivity of the
composites, and the conductivity decreases with the increase of CNT content. The study of wear performance shows that
the friction coefficient and wear loss of the composites decrease with the increase of CNT content due to the self-lubricating
effect of CNT. At the same time, the introduction of CNT improves the deformation resistance of the aluminum matrix, and

the synergistic effect of the two makes the composite obtain excellent wear resistance™>").

Conclusion

In this paper, the interface control and properties of CNT reinforced aluminum matrix composites are systematically
reviewed. The three paths of preparation process, surface modification and matrix alloying work together to effectively
improve the CNT dispersion and interface bonding strength, and achieve the improvement of material properties. At present,
there are still some problems such as uneven dispersion of CNT and insufficient controllability of interface reaction. In the
future, it is necessary to focus on process optimization, interface reaction regulation and performance balance to promote its

development to engineering scale application.
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Abstract: Online three-dimensional path planning for unmanned aerial vehicles (UAVs) in cluttered environments remains
challenging because decision-making must be performed under partial geometric observation, dynamic uncertainty, and
strict safety constraints. This paper presents GASP-D3QN, a value-based reinforcement learning framework that integrates a
geometry-aware hybrid encoder, a hard safety shield, a prior-guided action selector, and a dueling double-Q backbone with
prioritized replay. The proposed design explicitly separates global kinematic cues from a local occupancy cube and introduces
task priors related to goal progress, clearance, energy cost, and heading stability. To ensure an application-consistent
evaluation, the comparison includes both learning-based online baselines and a classical reference method under the same
observation and action interface. On the standard benchmark, GASP-D3QN achieves the best overall performance among the
learning-based methods, with a success rate of 0.50 and an average return of 383.19, while maintaining competitive energy
consumption. Additional experiments under denser obstacles and out-of-distribution wind disturbances preserve the same
advantage over the learning-based baselines. Ablation studies further show that the geometry-aware encoder, safety shield,
and action prior each contribute materially to the final result. These findings indicate that explicit geometric modeling and
safety-aware action filtering provide an effective and practical recipe for learned online UAV navigation.
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1. Introduction

Autonomous path planning for unmanned aerial vehicles has long been a central problem in robotics and intelligent control.
Classical approaches were established on heuristic search, artificial potential fields, and sampling-based motion planning,
and many modern planning systems continue to inherit these design principles . Although such methods remain highly
effective in structured environments, their performance may degrade when the operating space changes online, when sensing
is restricted to local observations, or when the vehicle must react rapidly to uncertainty.

Recent work on UAV planning and autonomous navigation highlights this difficulty from both algorithmic and application
perspectives. Survey studies report that path-planning performance is strongly affected by environmental uncertainty, onboard
sensing limitations, and the tension between safety, efficiency, and computational cost . In parallel, reinforcement learning
(RL) has emerged as a promising framework for sequential robotic decision-making when explicit environment modeling is
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incomplete or costly, and when the controller must learn a direct mapping from observations to actions.

Within the RL literature, value-based methods are especially relevant to discrete motion-planning tasks. Deep Q-Networks
demonstrated that high-dimensional observations can be converted into action-value estimates . Subsequent advances
improved this framework substantially: Double Q-learning reduced value overestimation """, dueling architectures
enhanced value-advantage decomposition ', and prioritized replay improved sample utilization "', However, these generic
improvements do not by themselves resolve the core difficulties of geometric navigation, namely representation quality,
safety assurance, and action efficiency.

A parallel research direction has explored learned UAV navigation, hybrid planning-learning systems, and safety-aware
decision-making. Air Learning emphasized that evaluating autonomous aerial navigation requires not only success statistics
but also flight-quality indicators such as energy expenditure and control efficiency "*. Related studies have investigated UAV

14-16

path planning with reinforcement learning in field prospecting and complex dynamic environments ""*'. In the broader safe

RL literature, explicit constraints and safety-aware optimization have also been shown to improve reliability during learning
and deployment """,
Despite these advances, three limitations remain prominent in the target setting considered in this study. First, many learning-
based planners still collapse heterogeneous observations into a single flattened representation, thereby weakening the model's
ability to reason about local geometry. Second, safety is often handled exclusively through reward penalties, even though
a subset of actions can be identified as clearly unsafe before execution. Third, domain knowledge such as goal progress,
freespace preference, and energy awareness is frequently embedded only in reward shaping rather than being used to guide
online action selection directly.
To address these issues, this paper proposes GASP-D3QN (Geometry-Aware Safety-Prioritized Dueling Double Q-Network), a
reinforcement learning framework for online 3-D UAV path planning. The proposed method combines a hybrid state encoder for
global and local geometry, a hard action mask that filters immediately unsafe actions, and a prior-guided action selector built on
top of a dueling double-Q learner with prioritized replay. The main contributions of this work are summarized as follows:
1. A geometry-aware hybrid state encoder is introduced to separately process global kinematic information and a local 3x3x3
occupancy cube before feature fusion and value estimation.
2. A safety-prioritized decision mechanism is designed to eliminate evidently unsafe actions and rank the remaining safe
candidates using goal-progress, clearance, energy, and stability priors.
3. A scenario-consistent comparison protocol is established for online decision baselines under a shared observation and
action interface, and the proposed method achieves the best overall performance among the learning-based methods.
4. Robustness and ablation experiments verify that geometric perception, explicit safety filtering, and action priors each
contribute materially to navigation quality, efficiency, and collision reduction.

Figure 1: Overall architecture of GASP-D3QON.
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2. Method

2.1 Problem formulation

The online UAV path-planning task is modeled as a finite-horizon Markov decision process. At time step ¢, the UAV observes
state S, executes discrete action a,, receives reward r,, and transitions to S,,,. The objective is to maximize the discounted

cumulative return:

T—1
]:]E[Zt:()ytrt]' (1)

The state is decomposed into a global feature vector x{ and a local geometry tensor x:
st = (x{, %), xL € 10,1773, (2)

The global branch contains relative goal direction, vehicle velocity, altitude, and related kinematic descriptors, whereas the
local branch represents the occupancy configuration surrounding the UAV. The action space consists of a finite library of
3-D motion primitives. An episode terminates when the vehicle reaches the goal, collides with an obstacle, or exceeds the
maximum allowed number of steps.

2.2 Geometry-aware hybrid encoder

A central design principle of GASP-D3QN is to avoid forcing geometrically distinct observations into a single

undifferentiated vector representation. Instead, two dedicated encoders are employed:

hi = fo(xi). b = fu(xp), (3)
and their outputs are fused as
h. = [h]; hi]. 4)

The global branch fg( - )is implemented as a lightweight multi-layer perceptron suitable for low-dimensional continuous
kinematic inputs. The local branch f;(- ) is a dedicated geometry encoder that preserves the structural relationships embedded
in the local occupancy cube. This separation is advantageous because metric goal-oriented cues and local binary occupancy
patterns differ significantly in scale, sparsity, and statistical structure.
The fused representation 4, is passed to a dueling action-value head:

Qufse @) = Vo(ho) + Ag(hy, @) = 5 Ay (hy, @). ()
This formulation allows the model to estimate state value and action-specific deviations separately, which is particularly
beneficial when many actions have similar consequences in a given local state.
2.3 Safety shield and action prior
Relying solely on reward penalties to discourage collisions is often inefficient because clearly unsafe actions may still be

sampled repeatedly during learning. To address this issue, a hard action mask is introduced:

0, ifaintersects occupied cells (6)
my(a) = or violates alitude bounds
1, otherwise

Only actions satisfying m;(a) = I are admitted to the final decision stage.
Among the remaining safe candidates, a prior score is computed:

pe(@) = A4Adi (@) + Acc(@) — Aeer(@) + Asoi(a), (7D
where Ad,(a) denotes expected goal-progress gain, c,(a) denotes predicted local clearance, e,(a) is an energy-related proxy,
and o¢(a) rewards dynamically stable heading changes. The final selected action is

a, = arg aezqn?:;a):][Qe(sb a) + Bpi(@)]. (8)

The coefficient 8, is annealed during training. This schedule allows the policy to benefit from structured domain guidance
during early exploration while gradually shifting toward value-dominant decision-making as learning progresses.
2.4 Double-Q target and prioritized replay

Parameter optimization follows the Double-DQN target formulation:

Ye =1 +vQp <st+1, arg max Qg (S, a')) : (9

a

Prioritized experience replay samples transitions according to temporal-difference error magnitude, and the training loss is
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defined as

L(O) = Ei[wi(y; — Qa(si, ar)’], (10)

where w; denotes the standard importance-sampling correction weight. The target network g is updated periodically to

stabilize training.

Figure 2: Moving-average training return.

P.S: The proposed model converges faster and reaches a substantially higher performance plateau than the compared baselines.
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Figure 3: Moving-average training success rate.

P.S: The performance margin between GASP-D30ON and the baseline methods widens notably after the middle training stage.
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3. Experimental setup
3.1 Benchmark protocol and comparison set
The benchmark consists of randomized 3-D obstacle fields with start-goal pairs sampled from feasible free space. Training
adopts a progressive-difficulty curriculum, illustrated in Fig. 4, in which obstacle density, moving-obstacle ratio, and wind
disturbance are gradually increased. Evaluation is performed on three mutually exclusive test sets: a standard set, a stress set,
and an out-of-distribution (OOD) wind set.
3.2 Metrics and implementation details
Performance is assessed using success rate, average episode return, energy cost, collision-related outcome ratio, timeout
or battery-depletion ratio, and path length. Robustness is evaluated across increased obstacle density and perturbed wind
conditions. The reward function combines a terminal success bonus, a collision penalty, a timeout penalty, a per-step energy
penalty, and a dense goal-progress term.
All learning-based methods are trained for the same number of episodes with identical replay capacity and target-network
update frequency. The checkpoint yielding the best validation return is selected for final test evaluation. Unless otherwise
noted, all tables report mean results over the evaluation episodes.
Figure 4: Training curriculum progression under a fixed 100-episode budget.
P.S: The proposed method advances to higher difficulty levels than the compared learning-based variants.
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Table 1: Primary benchmark results on the standard test set.
P.S: APF is included as a classical reference; GASP-D3QN is the best-performing learning-based method.
Method Success Reward Energy Path Risk
APF 0.62 536.64 495.58 56.12 0.006
DQN 0.02 -68.37 249.4 29.83 0.057
DDQN 0 -81.67 267.74 28.21 0.062
D3QN 0.06 -28.05 326.05 36.77 0.054
PER-D3QN 0 -222.01 123.72 15.07 0.026
Flat-D3QN 0.3 136.51 265.39 32.46 0.048
GASP-D3QN 0.5 383.19 370.61 44.37 0.048
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4. Results and analysis

4.1 Primary benchmark

Table 1 and Fig. 5 summarize the results on the standard benchmark. Among the learning-based methods, GASP-D3QN
achieves the highest success rate of 0.50, outperforming the strongest structural baseline Flat-D3QN by 20 percentage points
and D3QN by 44 percentage points. It also attains the highest average return among the learning-based methods. The APF
reference reaches a higher success rate and reward, but it does so with substantially higher energy consumption and belongs
to a different methodological family. These results indicate that GASP-D3QN offers the strongest overall trade-off within the
learning-based online decision setting.

The poor results of DQN and DDQN suggest that plain value-learning architectures struggle to extract sufficient structure
from the 3-D navigation state. D3QN improves upon both, but its performance remains limited. PER-D3QN underperforms
because replay prioritization is dominated by early collision-heavy trajectories, which biases learning toward short and
frequently unsuccessful episodes. In contrast, GASP-D3QN benefits from the combination of explicit geometry modeling and
structured action-space shaping.

Figure 5: Comparison of success rate, average return, and energy cost on the standard benchmark.
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