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Abstract
A systematic review was conducted, ranging from the seismic resilience of single slope engineering structures as 
disaster-bearing bodies to their transformation into disaster-inducing bodies owing to seismic dynamic instability. 
The resilience of slopes is considered with regard to regional transportation networks, which are most severely 
threatened by earthquake-induced landslide disasters. For the engineering structure of a single slope as a disaster-
bearing body, the stage before the slope engineering loses stability can be considered as the first stage of slope 
seismic resilience evaluation. This review summarizes the latest progress in seismic resilience evaluation and 
reinforcement design from the perspective of engineering seismic resilience. In response to the lack of definition for 
the resilience of existing regional road networks to earthquake-induced landslide impacts during the review, the 
second stage involves the transformation of the seismic dynamic instability of regional slopes into landslide 
disasters; resilience is defined as the global system reliability of the regional road network in this study. From the 
perspective of network reliability, an assessment framework for the resilience of the regional transportation 
network against seismic landslide disasters is systematically proposed in this study. In accordance with high-
dimensional nonlinear network dynamics theory, this paper highlights the future research direction of introducing 
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high-dimensional network dynamics theory into the disaster resilience of regional road networks affected by 
landslide disasters.

Keywords: Slope engineering, seismic landslide disaster, road network, global system resilience, assessment 
framework

INTRODUCTION
Resilience is the latest concept in various disaster prevention and control fields, applicable to both natural 
and man-made disasters. Without loss of generality, resilience refers to the ability of a system to resist, 
absorb, and adapt to impact disturbances without collapsing and quickly restoring to an original or 
improved functional state[1]. Various studies have reported that there are no significant differences in the 
definitions of resilience among different disciplines and research fields, and different definitions share the 
following characteristics: (1) defining resilience from results or processes; and (2) the premise of definition 
is based on the fact that the object or system incurs particular damages caused by external interference. 
However, owing to differences among disciplines and research objects, systematic analysis has revealed that 
there are dozens of resilience definitions at present[2], and resilience is a fundamental concept in many 
disciplines. Moreover, resilience is also a fundamental attribute of complex dynamic systems[3]. Therefore, it 
is necessary to systematically and comprehensively sort out the different connotations and definitions of 
resilience in different disciplines.

In the field of engineering science, particularly in the field of infrastructure disaster prevention 
(earthquakes, typhoons, rainstorms, floods, and so on), various studies have investigated the concept of 
resilience-based disaster prevention and conducted relevant research. Regarding slope engineering, 
although slope engineering and superstructures belong to the same engineering category, the understanding 
of the resilience of slope engineering, particularly the resilience of slope engineering with seismic dynamic 
excitation as a complex dynamic system, is completely different from that of superstructures. Presently, the 
design of slope engineering based on resilience, particularly the seismic resilience of slopes, is gradually 
becoming a research hotspot and receiving widespread attention. In addition, more importantly, research 
on the seismic resilience of slopes has evolved from research on regional earthquake and landslide disasters 
to research on the resilience of regional road networks. Of course, the resilience of the regional road 
network to disasters is still in its infancy. How do we define and measure the resilience of regional road 
networks? How do we establish a resilience assessment framework for regional road networks under 
earthquake-triggered landslide impacts? At present, these are the first issues to be addressed in the resilience 
assessment and design of regional road networks against disasters such as earthquake-triggered landslides, 
especially considering the physical mechanisms of external environmental excitation and the interaction 
between seismic landslide disasters and road networks. Therefore, this study attempted to systematically 
review the latest research progress on the seismic resilience of individual slope engineering and the 
resilience of regional infrastructure to earthquake landslide disasters from the perspectives of high-
dimensional network systems and complex dynamic systems, combined with the physical mechanism of the 
transformation of slope engineering from a disaster-bearing body to a disaster-inducing body. On this basis, 
combined with relevant theories from other basic disciplines such as nonlinear complex dynamical systems, 
graph theory, and stochastic dynamics theory, the potential directions of future research are pointed out.

SEISMIC RESILIENCE OF SLOPE ENGINEERING
The essential role of slope engineering is to act as an engineering structure and disaster-bearing body and 
withstand the impact of seismic dynamic disasters before it loses stability under seismic dynamic action. At 
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this point, the seismic resilience of slope engineering should be completely similar to that of the upper 
building structure, which also has seismic robustness under earthquake impact and rapid recovery after 
earthquake disasters. Slope engineering is a general concept and generally includes temporary and 
permanent geological engineering similar to slopes, particularly earth dams, excavated building foundations, 
and open cuts for expressway embankment and slope engineering[4]. Therefore, considering the 
characteristics of seismic design and evaluation of slope engineering, combined with the definition of 
resilience for engineering structures[5], the seismic resilience of slope engineering can be characterized by 
two indicators: robustness and recoverability. Figures 1 and 2 help gain a specific understanding of the 
seismic resilience of a slope. Obviously, the concept and definition of resilience encompasses the seismic 
resilience evaluation or design (re-evaluation) of slope engineering, which is a quantitative characterization 
procedure for determining the robustness (vulnerability) and recoverability (recovery process) of a slope 
subjected to seismic dynamic excitation. In addition, there is inevitably randomness or uncertainty in the 
evolution process of seismic resilience in slope engineering or regional road networks. These uncertainties 
in the seismic resilience assessment of slope engineering or regional road networks need to be quantitatively 
characterized based on stochastic dynamics, and the probability density functions (PDFs) in Figures 1 and 2 
are the most intrinsic expressions of stochastic systems[6]. In addition, although Figures 1 and 2 are 
conceptual diagrams in this study, the seismic resilience curve for specific slope engineering can still be 
determined by selecting appropriate overall performance indicators (such as factors of safety or reliability) 
and using numerical simulation methods based on physical mechanisms. It should also be noted that the 
seismic resilience of slope engineering is not entirely the same in connotation as the resilience of 
superstructures such as buildings or bridges, especially in terms of recoverability after earthquake disasters. 
For slopes, if they become unstable during an earthquake or landslide, the soil flowing down will only be 
cleared if it affects road traffic, and there is no need to restore the original slope. Therefore, the 
recoverability referred to here is determined through numerical simulation analysis and is not a true 
recovery process. If it is found that the slope will lose stability under potential seismic dynamic excitation in 
the future, reinforcement measures should be taken to make it resistant to seismic dynamic impacts. Of 
course, the recovery time here can be determined by the construction time required for different 
reinforcement measures, and the performance indicators of the recovery process can also be the 
aforementioned factor of safety or reliability.

As shown in Figure 1, owing to the combined effects of randomness and spatiotemporal variability in the 
deterioration process of geomaterial parameters, in addition to the randomness of seismic excitation, slope 
engineering may exhibit different paths of seismic resilience evolution. Here, Q(t) is a specific seismic 
resilience representation of the functionality of the slope (such as seismic stability or seismic stability 
reliability); xi(i = 1, 2, ..., n) is a random vector characterizing the randomness in the slope system; fn(x) is a 
PDF characterizing the randomness in a specific path of resilience evolution. Moreover, regarding the 
specific evolution process of seismic resilience in slope engineering, Figure 2 shows that for slope 
engineering similar to construction projects, the seismic resilience of the slope evolves over the service time 
owing to the deterioration and reinforcement effects of the geomaterials comprising the slope and the 
combined effects of possible seismic excitations during service. Moreover, in Figure 2, the seismic 
vulnerability of the slope engineering during service is the part where the seismic performance of the slope 
engineering decreases under seismic dynamic excitation, and the difference value between this state and full 
function is the seismic robustness of the slope engineering. The seismic vulnerability here refers to the 
portion of the preset performance of the slope engineering (yellow dashed line in Figure 2) that decreases 
under possible seismic excitation. Moreover, after an earthquake, due to the reinforcement effect, the 
seismic performance of slope engineering after reinforcement may be higher than the original preset 
performance level. However, during the long-term service of slope engineering, the mechanical properties 
of slope geomaterials and support structures may deteriorate under the complex external environment. 
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Figure 1. 3-D seismic resilience concept of slope engineering expanding in evolutionary paths.

Figure 2. Seismic resilience concept and definition of slope engineering.

Therefore, under potential seismic excitations in the future, the seismic performance of slope engineering 
will deteriorate, which increases the seismic vulnerability of slope engineering and makes the seismic 
resilience of slope engineering evolve over time, and it is a function of time[7].

Resilience has been simply defined as the ability to survive during or after a disaster. Some studies have 
investigated the survival ability of mountain communities after landslides based on disaster surveys using 
geographic information systems (GIS). Owing to a limited understanding of the concept of resilience, early 
resilience assessments only focused on robustness similar to one part of the current concept of resilience 
without considering the post-disaster recoverability of communities impacted by landslides[8]. Additionally, 
a probabilistic seismic resilience assessment model for general coastal artificial slopes (harbors) has been 
proposed, with consideration of the uncertainties in seismic motion, structural components, repair process, 
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and service requirements. This model considers the seismic resilience of general coastal slope engineering 
subjected to scenario-based earthquake excitation and evaluates the seismic resilience of engineering 
structures based on numerical simulation analysis. The research represents a pioneering effort in the field of 
generalized slope engineering with particular emphasis on the restoration process, which serves as a 
highlight of its contributions[9]. In fact, slope engineering has certain differences compared with other 
engineering structures, particularly building structures. For slope engineering structures, except 
embankments and earth dams, when instability or landslides are caused by seismic excitation, most slope 
engineering is excavated from the earthquake-induced landslide soil, and there is almost no need to restore 
the slope itself. Presently, research on the recovery model of the seismic resilience of slope engineering is 
almost entirely based on the reinforcement of slope engineering and the restoration of potential seismic 
damage based on scenario-based seismic excitation. However, this approach fails to address the actual 
seismic damage to slope engineering, including instability and sliding under earthquake action. Therefore, 
even at present, although it is widely believed that resilience-based seismic design is the most advanced 
concept of earthquake resistance, the seismic evaluation of slope engineering mainly focuses on seismic 
robustness or vulnerability. For example, many studies on the seismic performance or vulnerability 
(fragility) of slope engineering and its related reinforcement structures are based on statistical data obtained 
by on-site slope earthquake disaster investigation, analytical methods, and numerical simulation methods 
based on physical mechanisms[10-16].

Notably, some studies have emphasized that the recoverable part of slope resilience assessment is based on 
the potential failure modes preset by humans and on analytical methods. The generalization of slope 
systems that are characterized by the strong nonlinearity of geotechnical materials is difficult. Moreover, the 
resilience assessment of these slopes does not consider seismic dynamic excitation[17,18]. Some scholars have 
reported that the use of linear analytical models in developing long-term recovery models may be 
unreasonable[19]. Research on the seismic resilience of slope engineering is easy to understand but difficult to 
implement. Moreover, there are few reports on the evaluation of seismic resilience in slope engineering, and 
studies based on dynamics and simulation, which emphasize the recovery process, are particularly lacking. 
In this regard, the latest research has only established a preliminary framework for evaluating the seismic 
resilience of slope engineering but lacks in-depth investigation and specific applications to slope 
engineering[20].

In summary, there are currently three main types of seismic resilience assessment for slope engineering[21]: 
(1) empirical model and statistical analysis based on previous seismic disaster investigation data for slope 
engineering; (2) simulation-based evaluation models, which mainly analyze the seismic robustness 
(vulnerability) and reinforcement recovery process of slope engineering using numerical simulation 
methods based on the physical mechanism of slope deformation under seismic dynamic action to evaluate 
the seismic resilience of the slope; and (3) decision-based evaluation models, which are mainly used to 
determine the optimal restoration process of slopes based on decision theory and optimization theory. 
Considerable progress has been made in the study of seismic dynamic safety in slope engineering, 
particularly regarding robustness assessment, which is a seismic resilience assessment approach for slope 
engineering. Noteworthy achievements have been accomplished by the nonlinear seismic dynamic 
vulnerability (fragility) assessment of slope engineering, and diverse vulnerability assessment methods have 
been established[22-24]. These methods can effectively consider the coupling effects of the randomness 
(frequency and intensity) of earthquake ground motion, spatial variability of geotechnical materials, and 
strong nonlinearity under seismic dynamic effects. However, other aspects of seismic resilience assessment 
in slope engineering, such as the recovery process, are still in a relatively early stage of development and 
may become future research directions. At present, the evaluation of seismic resilience, robustness or 
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vulnerability, and subsequent reinforcement performance recovery of individual slopes are good 
characterizations of the seismic resistance of slopes. Due to different reinforcement measures and the 
complexity of the external environment in which the slope is located, there is inevitably randomness in both 
external dynamic excitation and the evolution of the geomaterials. Therefore, the time evolution of seismic 
dynamic reliability of individual slopes is an important indicator of their seismic resilience. Overall, the 
above-mentioned various so-called resilience assessment models are not proposed for slope engineering but 
simply a simple extension of the seismic reliability assessment results of building structures. That is to say, 
even in single slope engineering, the research on seismic resilience is still in its early stages, and only a 
simple application and promotion of the research results on slope reliability and building structure 
resilience evaluation have been made. In this way, let alone the research on the resilience assessment of 
regional road networks affected by earthquake landslide disasters.

GLOBAL RESILIENCE OF THE REGIONAL ROAD NETWORK SUBJECTED TO SEISMIC 
LANDSLIDE IMPACT
The previous section discussed the seismic resilience of slope engineering as a disaster-bearing body before 
the occurrence of instability and landslides. The state-of-the-art research on the seismic resilience of slope 
engineering is systematically reviewed from two aspects: robustness and recoverability. When a slope 
project loses stability under strong seismic forces and a landslide occurs, the slope ceases to be a disaster-
bearing body and is transformed into a disaster-inducing body. The dynamic impact of earthquakes and 
landslides severely threatens the safety and long-term operation of infrastructure in adjacent areas. At this 
point, the resilience assessment shifts from quantifying the seismic resilience of slope engineering to 
characterizing the resilience of regional infrastructure against earthquake and landslide disasters. Generally, 
regional infrastructure affected by earthquake and landslide disasters may involve regional road networks, 
railway networks, communities, official water and gas supply networks, and regional power grids[25,26]. 
Obviously, evaluating the dynamic impact of regional infrastructure against earthquake and landslide 
disasters is a very large and complex topic. To focus on and simplify the problem, in this section, regional 
infrastructure mainly refers to high-intensity mountain canyon roads or railway networks. The robustness 
mentioned above is one aspect of resilience and refers to the ability of a system to withstand faults and 
disturbances without losing its function. In network science, robustness measures the ability of a system to 
maintain connectivity when some nodes or edges are damaged. In any case, resilience is an inherent 
persistent attribute of general dynamic systems. Regardless of whether the resilience of a system is evaluated 
or measured, the essence of a dynamic system also evolves over time, and it is evident that resilience also has 
time-varying characteristics.

Generally, regional road networks in mountainous areas consist of roads, bridges, tunnels [Figure 3], or 
underground engineering. When an earthquake occurs, tunnels and underground engineering are strongly 
constrained by the surrounding soil. Because tunnels and underground engineering typically vibrate 
synchronously with the rock and soil, they are generally considered to have good seismic performance. For 
example, in the Wenchuan earthquake, 98.2% of tunnels were quickly repaired and opened to traffic after 
the earthquake because they did not incur damage or the damage was minor. Compared with tunnels or 
underground projects, regional roads and bridges are more vulnerable to dynamic impact damage induced 
by strong earthquakes. Therefore, the connectivity or global service performance of regional road networks 
is determined by the seismic performance of mountainous roads and bridges. Historical earthquake damage 
surveys have shown that the damage and failure of bridges and roads in mountainous areas are mainly 
caused by direct seismic dynamic excitation, while in non-mountainous areas, the damage and failure of 
bridges are mainly caused by the impact of landslides resulting from the instability of mountain slopes. For 
example, after the Wenchuan earthquake, the loss of transport infrastructure in Sichuan Province reached 
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Figure 3. Earthquake-induced landslides affect and block regional road networks.

58.3 billion RMB. However, from the perspective of the causes of damage, the proportion of direct damage 
caused by earthquakes is very small, with the vast majority being caused by indirect reasons such as 
landslides. Under strong seismic excitation, road network slopes are prone to seismic hazards, such as 
landslides, collapses, cracks, or subsidence, which wash away roads and bridges, bury tunnel openings, and 
so on. As can be seen, the overall service resilience of the regional road network in mountainous areas is 
mainly affected by the impact of earthquake-induced landslide disasters. Therefore, when slope engineering 
becomes unstable and develops a landslide during or after an earthquake, the evaluation of the seismic 
resilience of engineered slopes will shift toward investigating the disaster resilience of network 
infrastructure, such as highways and railways, which are threatened by earthquake-induced landslides. This 
study mainly focuses on the road network in mountainous areas. This is because, compared to other urban 
road networks, mountainous roads are often the only lifeline projects in the region, and there are almost no 
backup roads that can be bypassed. Moreover, the road network in mountainous areas not only affects post-
earthquake disaster rescue but also relates to local reconstruction and economic recovery after the disaster. 
Meanwhile, compared to general urban road networks, the redundancy of mountainous road networks is 
much smaller, and recoverability is its most important attribute. It not only needs to be restored after 
disasters but also needs to be quickly restored. Comparatively speaking, the road network in mountainous 
areas places greater emphasis on overall disaster resilience.

This section discusses, reviews, and summarizes the state of the art in research related to the resilience of 
regional road networks against earthquake-induced landslides. Additionally, for bridges and tunnels in 
mountainous areas, although they may also be directly affected by seismic excitation, the main factor 
causing bridge damage and tunnel failure by burial is the landslide disaster triggered by earthquakes[27-29]. 
Therefore, the main cause of the critical failure and cascading collapse of the regional road network system 
is the spatiotemporal distribution of regional landslide disasters caused by seismic motion. Regarding the 
resilience of regional road networks to earthquake-triggered landslide disasters, this study focused on the 
damage caused by landslides, such as the erosion or blockage of regional roads.

Some studies have characterized the distribution of regional ground motion intensity through the peak 
ground acceleration (PGA). They simply define the vulnerability V of regional roads as the ratio of the peak 
acceleration that the roads can withstand to the possible acceleration of the site and then determine the 
economic loss D of the regional road network as a function of PGA and V, that is, D = f(PGA, V). Finally, 
the authors simply equated the economic loss D with the seismic resilience of the road network[30]. Although 
the authors considered the propagation of the randomness of PGA, the characterization of the vulnerability 
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and resilience of regional road networks is too simple and does not consider the nonlinear interaction 
between the seismic excitation and regional road networks or the intensity and frequency spectrum 
characteristics of seismic excitation. A different study considered the spatial variability of seismic ground 
motion. Based on the material point method for analyzing the large deformation of landslide soil triggered 
by earthquakes, the reliability of the road network was analyzed based on the assumed spatial correlation of 
landslides[31], but a specific method for analyzing the reliability of the regional road system as a network was 
not provided. Regarding the post-disaster recovery of road networks, a previous study considered the 
regional transportation system as a network, defined the resilience of the network as a piecewise linear 
function, and determined the optimal recovery strategy using optimization algorithms[32]. Owing to the 
combined explosion of the magnitude of the network system computation as the nodes and edges increase, 
the above-mentioned study only selected the affected areas of the road network for optimization analysis.

Another study defined road network resilience as the integral of the reciprocal of the total travel time of the 
road network and obtained a very similar evolution process of the resilience curve. On this basis, an 
extremely simplified analysis framework for a road network under the combined action of earthquakes and 
tsunamis was proposed, and the importance of single nodes, such as earth dams and bridges, in overall 
seismic resilience assessment was investigated using the proposed network[33]. In recent years, many similar 
studies[21,34-36] have been conducted. However, most studies on the robustness of road networks to disasters 
and post-earthquake recovery are too simplistic, that is, even simpler than the evaluation of seismic 
resilience in individual slope engineering. In addition to a few studies that considered the earthquake 
motion as a stochastic process of the strength frequency and also considered the strong nonlinearity of 
slopes under the dynamic action of earthquake motion[37], most studies only considered the earthquake 
motion as PGA and did not carry out a nonlinear dynamic time history analysis of the entire process of the 
seismic deformation of slopes. In fact, the resilience assessment of regional road networks under the impact 
of earthquake-induced landslide disasters should start with the physical process of nonlinear deformation, 
instability, and, ultimately, the formation of landslide impact disasters caused by regional slopes under 
seismic dynamic action. This process involves the following aspects:

(1) Describing the randomness of the spatial distribution of regional seismic motion and obtaining the 
seismic time history field (displacement or acceleration) of the regional site. As shown in Figure 3, owing to 
the influence of the earthquake propagation path and site characteristics, the seismic excitation of slopes at 
different locations in the road network area is not completely identical.

(2) Investigating the dynamic interaction between earthquake-induced landslide disasters and regional road 
networks from a physical perspective, from the nonlinear finite element analysis of the small deformation of 
slope earthquakes to the calculation of large deformation of earthquake-induced landslides.

(3) Describing and defining the robustness of regional road networks under earthquake-induced landslide 
disasters and the recovery process after disasters.

The above-mentioned issues are somewhat involved in the current process of earthquake-induced landslide 
resistance in regional road networks but have not been thoroughly investigated and may become the 
direction and focus of future research. The specific implications are analyzed in detail in next section.

ASSESSMENT FRAMEWORK FOR REGIONAL ROAD NETWORK RESILIENCE
This section discusses in detail several aspects that may be involved in the evaluation of the resilience of 
regional road networks to earthquake-induced landslide disasters. The specific regional road network 
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resilience assessment process is shown in Figure 4. It mainly includes three parts: (1) the seismic field of the 
site; (2) analysis of the entire process of nonlinear deformation to the large deformation flow of regional 
slopes under seismic dynamic action, and the interaction between landslide disasters and road networks; 
and (3) assessment of regional road network resilience and optimization recovery strategy. Among the 
above three parts, in Figure 4, the first part (A) focuses on the external dynamic environment of the 
mountainous road network, namely the seismic dynamic impact of the site where it is located. The main 
research content is characterizing the ground motion excitation of the site and considering the randomness 
of ground motion in terms of frequency, intensity, etc. The second part (B) is to investigate the dynamic 
stability state of the slope of the site where the mountain road network is located under seismic excitation. If 
these slopes are stable under strong earthquakes, there will be no co-seismic landslides affecting the road 
network during the current earthquake. Due to the long-term effects of earthquake disasters, landslides may 
also occur several years later, which can make this problem more complex. If an earthquake or landslide 
occurs, it will inevitably affect the road network to varying degrees. At this point, through the physical 
process of landslide impact on the road network, the randomness of ground motion is transferred from the 
seismic instability of the slope to the connectivity of the road network, which needs to be measured through 
network reliability. The third part (C) is mainly to determine the overall connectivity of the road network 
represented by the network reliability under the impact of earthquake-triggered landslide disasters, that is, 
the disaster resistance robustness of the road network. Under the optimization strategy, the entire process of 
gradually transforming and restoring the state phase i(i = 1, 2, ..., n) of the road network from the impact of 
landslide disasters, that is, the overall resilience of the road network to seismic disasters. Specifically, the 
seismic resilience assessment flow chart of the regional road network is shown in Figure 5. In this section, 
the above points are introduced in detail. Unlike the aforementioned single slope engineering, there is 
currently no unified understanding of the resilience of road networks affected by landslides caused by 
earthquakes, and there is also a lack of a standardized method for evaluating their seismic resilience. This 
study suggests that network resilience should be understood from the perspective of network reliability 
based on graph theory. In addition, the biggest advantage of the seismic resilience assessment framework for 
this regional road network is that the entire assessment process is based on physical mechanisms. It can not 
only characterize the strength of the external dynamic disaster environment (earthquake excitation) but also 
consider the entire process of slope from nonlinear deformation to dynamic instability under earthquake 
dynamic action. It also examines the impact of landslides on the road network from the perspective of 
dynamic interaction and measures the resilience of the road network through overall network reliability. It 
is undeniable that while this framework has its advantages, it also inevitably has some certainty that analysis 
solely based on physical mechanisms will result in relatively large computational complexity and time 
consumption, but the evaluation accuracy will be very high. Most importantly, the vital feature of the 
regional road network disaster resilience assessment framework proposed by this study is that it defines the 
quantification measure of the disaster resilience of the regional road network.

Understanding the physical process of "landslide - transport network" interactions
When an earthquake triggers a landslide in a slope project, the large deformation of the soil flowing through 
the landslide will affect the regional road network. To improve the characterization of the physical process 
of the interaction between large-deformation soil and roads, it is necessary to carry out a numerical analysis 
of the large deformation flow impact process based on physical mechanisms so as to carry out dynamic 
analysis for road networks. Presently, there are many advanced numerical algorithms in this field, and these 
algorithms can be applied to the interaction analysis of regional landslides and road networks. Examples 
include the reproducing kernel particle method[38], smoothed particle hydrodynamics[39,40], discontinuous 
deformation analysis[41], and material point method[42]. Explaining how these methods can be combined with 
the spatial variability of seismic excitation[43,44] may be a future research direction. There are a large number 
of slopes in the area where the road network is located. It involves both the evaluation of the dynamic 
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Figure 4. General workflow of the proposed resilience assessment framework for road networks.

stability performance of these slopes subjected to earthquake excitation from a reliability perspective using 
nonlinear dynamic time history methods based on physical mechanisms and the impact of landslide 
disasters on the road network. These processes inevitably involve a huge amount of computation, which can 
be very time-consuming. In order to improve computational efficiency, the seismic dynamic safety 
assessment of a large number of slopes and the numerical analysis involved in their interaction with the 
road network can be predicted through deep learning or transfer learning approach and codes developed by 
our research group. Previous studies have shown that this method can replace most nonlinear numerical 
calculations and effectively improve computational efficiency[45].
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Figure 5. The flow chart for seismic resilience assessment of regional road networks

Spatiotemporal evolution of regional seismic excitation field and multi-disaster environmental 
excitations
Whether it is the seismic resilience of slope engineering or the resilience of regional infrastructure that 
resists seismic and landslide dynamic impacts after the slope transforms from a disaster-bearing body to a 
landslide-inducing body, the selection or modeling characterization of regional seismic excitation is a very 
important prerequisite. Particularly, the above-mentioned simulation-based resilience assessment methods 
generally involve stochastic seismic motion models in hypothetical scenarios. Additionally, owing to the 
particular canyon terrain and deep overburden, there are many technical difficulties in the direct application 
of the seismic parameters traditionally defined on the bedrock surface in alpine and canyon areas. 
Therefore, it is important to make full use of the results of existing seismology and geophysics research on 
the propagation laws of earthquake sources and seismic waves in crustal media. Using numerical algorithms 
to directly simulate seismic wave kinetics from the source to the slope engineering site or regional 
infrastructure site and determining the spatial distribution of seismic excitation can significantly improve 
the seismic resistance of slope engineering and the resilience evaluation level of regional infrastructure 
against seismic dynamic landslide impact, which is also a topic that requires in-depth investigations.

For the resilience assessment of regional road networks under earthquake-induced landslides, the first thing 
to be determined is the seismic excitation of the regional slope engineering site. Presently, the selection 
methods of seismic motion mainly include the following categories: (1) blindly selecting the strong 
earthquake observation records of famous earthquakes; (2) selecting the recommended response spectrum 
according to the seismic design specifications; (3) selecting based on the strong earthquake observation 
record set; (4) selecting the most unfavorable seismic motion based on the potential damage caused by the 
ground motion; and (5) selecting by matching and adjusting the target spectrum (frequency and intensity). 
However, as shown in Figure 6, there is spatial variability and spatiotemporal correlation in regional seismic 
motion. Therefore, the above-mentioned seismic motion selection methods are often inapplicable, and it is 
necessary to use methods for the artificial synthesis of seismic motion. Although many such methods exist, 
they mainly include the site mechanism and source mechanism, which are not detailed here. However, the 
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Figure 6. Coupling analysis of transportation network infrastructure systems under dynamic impact of seismic landslide disasters.

seismic excitation for regional resilience assessment should have the following characteristics: (1) theoretic 
soundness and algorithmic simplicity; (2) probability completeness; (3) reflects the engineering 
characteristics of ground motion (amplitude, duration, and frequency spectrum); (4) engineering 
applicability: the number of representative time courses should be appropriate; (5) the identification of 
model parameters complies with current seismic specifications; and (6) reflects organic integration with the 
latest achievements in stochastic dynamics theory. The above-mentioned factors should be considered in 
the artificial simulation of ground motion. As shown in Figure 6, precipitation is also an important factor 
contributing to regional landslides. Therefore, it is necessary to consider the correlation between the 
spatiotemporal distribution of rainfall and its coupling with multiple disasters, including earthquakes. Here, 
the temporal evolution of seismic motion involves two aspects. One key indicator is the recurrence period 
of strong earthquakes. Another key indicator is the duration of seismic excitation, which is not only related 
to the intensity of the earthquake, but generally speaking, larger earthquakes release more energy, and the 
process of releasing energy is also longer. Moreover, the influence of earthquake excitation duration on 
geotechnical materials is very significant, especially the seismic performance of slopes on liquefaction sites is 
highly correlated with earthquake excitation duration.

Efficient analysis method for seismic dynamic safety of road networks
Figure 4 shows the global resilience analysis process of the traffic network based on probability under multi-
disaster-induced landslide impact. This process is used to analyze the function evolution of the physical 
system that obtains the disaster response characteristics of the regional transportation network and involves 
the following aspects:

(1) During the analysis process, it is necessary to consider the randomness and spatial correlation of disaster 
intensity (landslide impacts caused by ground motion and precipitation) and seismic dynamic response of 
slope engineering.

(2) A “systematic” approach should be used to investigate the critical, spanning, and cascading effects 
between transportation networks.

(3) By optimizing algorithms for reliability allocation, quantitative prediction can be achieved based on 
global reliability recovery, and the optimal recovery strategy can be determined.
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The connectivity and global service reliability of road networks in mountainous areas are affected by seismic 
landslide disasters. Particularly, regional-scale landslide dynamic impact disasters caused by earthquakes 
can wash out and block roads, severely affecting the overall connectivity of the road network and posing an 
enormous challenge to subsequent earthquake relief and post-disaster reconstruction and recovery.

For regional road infrastructure (such as highways or railway networks) under the dynamic impact of 
earthquake-induced landslides, the road network system is a complex structure consisting of numerous 
interconnected elements, with each element forming weighted directed interaction relationships, and is 
controlled by a large number of parameters, whose states cannot be described solely by multi-dimensional 
equations but rather by coupled nonlinear dynamic equations in the form of networks to capture the 
interaction between system elements and reveal the complex interactions between system dynamics and 
underlying network topology changes. Therefore, the obtained resilience function represents a multi-
dimensional manifold in the complex parameter space of the system. To extend multi-dimensional system 
resilience to network resilience, it is necessary to understand and investigate the following aspects: on the 
one hand, slope stability, that is, the nonlinear dynamic reliability of the slope, is transmitted to the 
reliability of road connectivity; on the other hand, the road network is based on the network reliability of 
graph theory. In fact, the system resilience assessment of road networks under earthquake-triggered 
landslide disasters starts from the analysis of seismic dynamic stability performance of slopes. For individual 
slopes, the seismic dynamic safety assessment considers the geometric and topological characteristics of the 
slope itself, the nonlinearity of geotechnical materials, joint fissures, and the potential seismic potential of 
regional faults. Moreover, due to the complex external natural environment in which the slope is located, 
the deterioration process of the geotechnical materials of a slope over time will affect its long-term seismic 
performance, thereby affecting the disaster resilience of the entire regional road network. Therefore, for the 
seismic safety assessment of slopes, it is necessary to consider the influence of multiple geological factors 
mentioned above and adopt a nonlinear whole process numerical simulation method based on physical 
mechanisms.

For the transportation network system, S = {V, E}, where V is the regional administrative center, and E is the 
connecting road element between the two administrative centers.

In Equation (1), M, C, and f(·) are the mass, damping matrix, and nonlinear restoring force models of 
individual slope engineering, respectively; , , and U(t) are the acceleration, velocity, and displacement 

of the slope, respectively;  is the seismic time-history excitation;  is the mass matrix of pore 
fluid, and H is the function matrix reflecting the distribution of fluid pressure; TF is the surface force load 
vector; SF is the dynamic water pressure increment matrix. And the dynamic water pressure here considers 
the effects of groundwater and rainfall on the seismic dynamic response and stability performance of slopes. 
CiAi is a cluster of real-time disjoint minimum paths; Ci is the coefficient after absorption and merger; Ai is 
the shortest path of the connected subgraph after overall sorting; mnC is the number of all connected 
subgraphs in the system. R is the reliability of the network system connectivity. Obviously, quickly obtaining 
the global reliability of the road network for evaluating the resilience of road networks under earthquake-
induced landslide disasters is also a direction of future research.
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Optimization of regional road network recovery process
As mentioned earlier, resilience is an inherent attribute of a dynamic system that evolves over time[46]. The 
transportation network in mountainous areas is no exception, particularly in terms of its operational 
resilience under the impact of earthquake-induced landslides. In other words, regardless of whether the 
overall resilience of transportation networks is measured or evaluated after earthquake and landslide 
disasters, their resilience state will gradually recover and improve over time with emergency rescue and 
reconstruction after the disaster, depending on the global connectivity of the mountain road network. 
Obviously, the overall resilience of mountain road networks can also be quantitatively characterized 
through measurement and evaluation, and the resilience recovery process can be optimized and designed 
through optimization strategies to achieve the fastest recovery. Thus, it is obvious that evaluating the 
evolution of the global resilience state of mountain road networks over time after earthquake-induced 
landslide disasters is particularly important because it is a prerequisite for optimizing the recovery process 
and is currently a research hotspot and frontier in the assessment of landslide disasters caused by regional 
earthquakes.

To understand the evolution process of the global time-dependent resilience of a regional road network 
under the impact of earthquake-induced landslides, GIS remote sensing [Figure 7] can be used to identify 
and evaluate the overall connectivity (full functionality, poor functionality, difficult to pass (DP), road 
closed (RC), and extremely difficult to recover (i.e., infinitely difficult to recover (IR)) of the regional road 
network at different times [Figure 8] to characterize the time-varying resilience process of the regional 
network based on actual monitoring data. This may be one of the fastest and most accurate methods for 
evaluating the resilience of regional road networks at present and may become a future research and 
development direction. Additionally, if decision-makers intervene in different road restoration times and 
sequences in the regional transportation network through optimization methods, they can maximize the 
restoration or improvement of the global connectivity of the regional road network within the same time 
frame and with limited disaster relief resources. As mentioned earlier, this global connectivity can also be 
characterized by the global reliability of the transportation network. Thus, the optimization problem of 
network reliability allocation can be solved.

Undoubtedly, it is a very complex process, from the reliability evaluation of seismic dynamic stability of 
slope engineering to the dynamic interaction between landslide disasters and road networks after instability. 
It may involve the development and propagation of random factors and the selection of different physical 
state indicators. Therefore, the quantitative indicators for evaluating the various states of the road in 
Figure 8 above should also be selected based on the seismic stability state of the slope. If the slope is stable or 
partially unstable under earthquake action, the state of the road may be safe (Full or Poor Functionality), 
which can be quantitatively characterized by the seismic stability and dynamic reliability of the slope. When 
a landslide disaster occurs due to slope instability, it is necessary to determine the flow volume of the 
landslide and the dynamic interaction between the landslide and the road network based on the 
aforementioned large deformation numerical analysis method. At this time, the remaining three states (DP, 
RC, or IR) of the road can be quantitatively determined based on the landslide accumulation volume and 
impact force. In the particular external environment of seismic dynamic excitation, the stochasticity 
(intensity and frequency) and spatial variability of seismic excitation are generally greater than the 
uncertainty of slope geomaterials. Moreover, owing to the spatial correlation of seismic ground motion, the 
failure correlation between various elements (roads) in the network cannot be ignored. Therefore, 
increasing redundant reserves (such as parallel elements) to improve the seismic reliability of the network 
system may be ineffective, increases the maintenance cost of the reserve elements, and may even lead to a 
decrease in the seismic reliability of the transportation network owing to the failure of reserve elements[47].
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Figure 7. Road network connectivity status of earthquake-induced landslide disasters based on ArcGIS representation.

Figure 8. Functionality states of regional road networks subjected to the impact of earthquake-induced landslide disasters.

Therefore, for regional transportation networks under the potential threat of dynamic impact caused by 
earthquake-induced landslides, it is generally necessary to increase the impact reliability of the elements of 
road network systems to effectively improve their global seismic resilience. In this section, to improve the 
resistance of regional transportation networks to earthquake and landslide impact, under the premise of a 
certain post-disaster reinforcement cost and system reliability gain, the reliability increment (or 
reinforcement cost) of the transportation network system elements and improved elements that require 
post-disaster reinforcement improvement is optimized and determined to maximize the global reliability 
gain of the road network system or minimize the reinforcement cost. In the optimization of the post-
disaster recovery process of the road network system, the first step is to determine the probability 
importance and unit sensitivity of the road network system elements. Generally, the importance of the road 
network system elements does not only depend on the logical structure of the elements but also depends on 
the reliability of each unit and the reliability of the road network system as a whole.
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If the reliability of the i-th unit of the road network system S is denoted as pi, the global system reliability RS 
of the road network system can be expressed as follows:

Then, the sensitivity of the i-th unit can be defined as follows:

Obviously, as the value of  increases, the sensitivity of the i-th road element becomes higher; that 
is, the improvement of unit reliability pi has a greater gain on the global system reliability RS of the road 
network. As can be seen, the sensitivity and probability importance Iprob,i of the road network elements are 
the same concept, and the probability importance becomes higher as the sensitivity increases.

In the optimization of road network design for earthquake and landslide impact resistance, the main 
optimization objectives are the global system reliability, total cost, total loss expectation, and total 
investment of the road network system. Presently, the functional relationship between the cost C of the road 
network system and the system reliability RS has not been established; therefore, the decision-making 
analysis of the global system reliability of the road network system can only be carried out from the 
perspective of element reliability. For a regional transportation network affected by earthquake-induced 
landslide disasters, the total investment W0 in post-disaster recovery corresponds to a certain amount. 
Under this constraint, the optimization and coordination of the reliability pi(i ϵ V or i ϵ E) characterizing the 
connectivity of each road to maximize the disaster resistance reliability RS of system S is achieved by finding 
the reliability vector p of each road element that maximizes the global disaster resistance system reliability of 
the transportation network system. The specific mathematical expression can be written as follows:

where T represents the service period of the regional road infrastructure; B(p) represents the economic 
benefits generated by system S during the service period T; B(p)RS represents the expected value of 
economic benefits; C0 is the initial cost, and CT is the fluctuation of the initial cost under the combined 
influence of price and bank interest rate fluctuations during the service period T. Obviously, Equation (4) is 
a nonlinear programming problem with equality and can be solved using the Lagrange multiplier method[48].

where βi is the basic cost of the road unit when considering the impact of landslide disasters; αi is the 
projection coefficient describing the cost and connectivity reliability of the road element; Di is the loss 
caused by the landslide failure of the road; λ is the Lagrange multiplier.
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However, the difficulty here still lies in obtaining the global system reliability RS of the regional 
transportation network under the impact of earthquake-induced landslide disasters. As mentioned above, in 
the existing literature, the overall reliability analysis of complex network systems is mostly proven using an 
exhaustion or simulation method. Notably, these methods may be more suitable for small-scale networks 
but are often inadequate for large and complex traffic networks. Therefore, the authors propose using non-
simulation methods that are suitable for assessing the network reliability, such as the recursive 
decomposition algorithm[49].

In Figure 9, the red line indicates roads that have been blocked or destroyed after landslide impact, while the 
green line indicates that the passing roads are in good condition. This figure is a schematic diagram of the 
restoration process of the road network after an earthquake-triggered landslide disaster impact. It is a part 
of the evaluation framework for seismic resilience of road networks proposed in this study. For actual post-
earthquake recovery, the funding for rescue is always limited, and it may not be possible to quickly restore 
the entire regional road network. So, under the constraint of limited funds, how to maximize the rapid 
recovery of road network functions, that is, the order of road network recovery, is determined by the 
optimization strategy calculation of Equation (4) mentioned earlier. According to different repair sequences, 
the connectivity of the road network units is gradually restored, resulting in the gradual restoration of the 
functionality of the entire road network system. The specific repair state evolution is shown in Figure 8. 
Based on the optimized allocation of reliability among various road elements in the road network system, 
the recovery time of the road network after landslide disasters can be optimized and determined.

In the post-disaster recovery process of infrastructure systems, there is a mutual relationship in multi-layer 
networks, that is, the interdependence caused by the recovery process. This is called recovery coupling and 
is different from multi-layer cascading failures, which have been extensively investigated owing to their 
particular characteristics and dynamics and interdependent networks with hard coupling. For example, as 
shown in Figure 10, a road blockage caused by an earthquake may not result in a power outage but may 
delay power restoration in the affected area. Obviously, large-scale power outages caused by the earthquake-
induced failure of regional power grids will also slow down the rapid connection of regional roads to some 
extent. In other words, after large-scale disturbances, the recovery process of different network systems 
exhibits coupled nonlinear behavior. Currently, there is little research on the recovery coupling relationship 
in multi-layer networks, and this may be a future research direction for evaluating the resilience of regional 
road networks to earthquake-induced landslide disasters[50].

CONCLUSIONS
This study systematically reviewed the development and evolution of slope engineering seismic resilience, 
from the engineering seismic resilience of a single slope to the resilience of regional road networks against 
earthquake-induced landslide disasters. The specific conclusions drawn from this study are as follows:

(1) Slopes are not completely similar to other superstructure projects. This study proposes a new definition 
of seismic resilience for slope engineering. Before an engineered slope undergoes instability and forms a 
landslide under earthquake action, its seismic resilience mainly includes seismic robustness and 
recoverability, similar to other building structures. When a slope loses stability and a landslide occurs, its 
resilience should be described as the anti-disaster resilience of the regional road network affected by 
earthquake-induced landslide disasters.

(2) Currently, research on the seismic resilience of slopes mainly focuses on slope engineering; that is, the 
stage before the slope becomes unstable by earthquakes and transforms into a landslide disaster. However, 
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Figure 9. Evolution process of functional state recovery of regional road networks after landslide disasters.

Figure 10. Recovery coupling caused by interdependence in the recovery process.

there is very little research on the resilience of regional road networks affected by earthquake-induced 
landslide disasters. The main reasons for this are the spatial distribution of seismic excitation and the 
constraints on how the resilience of regional road networks is characterized and calculated. More research 
should be conducted on the resilience of road networks in areas affected by earthquake-induced landslide 
disasters.

(3) A resilience assessment framework for road networks has been preliminarily established, and future 
research directions, such as modeling the regional seismic excitation, characterizing the regional road 
network resilience based on network reliability, and developing recovery optimization strategies, are 
proposed.

(4) The distribution of regional landslides triggered by earthquakes is influenced by the combined effects of 
ground motion excitation, precipitation, and other phenomena. Therefore, it is necessary to consider the 
combined effects of precipitation, ground motion, and other multi-disaster environmental excitations in the 
resistance of regional infrastructure to earthquake-induced landslide disasters. Moreover, owing to the 
coupling effect of other related networks on the post-disaster recovery of regional road networks, research 
should be carried out in the direction of nonlinear high-dimensional network dynamics.
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