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Coupling analysis of crane accident
risks based on Bayesian network
and the N-K model

Bang-Jie Wu'?*, Liang-Hai Jin'**, Xia-Zhong Zheng3 & Shu Chen??

Crane usage is pervasive on construction sites, however, it is associated with a notably high accident
rate. The analyzing of crane accident risks is essential for accident prevention, control, and ensuring
the safety of lifting operations. Hence, significant emphasis should be placed on understanding

the interaction among various risk factors. This paper proposes a quantitative coupling method

for human, machine, management, and environmental risk factors in crane accidents, leveraging
Bayesian networks (BN) and the N-K model. Firstly, text mining technology and fault tree analysis
are employed to analyze the causes of crane accidents and categorize the associate risk factors.
Secondly, the types of risk coupling resulting from human, machine, management, and environmental
risk factors are defined. Thirdly, the BN model is developed based on the analysis of crane accident
risksand its N-K model. Fourthly, the parameters of the risk coupling nodes in the developed BN are
determined based on the calculation results of the N-K model. Finally, for the risk coupling types with
high coupling values and the first-level node and second-level node, the failure probability is analyzed
through posterior probability and sensitivity analysis. The results indicate that factors related to man
and management significantly impact crane accidents and warrant enhanced attention. The interplay
among multiple risk factors significantly influences the probability of crane accidents, necessitating
careful attention.

As one of the most critical means of vertical lifting and horizontally moving materials, crane operations are widely
used in infrastructure construction and other fields'. During crane operations, the complex man-machine-
management-environment interface, high task difficulty, and uncertain information?, contibuite to a potential
high risk, leading to the causes of crane accidents. These causes, encompassing overload, collisions, and opera-
tion errors, are highly complex and can easily results in crane accidents, leading to serious consequences such
as casualties and property losses®. Therefore, research the man-machine-management-enviroment interface of
crane accidents holds significant meaning for preventing the occurrence of lifting injury accidents. Additionally,
ensuring the safety of lifting operations and reducing economic losses are important issues that urgently need
resolution in the construction of large-scale water conservancy and hydropower projects, long-span bridges,
high-rise buildings, and other projects**.

However, as a critical facility and equipment associated with national economic construction and societal
functioning, lifting machinery exhibits characteristics of high technical complexity, stringent operational require-
ments, challendingt maintenance, and elevated potential risks®. Various safety risks fromdiverse factors, inluding
human, machanical, environmental, and managerial aspects, during crane operation. The safety state of lifting
operations flucates with alterations in human factors, material factors, environmental factors, and manage-
ment factors. It can be observed that the interaction among risk factors in lifting accidents exhibits high-order
nonlinearity’, and the complexity of the risk coupling relationshipheightens the inteicacy and challenges asso-
ciated withe safety control of lifting operations, rendering it highly unfavorable for effective risk management.
Notably, the coupling among risks serves as the primary driving force for risk evolution. If the risk value resulting
from coupling surpasses the safety threshold, it could result in a lifting accident. For instance, the factors con-
tributing to the collapse of the gantry crane at the wharf site of Hudong Zhonghua Shipyard Co., Ltd. encom-
pass improper safety supervision, illegal worker operation, low safety awareness, and improper investigation
of safety hazards. The disaster resulted in a total of 36 deaths, 3 injuries, and direct economic losses amounting
to nearly 80 million RMB. Therefore, disregarding the coupling effect among different risk factors, adapting a
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linear perspective, or inadequately considering risk occurrence will result in deviations in the estimating actual
risk threats and losses®.

To mitigate crane accidents, numerious scholars have validated various accident prevention methods.These
methods encompass the utilization of frequency and complex network topology parameters, aiming to identify
the key causes of crane accidents”!’. Many scholars have conducted extensive studies on accident prevention.
Extensive research has been conducted on the safety risks of lifting operations, considering various perspectives,
including people, machinery, environment, and organization at the lifting site!!~'%. The installation and disas-
sembly of cranes are highly perilous, constituting the primary stages that lead to lifting accidents and serve as
focal points for safety management and control of lifting operations'®. Additionally, Chen et al.'° conducted eye
movement experiments focusing on tower crane operations to analyze the visual effects and optical mechanisms
influencing crane drivers. However, the majority of scholars have given inadequate consideration to the coupling
relationship among risk factors in crane accidents, and the interplay among different risk factors significantly
influendes the occurrence, development, and severity of crane accidents'”. However, most of these conventional
research methods rely on expert experience to investigate the causes of lifting accidents, leading to subjective
results. The N-K model can capture the coupling of accident causes through analysis of existing accident reports.
Subsequently quantitative research can be conducted. The BN network can serve as an effective tool for inferring
the coupling relationship among various factors. Therefore, this study will explore the coupling among the causes
of lifting accidents by integrating the N-K model and the BN model.

This paper introduces a new method to quantify the coupling of accident causes using both the BN and the
N-K models. This paper unveils the risk coupling mechanism of crane accidents, examing interactions among
various risk factors. The method proposed is described in "Materials and methods". "Model construction” pre-
sents a detailed description of the model construction process, encompassing model structure definitions and
parameter specifications. "Results and discussions” is covers the results and discussion. "Conclusion” provides
a summary of the paper.

Materials and methods

The proposed method

The BN structure is established through the analysis of risk factors using text mining technology and the N-K
modelstructure. The proposed method is illustated in Fig. 1. To determine the structure of the N-K model, it is
imperative to identify the type of risk coupling. Leveraging expert experience and crane accident reports, text
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Figure 1. The proposed method.
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mining technology is employed to identify risk factors and their probability. Subsequently, the values of various
risk coupling degrees are calculated using the N-K algorithm. These data are incorporated into the BN model to
define the parameters, and posterior probability and sensitivity analyses are conducted, respectively.

This method can delineate the coupling relationship among risk factors in various subsystems, quantitatively
analyze the uncertainty and the effect of risk coupling, demonstrate the dynamic characteristics of risk evolution
and risk coupling, and analyze how risk factors contribute to the evolution process of triggering accidents. The
research findings can serves as references for enhancing the safety control of lifting operations.

Bayesian network of the risk factors in crane operation

A Bayesian Network (BN) is a graphical network rooted in probabilistic reasoning, comprising nodes and directed
edges. Nodes in the network represent variables, and the directed edges dipict interaction among these nodes!®.
It can effectively achieve the representation of uncertain knowledge and support complex reasoning. In this
context, the risk factors associated with crane operations are assigned to nodes, and the coupling relationship
among different risk factors are represented by edges, culminating in the establishment of the Bayesian network
model of the risk factors of crane operations'*.

N-K model of the risk factors in crane accidents
The N-K model was initially introduced by Kauffman and Weinberger?! within the realm of evolutionary biol-
ogy and subsequently explored further by Kauffman®. It aims to delineate the roles of interdependence and
complexity in complex adaptive systems. It is extensively utilized for the degree of correlation and risk coupling
among factors contributing to unsafe events. The N-K model comprises two parameters: N denotes the number
of elements, and K represents the number of coupling relationships (as obtained by consulting experts in related
fields). In a complex system comprising n elements, where each element has n states, then nN possible couplings.
By quantifying the interactive information coupling among risk factors in crane operations, the risk factors
of four subsystems: Man, Machine, Management, and Environment are effectively measured, leading to the
formation of a new risk state. The formula for calculating interactive information is as follows:

M; M, M; E
R(My, M3, M3,E) = Z Z Z melmzmyz X 10g2 [Pmlmzrnge/Pml... X P.mz.. X P..m3. X P...e] (1)

mi=1my=1m3=1 e=1

where Ry viomse represents the probability associate with Man being in state m,;, Machine being in state m,,
Management being in state m;, Environment being in state e while the four factors are coupled. The variables
are defined as following: m; =1,2,...,M;; m,=1,2,...,Mp; m3=1,2,...,M3; e=1,2,...,E. Furthermore, R}, R;5, R3
and R, are the probabilities of each risk factor in different states. The R value as a comprehensive measure of the
coupling effect of safety risks in lifting operations, where a higher R value corresponds to an increased probability
of a lifting operation occurrence.

Model construction

The definition of crane operation risk factors

Firstly, nearly 400 valid crane accident reports spanning the years 2000 to 2021 were systematically crawled. These
reports encompass crucial datails, including the fundamental accident scenario, causal factors, identification of
responsibility, preventive measures, and recommendations rectification. Moreover, the reported incidents are
substantiated as accurate and reliable, covering diverse provinces and cities across China, rendering the data
suitable for research purposes. The severity of each incident is assessed, distinguishing those without personal
injuries from the general accident category and labeling them as "no casualty accidents," as illustrated in Fig. 2a.
Based on this dataset of crane accidents, the monthly frequency of incidents is tabulated according to their
occurrence, as depicted in Fig. 2b.
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Figure 2. The situation of crane accident.
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As depicted in Fig. 2a, there were five accidents without casualties, constituting 1.3% of the tatal. Despite the
absence of personal casualties in these incidents, they frequently resulted in substantial economic losses. Addi-
tionally, there were 309 instances of general accidents, representing 80.3%, and 60 major accidents, accounting
for 15.6%. This suggests that the overall impact of lifting injury accidents was relatively limited, and in some
instances, there were a few casualties. Specifically, there were eight major accidents, constituting 2.1%, and three
major accidents, constituting 0.8%.

Observing Fig. 2b, it is evident that the lowest number of accidents occurs in January, and fewer accidents are
reported in May-June and August-November, indicating favorable conditions for crane operations. Conversely,
the hightest number of accidents is observed in February-April, and July and December register the highest
frequency of accidents. These patterns are associated with management factors, including safety management
inspection time and construction weather in China®.

In this study, 385 crane accident reports are compiled and processed through text mining technology. Apply-
ing system safety theory, crane operation is analyzed as a word frequency statistic across four subsystems: Man
(M: crane driver, on-site construction worker, commander, safety supervisor), Machine (M,: crane), Manage-
ment (Ms;: lifting operation safety regulations, on-site safety supervision measures, etc.), and Environment (E:
crane operation surrounding environment, weather conditions, etc.). High-frequency words are fitted, and the
results, illustrated in Fig. 3 below, demonstrate a well-fitting effect with the fitting coefficient R=0.9967.

As depicted in Fig. 3, the majority of words have a low frequencies, with only a small number appearing at
high frequencies. The range of word types is limited, suggesting that a restricted number of high-frequency words
can more effectively capture crucial information about the causes of heavy injury accidents.

The fault tree method can efficiently analyze the direct causes and uncover potential causes of accidents,
contributing to the valid identification of risks within the crane operation system?*. The fault tree method, along
with the statistical hazard source method, is emplyed to establish the fault tree for crane accident safety risks,
as illustrated in Fig. 4.

Risk coupling mechanism of crane accidents

The crane machinery, field personnel, and surrounding buildings are defined as coupling risk bearers of crane
accidents®, subject to direct or indirect effects from various risk factors within the four subsystems. If the cou-
pling effect of these risk factors surpasses a predefined safety threshold, it results in a lifting accident and inflicts
damage upon each risk bearer?®?’. The coupling effect among the various subsystems is shown in Fig. 5.

Risk coupling styles of crane accidents

Risk coupling among different subsystems of the crane operation system is categorized into three categories
single-factor coupling, double-factor coupling, and multi-factor coupling with the corresponding coupling styles
are shown in Fig. 6.

Single-factor risk coupling pertains to the coupling of risk factors within each of the four subsystem, Machine,
Management, and Environment. There are four types of risk factors, namely, M,-M, coupling, M,-M, coupling,
E-E coupling, and M;-M; coupling The coupling risk values are denoted as R}, R},, R}3, and R, respectively.
The total coupling degree value is recorded as R}, but in cases by a risk factor, so there is no risk coupling, which
is a special case.

Double-factor risk coupling involves the coupling of risk factors in two distinct subsystems among the four
subsystems: Man, Machine, Management, and Environment. This includes M,-M, coupling, M,-Mj; coupling,
M,-E coupling, M,-M; coupling, M,-E coupling, and M,-E coupling, amonting to a total of six categories. The
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Figure 3. Word frequency fitting trend of crane accidents.
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Figure 4. Fault tree of crane accidents.
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Figure 6. Risk coupling styles of crane accidents.

respective coupling risk values are recorded as R,;, Ryy, Ry3, Ryys Ry, and Ry, with the total coupling degree value
is recorded as R,.

Multi-factor risk coupling involves the coupling of risk factors acorss three or four different subsystems
among the four: Man, Machine, Management, and Environment. This includs M,-M,-Mj, coupling, M,-M,-E
coupling, M,-M;-E coupling, M,-M;-E coupling, and M,-M,-M;-E coupling, for a total of five kinds. The
coupling risk values are recorded as Rs), Rs,, Ry, Ray, and Ry, and the total coupling degree value of multi-risk
factors is recorded as Ry

Calculation of coupling effect of risk factors

The safety risk in crane operations arises from the localized interaction of risk-coupling following the coupling
of various risk factors. This can be effectively assessed by the calculating the effects of single-factor coupling,
double-factor coupling and multi-factor coupling effects in crane operation risk factors. Leveraging a wealth of
accident reports, a layered decomposition is conducted, and the frequency of decomposition for each risk factor
(Man, Machine, Management, and Environment) is tallied. Risk factors in a safe state are recorded as ’0’, where
those in a dangerous state leading to accidents are recorded as ’1> The 385 crane accidents occurring from 2000
to 2021 are divided in detail, and the occurrences of single, double, and multi-factor coupling fresulting from
the coupling of risk factors in each subsystem are counted. The results are shown in Table 1.

Considering the type of risk coupling, the calculation formulas of 6 types of two-factor risk coupling are given
by formula (2), while the calculation formulas of 5 types of multi-factor risk coupling are provided by formula
(3). The resulting settlement are as follows. Additionally, the coupling degree value for single factor is too small,
so it is not included in the table®'.

Coupling style | Numb Coupling style | Number | Coupling style | Number
1111 54 1100 27 0011 23
1000 15 1010 33 1110 21
0100 17 1001 13 1011 33
0010 21 0110 25 1101 38
0001 7 0101 22 0111 36

Table 1. Coupling styles number of crane accidents.
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Utilizing Eqs. (2) and (3), the coupling degree values of risk factors are computed. Observations reveal that the
coupling degree value of risk factors is directly proportional to the number of risk factorsinvolved in coupling,
with the order R,>R; >R, > R,. The coupling degree value of 4 factors is the highest, followed by multi-factor,
double factors, and single factors. In the context of multi-factor coupling risk, the values are as follows: R(M;,
M,, Ms, E)=0.0802, R(M,, M,, M;)=0.0746, and R(M,, M, E) =0.0690. The risk factors of Man and Manage-
ment are included in the larger risk coupling degree value, indicating that the risk of Man and Management is
most easily coupled with other risks, which poses a threat to the safety system of crane operations. In addition,
in the multi-factor coupling, the risk factors of the Management are included in the risk coupling degree value,
which manifests that the lack of safety education and training and the special construction plan are the main
causes of crane accidents (Fig. 7).

The development of the BN model

The Bayesian Network(BN) structure depicting crane accidents is illustrated in Fig. 8. In this study, Genie soft-
ware is employed to develop the BN model. Based on the 16 risk factors identified in "The definition of crane
operation risk factors", the node variables of the BN model can be preliminarily established. Assigning two states,
whether the nodes exist or not, represents the occurrence or non-occurrence of the state described by the node.
The construction of the BN model under factors coupling involves two steps: (1) Determine whether there are
edges between nodes according to the results of the N-K model calculation; (2) considering the causal relation-
ship among nodes, the arrow direction of each edge is determined to form a complete BN topology.

Validation of the developed BN model
Model verification constitutes a crucial aspect of the proposed model. The three-kilometer verification method,
a common common approach for Bayesian networks, is employed in this study to assess the effectiveness of
the proposed model. The three-kilometer theory should adhere the following criteria: (1) a change in the prior
subjective probability of each parent node should result in a change in the posterior probability of the child node;
(2) the change of the subjective probability of each parent node has the same influence on the value of the child
node; (3) the change of attribute probability of x-y (y € x) has less influence on the value than x*.

When the vibration of the parent node of the child node Man-Factor is set to 0, the probability of M1-M3
coupling decreases from 47 to 23%. If the low safety awareness is set to 0, the probability of M1-M3 coupling
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Figure 8. Expanded BN based on the N-Kmodel.

will decrease to 9.2%. If all the parent nodes are set to 0, the probability of M1-M3 coupling is also 0. Repetitive
training of these nodes to conform to the axioms enables model validation.

Results and discussions

The reasoning ability of a BN model denotes the capability to manipulate the nodes in the network to deduce
changes in other nodes based on the established Bayesian network. The probability of occurrence or non-occur-
rence of any node can be calculated using the method of conditional probability in the Bayesian network.
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Furthermore, any alteration in the input value of any node may lead to a change in the probability value of the
target node.

Based on the established Bayesian network depicting the coupling of crane accident risk factors, sensitivity
analysis and the analysis of the most approximate cause chaina are conducted for the three risk factors M,-M,-
M;-E, M,-M,-M;, and M,-M,-E. This exploration identifies the sensitivity risks and key factors in risk coupling,
offering a scientific foundation for the safety management of crane operations.

Prior probability and posterior probability
A comparative analysis of the prior probability and posterior probability results for each node in the above three
high-risk coupling effects is presented in Fig. 9.

From the posterior probability, it can be inferred that the risk factor M; of the M;-M,-M;-E coupling type is
most significant, constituting 69.1%, making it the primary factor contributing to the lifting operation accidents.
Environmental factors exert the least influence on the risk of coupling in crane operations. Illegal operations
emerge as a important factor leading to lifting accidents.

Sensitivity analysis

The BN model suggests that the impact of the change in each factor on the risk coupling of crane operations
varies.For the analysis of the influence trend of the value change of each factor on the risk coupling, the factors
are adjusted within a certain range during the selection of uncertain factors in the sensitivity analysis, such
as+5%, £ 10%, £ 15%, £ 20%, etc. Consideration must be given to the smoothness of the curve when choosing
the specific step size. If the step size is too large, the curve may lack smoothness. Contraryly, a very small step size
will result in a large calculation load and excessive smoothness. In the analysis of sensitivity for the M,-M,-M;-E
with the largest risk coupling degree value, the factor value step size is 0.1, and the value range is [0, 1]. Subse-
quently, the probability sensitivity of related nodes affected by single-factors of Man, Machine, Environment, and
Management is analyzed, and the key nodes of BN probability change are identified. When the probability of each
node is 0, the probability value of other nodes does not change; that is, the risk coupling of crane operations is
not affected by this factor. The abscissa is the probability value of node failure, and the ordinate is the probability
of lifting accidents caused by multi-factor risk coupling. The results are shown in Fig. 10.

Figure 10a illustrate that as the failure probability of the nodes related to Man risk factors increases from 0 to
1, the impact of each node on the crane accident grows, with a substantial change at the end. This suggests that
Man risk factors have a significant impact on the crane accident. Specifically, low safety awareness and illegal
operations exert a greater impact on the probability of crane accidents. In Fig. 10a, ¢, the box type rises steadily,
indicating that the risk factors of the Management and Machine have a significant and stable impact on the crane
accident; in Fig. 10d, it maintains steady growth in the early stage but increases sharply, with a notable difference
when the probability is 0.9. This implies that the failure probability of environmental factors increases to a certain
extent, exerting a significant impact on crane accidents®.

To analyze the influence trend of single-factor, double-factor, and multi-factor on the coupling effect of
crane operations, the probability changes of Man, Machine, Management, and Environment secondary nodes
are drawn in Fig. 11.

Figure 11a implies that the single-factors of Man, Machine, Management, and Environment exhabit a linear
positive correlation with the risk of crane operation accidents, and the fitting correlation coeflicient R? is greater
than 0.98. The risk of crane operation accidents increases with the increase in the failure probability value of
single-factor nodes, and the influence of Management factors is the most significant. Observing Fig. 11b, it is
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Figure 9. Failure probability distribution of risk factor.
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Figure 10. Curve of first-order node probability.
evident that the double-factor coupling curve of Man, Machine, Management, and Environment forms a quad-
ratic positive correlation function, with the correlation coefficient R? exceeding 0.96. The risk of a crane accident
increases with the increase in double-factor failure probability, and the change range of the Man-Machine fac-
tor is the largest, at 98.07%. The probability change and fitting curve of a crane operation accident under the
combined action of Man, Machine, Management, and Environment are shown in Fig. 11c. The fitting curve is
positively correlated, and the fitting accuracy R? is greater than 0.99. At a failure probability of 100%, the error
probability reaches as high as 94%. Hence, to prevent the occurrence of crane accidents, attention should be paid
to reducing the impact of multi-factors on crane operations at the same time®*.
Conclusion
This paper presents a methodology for quantifying the risk coupling of crane accidents using Bayesian Network
and the NK models. The paper defines the types of risk coupling caused by Man factors, Machine factors, Man-
agement factors and Environment factors in crane accidents. The paper unveil the risk coupling mechanism of
crane accidents by examing the interactions among different types of risk factors.
The BN structure is established based on the risk analysis of crane accidents and its N-K model. The param-
eters of risk coupling nodes in the developed BN are determined by the calculation results from the NK model.
Following the completion of the BN model, validation is carried out using posterior probability, and further
analysis, including sensitivity analysis and uncertainty analysis, are conducted to investigate the effects of risk
factors on different types of risk coupling.
Through reasoning simulation analysis, it is determianed that among the influencing factors at the root nodes,
workers’ illegal operations, inadequate safety supervision, and bad weather conditions are high-risk factors that
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Figure 11. Probability curve for secondary nodes.

induce accidents and should be paid more attention to in risk prevention and control. Among the influencing
factors of the first-level node, the failure probability caused by Man factor failure and Management factor failure
changes more greatly, and the training management and on-site supervision of construction workers should be
strengthened. Among the influencing factors of the secondary node, the crane accident increases in the order
of single-factor, double-factor, and multi-factor, and the double-factor and multi-factor cases are nonlinear.

This paper expands the theoretical approach to analyzing safety risk factors in lifting operations, offering a
theoretical reference for establishing a dual prevention mechanism for safety accident risks in lifting operations.
It also enriches the theoretical methods for the prevention and control of safety accident risks in construction
projects. It provides guidance for formulating schemes, including hazard source identification, accident preven-
tion in advance, accident rescue in the event, and accident investigation after the event.

Each risk factor in the safety accident of lifting operations will change over time, and the risk coupling effect
at different time nodes will also vary. Therefore, future research will consider the influence of time parameters
and establish a dynamic analysis model of the risk coupling effect of safety accidents in lifting operation.

Data availability
The datasets generated and/or analysed during the current study are not publicly available and are available from
the corresponding author on reasonable request.

Received: 18 September 2023; Accepted: 4 January 2024
Published online: 11 January 2024

References
1. Sadeghi, S., Soltanmohammadlou, N. & Rahnamayiezekavat, P. A systematic review of scholarly works addressing crane safety
requirements. Saf. Sci. https://doi.org/10.1016/j.ss¢i.2020.105002 (2021).
2. Beavers, J. E., Moore, J. R., Rinehart, R. & Schriver, W. R. Crane-related fatalities in the construction industry. J. Constr. Eng. Manag.
132(9), 901-910. https://doi.org/10.1061/(asce)0733-9364(2006)132:9(901) (2006).

Scientific Reports |

(2024) 14:1133 | https://doi.org/10.1038/s41598-024-51425-9 nature portfolio


https://doi.org/10.1016/j.ssci.2020.105002
https://doi.org/10.1061/(asce)0733-9364(2006)132:9(901)

www.nature.com/scientificreports/

3. Lingard, H., Cooke, T., Zelic, G. & Harley, J. A qualitative analysis of crane safety incident causation in the Australian construction
industry. Saf. Sci. https://doi.org/10.1016/j.ss¢i.2020.105028 (2021).

4. Wang, R. D,, Zayed, T., Pan, W,, Zheng, S. & Tariq, S. A system boundary-based critical review on crane selection in building
construction. Autom. Construct. https://doi.org/10.1016/j.autcon.2020.103520 (2021).

5. Kim, E. S. & Choi, S. K. Failure analysis of connecting bolts in collapsed tower crane. Fatigue Fract. Eng. Mater. Struct. 36(3),
228-241. https://doi.org/10.1111/j.1460-2695.2012.01716.x (2013).

6. Wang, N. et al. An active preventive maintenance approach of complex equipment based on a novel product-service system opera-
tion mode. J. Clean. Prod. https://doi.org/10.1016/j.jclepro.2020.123365 (2020).

7. Harari, Y., Bechar, A. & Riemer, R. Workers’ biomechanical loads and kinematics during multiple-task manual material handling.
Appl. Ergon. 83, 102985. https://doi.org/10.1016/j.apergo.2019.102985 (2020) (epub 2019/11/08).

8. Im, S. & Park, D. Crane safety standards: Problem analysis and safety assurance planning. Saf. Sci. https://doi.org/10.1016/j.ssci.
2020.104686 (2020).

9. Kivimaki, I., Lebichot, B., Saramaki, J. & Saerens, M. Two betweenness centrality measures based on randomized shortest paths.
Sci. Rep. 6, 19668. https://doi.org/10.1038/srep19668 (2016) (epub 2016/02/04).

10. Hua, Q.-S., Ai, M, Jin, H., Yu, D. & Shi, X. Distributively computing random walk betweenness centrality in linear time. In 2017
IEEE 37th International Conference on Distributed Computing Systems (ICDCS). 764-774 (2017).

11. Swuste, P. A ‘normal accident’ with a tower crane? An accident analysis conducted by the Dutch Safety Board. Saf. Sci. 57, 276-282.
https://doi.org/10.1016/j.ss¢i.2013.03.002 (2013).

12. Zhang, W,, Xue, N., Zhang, J. & Zhang, X. Identification of critical causal factors and paths of tower-crane accidents in china
through system thinking and complex networks. J. Construct. Eng. Manag. https://doi.org/10.1061/(asce)co.1943-7862.0002186
(2021).

13. Zhang, X., Zhang, W, Jiang, L. & Zhao, T. Identification of critical causes of tower-crane accidents through system thinking and
case analysis. J. Construct. Eng. Manag. https://doi.org/10.1061/(asce)co.1943-7862.0001860 (2020).

14. Tam, V. W. Y. & Fung, I. W. H. Tower crane safety in the construction industry: A Hong Kong study. Saf. Sci. 49(2), 208-215.
https://doi.org/10.1016/.ss¢i.2010.08.001 (2011).

15. Tu,J., Lin, W. & Lin, Y. A Bayes-SLIM based methodology for human reliability analysis of lifting operations. Int. J. Ind. Ergon. 45,
48-54. https://doi.org/10.1016/j.ergon.2014.11.004 (2015).

16. Chen, Y, Zeng, Q., Zheng, X., Shao, B. & Jin, L. Safety supervision of tower crane operation on construction sites: An evolutionary
game analysis. Saf. Sci. https://doi.org/10.1016/j.s5¢i.2021.105578 (2022).

17. Zhou, W,, Zhao, T,, Liu, W. & Tang, ]. Tower crane safety on construction sites: A complex sociotechnical system perspective. Saf.
Sci. 109, 95-108. https://doi.org/10.1016/.ss¢i.2018.05.001 (2018).

18. Zheng, Y., Zhao, F. & Wang, Z. Fault diagnosis system of bridge crane equipment based on fault tree and Bayesian network. Int. J.
Adv. Manuf. Technol. 105(9), 3605-3618. https://doi.org/10.1007/s00170-019-03793-0 (2019).

19. Feng, X,, Jiang, J.-C. & Feng, Y.-G. Reliability evaluation of gantry cranes based on fault tree analysis and Bayesian network. J.
Intell. Fuzzy Syst. 38(3), 3129-3139. https://doi.org/10.3233/jifs-191101 (2020).

20. Jinfei, L., Yinglei, L., Xueming, M., Liang, W. & Jielin, L. Fault tree analysis using Bayesian optimization: A reliable and effective
fault diagnosis approaches. J. Fail. Anal. Prev. 21(2), 619-630. https://doi.org/10.1007/s11668-020-01096-1 (2021).

21. Ganco, M. NK model as a representation of innovative search. Res. Policy 46(10), 1783-1800. https://doi.org/10.1016/j.respol.
2017.08.009 (2017).

22. Liu, Z. et al. Risk coupling analysis of subsea blowout accidents based on dynamic Bayesian network and NK model. Reliab. Eng.
Syst. Saf. https://doi.org/10.1016/j.ress.2021.108160 (2022).

23. Mohammadi, H. ef al. Risk analysis and reliability assessment of overhead cranes using fault tree analysis integrated with Markov
chain and fuzzy Bayesian networks. Math. Probl. Eng. 2021, 1-17. https://doi.org/10.1155/2021/6530541 (2021).

24. Shapira, A., Simcha, M. & Goldenberg, M. Integrative model for quantitative evaluation of safety on construction sites with tower
cranes. J. Constr. Eng. Manag. 138(11), 1281-1293. https://doi.org/10.1061/(asce)c0.1943-7862.0000537 (2012).

25. Liu, Z., Meng, X., Xing, Z. & Jiang, A. Digital twin-based safety risk coupling of prefabricated building hoisting. Sensors (Basel)
https://doi.org/10.3390/s21113583 (2021) (Epub 2021/06/03).

26. Jiang, L., Zhao, T., Zhang, W., Hu, J. & Preciado, A. System hazard analysis of tower crane in different phases on construction site.
Adv. Civ. Eng. 2021, 1-16. https://doi.org/10.1155/2021/7026789 (2021).

27. Ning, X., Qi, J. & Wu, C. A quantitative safety risk assessment model for construction site layout planning. Saf. Sci. 104, 246-259.
https://doi.org/10.1016/j.s5¢i.2018.01.016 (2018).

28. Qiao, W. Analysis and measurement of multifactor risk in underground coal mine accidents based on coupling theory. Reliab. Eng.
Syst. Saf. https://doi.org/10.1016/j.ress.2021.107433 (2021).

29. Raviv, G., Fishbain, B. & Shapira, A. Analyzing risk factors in crane-related near-miss and accident reports. Saf. Sci. 91, 192-205.
https://doi.org/10.1016/j.55¢i.2016.08.022 (2017).

30. Shin, I. J. Factors that affect safety of tower crane installation/dismantling in construction industry. Saf. Sci. 72, 379-390. https://
doi.org/10.1016/j.ss¢i.2014.10.010 (2015).

31. Adumene, S., Khan, E, Adedigba, S. & Zendehboudi, S. Offshore system safety and reliability considering microbial influenced
multiple failure modes and their interdependencies. Reliab. Eng. Syst. Saf. https://doi.org/10.1016/j.ress.2021.107862 (2021).

32. Liu, Z,, Liu, Y. & Lei WuCai, X. B. Risk analysis of subsea blowout preventer by mapping GO models into Bayesian networks. J.
Loss Prev. Process Ind. 52, 54-65. https://doi.org/10.1016/j.jlp.2018.01.014 (2018).

33. Raviv, G., Shapira, A. & Fishbain, B. AHP-based analysis of the risk potential of safety incidents: Case study of cranes in the con-
struction industry. Saf. Sci. 91, 298-309. https://doi.org/10.1016/.ss¢i.2016.08.027 (2017).

34. Wu, K., Garcia de Soto, B. & Zhang, E. Spatio-temporal planning for tower cranes in construction projects with simulated anneal-
ing. Autom. Construct. https://doi.org/10.1016/j.autcon.2019.103060 (2020).

Acknowledgements

This study is sponsored by the National Natural Science Foundation of China (Grant No. 52179136) .

Author contributions

B.W.: Methodology, Software, Validation, Writing Original draft preparation. L.J.: Writing Reviewing and Edit-
ing, Funding acquisition. X.Z.: Conceptualization, Writing Reviewing and Editing. S.C.: Writing Reviewing and
Editing.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:1133 | https://doi.org/10.1038/s41598-024-51425-9 nature portfolio


https://doi.org/10.1016/j.ssci.2020.105028
https://doi.org/10.1016/j.autcon.2020.103520
https://doi.org/10.1111/j.1460-2695.2012.01716.x
https://doi.org/10.1016/j.jclepro.2020.123365
https://doi.org/10.1016/j.apergo.2019.102985
https://doi.org/10.1016/j.ssci.2020.104686
https://doi.org/10.1016/j.ssci.2020.104686
https://doi.org/10.1038/srep19668
https://doi.org/10.1016/j.ssci.2013.03.002
https://doi.org/10.1061/(asce)co.1943-7862.0002186
https://doi.org/10.1061/(asce)co.1943-7862.0001860
https://doi.org/10.1016/j.ssci.2010.08.001
https://doi.org/10.1016/j.ergon.2014.11.004
https://doi.org/10.1016/j.ssci.2021.105578
https://doi.org/10.1016/j.ssci.2018.05.001
https://doi.org/10.1007/s00170-019-03793-0
https://doi.org/10.3233/jifs-191101
https://doi.org/10.1007/s11668-020-01096-1
https://doi.org/10.1016/j.respol.2017.08.009
https://doi.org/10.1016/j.respol.2017.08.009
https://doi.org/10.1016/j.ress.2021.108160
https://doi.org/10.1155/2021/6530541
https://doi.org/10.1061/(asce)co.1943-7862.0000537
https://doi.org/10.3390/s21113583
https://doi.org/10.1155/2021/7026789
https://doi.org/10.1016/j.ssci.2018.01.016
https://doi.org/10.1016/j.ress.2021.107433
https://doi.org/10.1016/j.ssci.2016.08.022
https://doi.org/10.1016/j.ssci.2014.10.010
https://doi.org/10.1016/j.ssci.2014.10.010
https://doi.org/10.1016/j.ress.2021.107862
https://doi.org/10.1016/j.jlp.2018.01.014
https://doi.org/10.1016/j.ssci.2016.08.027
https://doi.org/10.1016/j.autcon.2019.103060

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to B.-].W. or L.-H.].

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:1133 | https://doi.org/10.1038/s41598-024-51425-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Coupling analysis of crane accident risks based on Bayesian network and the N-K model
	Materials and methods
	The proposed method
	Bayesian network of the risk factors in crane operation
	N-K model of the risk factors in crane accidents

	Model construction
	The definition of crane operation risk factors
	Risk coupling mechanism of crane accidents
	Risk coupling styles of crane accidents
	Calculation of coupling effect of risk factors
	The development of the BN model
	Validation of the developed BN model

	Results and discussions
	Prior probability and posterior probability
	Sensitivity analysis

	Conclusion
	References
	Acknowledgements


