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Abstract: The complexity of the wharf components and the harshness of the offshore construction
environment increase the safety risk of hazards, which has highlighted the importance and urgency of
safety risk management in high-pile wharf constructions. This paper established a visualized digital
construction safety risk model for high-pile wharf based on a so-called FAHP method (the combi-
nation of fuzzy comprehensive evaluation (FCE) and analytic hierarchy process (AHP) methods).
The construction safety risk indicators were constructed as the target layer, the principle layer and
the scheme layer, and then the corresponding safety risk assessment algorithm was established. The
physical, functional and safety risk assessment parameters of the component in the BIM model were
employed to the safety risk assessment algorithm, and the risk assessment level of each sub-process
was subsequently classified. The case study indicated that the high-pile wharf construction project
included five elements in principle layer and 15 risk indicators in the scheme layer. Moreover, it
was demonstrated that the sub-processes with the highest construction risk level were steel pipe pile
sinking in wharf construction and steel pipe pile, steel sheath-immersed pile sinking and embedded
rock pile construction in approaches to bridge construction with a risk level of III. In this way, the
quantitative visualization of the construction safety risk was effectively realized, which facilitates
the safety risk management of construction sites and timely warning and response to unexpected
safety accidents.
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1. Introduction

The high-pile wharf is increasingly becoming one of the most widely used structural
forms due to its significant advantages such as lightweight construction, good wave
reduction effect and reduced use of sand and gravel [1]. However, as a typical water
transportation project, the construction of a high-pile wharf involves aerial work and
underwater work. The prefabrication, transportation and installation of large components
for the project involves a wide range of construction materials and machinery, which
brings more and more huge challenges for the construction safety management of the
project [2]. In particular, the wharf construction is usually located in the offshore and open
sea area, which is greatly affected by meteorological disasters and has very complicated
geological conditions [3]. The large investment amount and project scale of a high-pile
wharf project leads to a long construction period and a large number of participants in
the project, which leads to increased difficulty in construction and the coordination of the
construction process [4]. If the materials, equipment and personnel at the construction
site are not well coordinated and managed, it is likely to cause safety accidents due to
insufficient safety control measures, which not only delays the construction period but also
threatens the safety of personnel [5,6]. For instance, in 2020, during the construction of a
general cargo terminal in Wuhu, China, a collapse occurred during the pouring of concrete
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for the cantilever section of the upper crossbeam on the upstream side, which resulted in
three operators who were working on the project to fall into the river, two deaths and a
serious direct economic loss of more than CNY 3 million. Under the current situation of
gradually increasing project scales and multiple project participants, the traditional project
safety assessment and construction methods can no longer accurately and completely
represent the construction situation. It is necessary to improve the construction safety risk
assessment system to support the safety risk management of modern engineering projects,
especially for high-pile wharf constructions.

Performing a safety risk assessment before construction is of particular significance
for construction safety management. In fact, traditional safety risk management systems
are designed by monitoring and investigating safety hazards that have already occurred to
develop targeted countermeasures to reduce the risk of future repeat safety events [7,8].
Summarizing the causes of past accidents and the injury data of each influencing factor
helps to identify safety risk signals and alerts before the start of similar projects to ensure
the safe progression of the project [9]. This kind of risk assessment approach based on safety
hazards that have already occurred provides an effective reference scheme for safety risk
management in similar projects but at the cost of safety accidents [10]. Even so, it is possible
that the causes of safety accidents may not include all the safety risk factors of the project,
and the resulting safety risk analysis may not be comprehensive or universal. What is more,
for high-pile wharf projects, the geographic environment and actual construction factors
of each project are quite different, and the conclusions of the already existing safety risk
analysis cannot be directly applied to new projects. In order to address this problem, it is
more accurate to carry out a practical assessment of safety activities during the construction
phase of the project and establish positive countermeasures accordingly [10]. In addition,
the safety conditions at the project site can be assessed by assigning one or more trained
observers on site. These measures are relatively accurate and more effective for a given
project but are more dependent on the experience of the on-site assessor and the employed
measurements while increasing the cost of safety management for the project.

To avoid safety incidents as much as possible, a proactive approach to safety man-
agement during the planning and construction phases of a project has become essential
for large-scale engineering projects today. Predicting the safety performance of current
projects and potential risks in operations or facilities in advance by utilizing quantitative
means can help to take proactive measures to avoid or minimize the occurrence of accidents.
Predictive indicators of safety performance that can be measured and monitored during the
construction phase are identified as leading indicators, which can be measured and adjusted
as the project progresses to monitor and improve safety performance. Compared to the
aforementioned lagging indicators (which measure the outcome of activities or events that
have occurred) summarized after a safety incident, leading indicators are more objective
and comprehensive and are more useful in predicting safety risks in construction projects.
However, there are still challenges in identifying the leading indicators of hazard in a
high-pile wharf project prior to construction. Although some newly developed strategies,
such as data mining technology, can be introduced to extract safety risk-related leading
indicators from a large number of engineering data, they cannot work efficiently due to the
fact that the number of high-pile wharf is generally limited and the individual differences
are large [11-13]. If the construction information can be accurately collected at project sites
and analyzed timely in the whole process of construction, the construction safety risk can
be accordingly estimated.

Benefiting from the rapid development of information and digital technology in the
construction industry, the data and information of the whole lifecycle of engineering
projects can not only be effectively organized but also realize the visualized presentation
of the construction digital models [14-17]. More fortunately, the digital information com-
pletely reflects all the real situation of the project and can be continuously updated as the
construction progresses. Building information modeling, also called BIM, is considered
an effective platform for construction informationization [18,19]. Based on the platform
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constructed by BIM, the structural components and external environments in construc-
tion can be extracted and shared in time [20,21]. Moreover, the BIM model supports the
data establishment, sharing and management of both static structural components as well
as external environments [22]. Instead of the traditional drawings supplied by CAD, a
virtual construction environment that represents the real situation of the construction
site can be established based on the BIM platform [23-25]. The BIM-based system can
collect information from construction sites and further attach it to the component as the
property. Similarly, it is believed that safety-related information can be attached to the
components in the BIM management platform as safety risk assessment property [26]. In
this way, the safety risk of the construction can be quantitatively estimated in the bidding
stage before construction [27]. More targeted safety management measures and emergency
response plans can be developed in advance [28,29]. At the construction sites, the compo-
nent properties including the safety risk assessment parameters can be updated during
the construction process so that the re-estimated safety risk data will be updated in the
BIM-based platform [30].

Based on the BIM platform, a safety risk identification system and early warning
system for China’s metro construction was established, by which the safety risk control for
China’s metro construction including pre-construction risk identification and risk warning
in construction were visualized and quantitatively developed [31]. In recent years, some
newly developed data analysis methods, such as the fuzzy hierarchical comprehensive eval-
uation method, the BP neural network and analytic network process—fuzzy comprehensive
evaluation model have been introduced to the BIM-based platform to develop construction
safety risk assessments and safety management [32-34]. During the construction of a
high-pile wharf, tiny problems may cause safety accidents. In addition to developing a
strict safety management system for the project, it is more important to implement safety
management according to the actual situation of the construction site. With the help of
project information provided by BIM, it is expected to realize the risk pre-assessment of
the project, real-time on-site assessment and the formulation of effective safety emergency
plans. However, efficient safety risk assessments cannot work without the support of the
corresponding safety risk theory [6,11,35-37]. At present, there is still a lack of safety risk
theory for the BIM platform, and investigations on safety risk assessment systems based on
it have not been carried out yet.

In this paper, a BIM-based safety risk assessment system for high-pile wharf construc-
tion is established. Firstly, the safety risk assessment indicators are determined by the
accident causation theory. Then, the risk assessment algorithms are implemented based
on the proposed FAHP method, which combines the fuzzy comprehensive evaluation
and analytic hierarchy process methods [38,39]. With the aid of the comprehensive and
real-time information provided by the BIM model of high-pile wharf construction, the
safety risk assessment indicators as well as the scores can be determined. Consequently, the
safety risk levels of each sub-process in high-pile wharf construction can be dynamically
visualized and managed, which contributes to the efficiency and safety of the construction
of the high-pile wharf.

2. Theory of Safety Risk Assessment

Based on the risk management theory, there are two difficulties for the construction
safety risk assessment: choosing a reasonable and effective risk evaluation index system
and a risk evaluation method. The scientificity and rationality of the evaluation index
system is directly related to the accuracy and comprehensiveness of the evaluation results.
Choosing the appropriate risk evaluation method is the key to fully explore the engineering
data and accurately reflect the project risk indicators. In order to effectively carry out a
construction safety risk evaluation, it is necessary to carefully analyze the construction
safety risk assessment factors to ensure the scientific rationality of the construction safety
risk evaluation index system. Specifically, the identification and screening of assessment
factors in high-pile wharf construction should follow the following principles:
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(1) Systematic principle. The construction safety risk-influencing factors should cover
all aspects of the construction management of high-pile wharves and at the same
time conform to the actual situation of the construction industry and the construction
characteristics of high-pile wharves.

(2) Principle of independence. To determine the relationship between the influencing
factors, it is necessary to require that these factors are independent of each other.
Therefore, it is especially important to select the appropriate influencing factors.

(3) Targeted principle. The construction safety risk-influencing factors of high-pile wharf
projects are numerous and quite complicated. Therefore, the factors with greater
influence and representativeness should be selected in a targeted way.

(4) Dynamic principle. Project construction is a dynamic and real-time changing process.
Assessment indicators should be selected based on the actual project situation for
dynamic identification, and evaluation indicators need to be constantly updated to
satisfy the needs of high-pile wharf construction safety risk evaluations.

The key to construction safety risk management is to carry out a construction safety
risk evaluation. With regards to high-pile wharf construction, the involved project-related
parties, machinery and equipment, as well as the construction environment are extremely
complex and highly linked in comparison with conventional civil construction, which is the
most challenging aspect of its construction safety risk assessment. Currently, the methods
used for the construction safety risk assessment of these projects mainly include some
conventional methods such as professional scoring, the analytic hierarchy process, the
entropy weight method, as well as some newly developed strategies including the fuzzy
comprehensive evaluation method, the neural network method and so on. However, in
specific engineering projects, no matter which kind of safety risk assessment method is
adopted, it faces some difficulties, for example, how to determine the weights for specific
indicators, how to represent the correlation between the indicators and their impact on
different safety assessment indicators, etc. Therefore, it may not be sufficient to adopt only
a single type of assessment method to carry out safety risk assessments in engineering
construction, and it is necessary to have a comprehensive understanding of several safety
risk assessment methods.

(1) The professional scoring method refers to the use of professional work practices to
assign values to different parameters that cannot be identified by an enterprise and
analyze them, combining a number of professional points of view to arrive at a more
intuitive result [6]. This approach is relatively simple and effective and is usually used
in conjunction with other assessment tools in project design.

(2) The analytic hierarchy process (AHP) is a network system weighting analysis method
that integrates qualitative and quantitative considerations proposed by Saaty [40]. The
core principle is that the research object is classified into several levels according to
certain criteria, and each level of risk factors is identified based on expert assessments
so as to find the factors that have the greatest impact on the research results. However,
because the hierarchical analysis method is limited by the subjective judgment and
professional ability of the researcher, it may also lead to the failure of the judgment of
the project, so it is best to be applied together with other assessment tools.

(38) The entropy weighting method is a way of assigning weights based on objective data,
which is determined by the availability of data [41]. Entropy can be used as a measure
of uncertainty, which is higher when data availability is low and lower when data
availability is high. The entropy weighting method helps to extract valid information
from the data set of multiple indicators and convert it into more accurate entropy
values, thus obtaining more accurate indicator weights.

(4) The fuzzy comprehensive evaluation (FCE) method can be utilized to identify com-
plex objects with uncertainty [34]. By establishing the risk evaluation set and risk
alternative set, constructing the factor weight set, the fuzzy relationship affiliation
evaluation matrix, the single-factor fuzzy evaluation and the multi-factor fuzzy eval-
uation can be implemented, by which the comprehensive evaluation of assessment
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indexes is realized. The fuzzy insinuating relationship degree technique can effec-
tively convert complex qualitative problems into quantitative forms, and it can also
effectively solve the systematic problems of multi-objective uncertain objects. The
logic of FCE is clear and easy to operate, so it has been widely applied to various
kinds of engineering projects.

(5) Neural network analysis can be regarded as an accurate assessment tool [42], which
can effectively capture and characterize complex information, which can be used
to infer and predict future trends based on this information. This technique can
help researchers to obtain information more accurately and quickly, so that they can
develop assessments more objectively and accurately. Despite its good self-learning
ability and resistance to failure, neural network analysis still faces great challenges.
Limitations in the number of samples, quality and selection of regions make its results
very unpredictable.

In this study, a so-called FAHP method, which synthesizes the FCE and AHP methods,
is proposed to carry out the risk assessment of the construction of a high-pile wharf. In
addition, the indicator weights are determined by the entropy weighting method. More-
over, the objectives are divided into several levels of recursive hierarchies based on the
hierarchical analysis method, by which the interrelationships between the safety risk factors
at each level can be clarified. On the other hand, the fuzzy evaluation method helps to
express the unspecified specific risk objectives in the form of “belonging to some extent”
which quantitatively describes the likelihood of each risk objective [32]. Overall, FAHP
not only summarizes the valuable work experience of scholars but also can use fuzzy
synthesis theory to solve the risk mapping relationship more appropriately, which reduces
the subjectivity of experts’ judgment and thus promotes the quantification of the risk factor
relationship. The specific practice of FAHP is to firstly establish the set of risk weights
based on hierarchical analysis and then determine the risk weights of risk indicators by
using Lagrangian weights [43]. The Lagrange median theorem is used to calculate the
proportion of the two weights and the final weights are calculated. The affiliation degree
of the alternative set is determined by the fuzzy comprehensive evaluation method, and
then the fuzzy hierarchical comprehensive evaluation is carried out by establishing the
single-factor and multi-factor hierarchical evaluation matrices with the principle of the
maximum affiliation degree.

3. Methodology
3.1. Determination of Safety Risk Assessment Indicators

Most high-pile wharf constructions are offshore constructions, which are characterized
by harsh construction conditions, high danger of cross-operation and great difficulty in
organization and coordination. Especially, they are a great challenge for the cooperation
and coordination of the construction work site because of the heavyweight and difficult
lifting of the prefabricated components widely used in the project, which makes the com-
ponent construction operation become the main source of frequent construction safety
accidents. Therefore, accurately analyzing the safety risk factors according to the safety risk
characteristics of the project and the actual construction safety management requirements
of the specific project is a necessary precondition to ensure the safety of high-pile wharf
construction and an important basis for subsequent construction safety management.

In fact, the safety risk analysis of high-pile wharves is complicated because of the
variety of components and the uncertainty of the safety risk degree of the safety risk factors.
Even worse, the numerous safety risk factors during the installation and construction of
components are sometimes linked. Based on the case-based analysis of the construction
safety accidents of high-pile wharves in China as well as national technical standards such
as the Standard of Construction Safety Inspection (JGJ 59-2021) [44] and Technical Standard
for Assembled Buildings with Concrete Structure (GB/T 51231-2016) [45], the primary
causes of construction safety accidents of high-pile wharves are categorized and summa-
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rized according to the five aspects of involved personnel, materials, facilities, management
and environment, as shown in Table 1.

Table 1. Summary of the causes of construction safety accidents.

Accident Factors Causes

a. Safety awareness

b. Technical level of on-site professional operation

c. Emergency response capability and experience
Personnel d. Physical fitness

e. Safety production qualification

f. Safety precautions

g. Continuous working hours

a. Quality problem

b. Transportation of materials or components

c. Equipment overloading

d. Stacking of materials or components

e. Procurement and storage of materials or components
f. Site acceptance of materials or components

Materials

a. Safety protection of equipment
b. Regular maintenance and maintenance of equipment
¢. Mechanical equipment safety inspection
Facilities d. Cross-operation
e. Hoisting equipment management
f. Reliability checks and management of large equipment
g. Construction equipment installation and removal control

a. Site safety management system
b. Overall construction arrangement
Management c. Safety education and training
d. Site safety inspection
e. Supervision and implementation of emergency rescue system

a. Construction site environment
b. Surrounding environment

c. Natural adverse environment
d. Working environment

Environment

Analyzing the 29 causes of high-pile wharf construction accidents, it can be seen
that there are problems such as unspecific content and the relative redundancy of indi-
cators, which will lead to smaller differences and inaccurate results in the target safety
risk evaluation between different factors. Addressing these difficulties, the questionnaires
were carefully designed and distributed to the relevant experts, whose characteristics are
briefly listed in Table 2. Based on the experts” opinions and the actual situation of construc-
tion operations at the project site, the dominant safety risk factors of the high-pile wharf
construction were specified and simplified.

Table 2. The characteristics of the experts.

Experts Occupation Position/Title Experience (Year) Education Level
1 Construction unit Manager or engineer
2 Construction control unit Manager or engineer
>5 Bachelor or above
3 Design unit Technical director or engineer
4 Research institution and university Professor or investigator

With the aid of the accident causation theory and the existing research results on the
safety risk of high-pile wharf constructions [5,14,46], the safety risk assessment indicators
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Safety risk
assessment

indicators

of the project can be constructed, as shown in Figure 1. It should be pointed out that the
gray correlation analysis method is used to simplify the above indicators [47]. Under the
condition of ensuring that the classification ability remains unchanged, the indicators that
cannot distinguish the results of the evaluation object data are filtered out. Gray correlation
analysis has no special requirements for the sample distribution state and the number of
samples, and its analysis and calculation of data can be completed through simple program-
ming, eliminating the tedious calculation process. In addition, gray correlation analysis
can ensure the accuracy of safety risk evaluations without losing effective information
while filtering and deleting the redundant safety risk factors, which effectively reduces the
time for the safety evaluation of the high-pile wharf construction process. Specifically, a
hierarchical research structure is utilized to construct the indicator system, in which safety
risk management for the construction of a high-pile wharf is taken as the target layer. The
principle layer is composed of five aspects, namely, project personnel (A), materials (B),
facilities (C), management (D) and environment (E). The specific evaluation indexes are
included as the scheme layer, which contains indicator factors related to the actual projects.
The specific evaluation indexes in the scheme layer are denoted as A1, A2, B1, B2, .. ., E1,
E2, E3, which can be found in Figure 1.

Safety production qualification (A1)
— Personnel (A) {
Professional operation level, physical fitness and safety awareness (A2)
Acceptance and quality (B1)
—1 Materials (B) —E
Stacking (B2)

— Equipment safety inspection and protection (C1)

— Cross-operation (C2)

—1  Facilities (C) [—

— Hoisting equipment management (C3)

— Control of installation and removal of equipment (C4)

— Site safety management system (D1)

— Overall construction arrangement (D2)
— Management (D) [—

— Safety education and training (D3)

— Site safety inspection (D4)

— Construction site environment (E1)
— Environment (E) Natural adverse environment (E2)

— ‘Working environment at offshore (E3)

Figure 1. The improved and simplified hierarchical structure of the construction safety risk
assessment indicators.

3.2. Construction Safety Risk Assessment Algorithm

In order to quantify the safety risk of the high-pile wharf construction, the safety risk
assessment algorithms for each sub-process involved in the high-pile wharf construction
were established based on the risk evaluation theory. The safety risk assessment indicators
of the principle layer (i.e., construction personnel, materials, facilities, management and
environment) determined above were represented by A, B, C, D and E, respectively. The
safety risk assessment score was the multiplication result of the safety risk assessment score
and the corresponding weight regarding the five indicators for each sub-process, and the
score set of each sub-process is recorded as {f1, f2,..., fi}, i =1,2, ..., P, which can be
expressed as

fi= X SiWi M
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where Si]- and W; are the score value and weight of the jth risk indicator from A, B, C, D
and E of the ith sub-process,i=1,2,...,P,j=A,B,C, D and E and P is the total number of
the sub-processes. It should be mentioned that the score value regarding each safety risk
assessment indicator are normalized according to the score range before the summation
operation so that the assessed scores are comparable between each sub-process and to
facilitate further risk estimations. The score of five assessment indicators, S4, Sg, Sc, Sp
and Sg, are calculated by

Sp=Al+ A2 (2)

Sp=Bl+ B2 3

Sc =1 XCl4+ cp xC2+c3xC3+cy xC4 4)
Sp=dy XxD1l+4+dy x D2+ d3 x D3 +dy x D4 (5)
Sg=El1+E2+E3 (6)

and the calculation method of each parameter in the formula is shown in Table 3.

Table 3. Calculation methods of parameters in safety risk assessment indicators.

Assessment Indicator

Calculation Method

This is determined by the results of the safety production qualification examination, with

Al Al =1 — average score/total score.

A2 Refers to the age of participant and professional skill level certificate.
A2 =Y age x (1 — average level/maximum level) /60.

B1 B1 =1 — pass rate of acceptance and sampling inspection.
B2 =1 — (categorizing and stacking in accordance with the layout plan [0.25] + with clear labeling of

B2 name, type, specification and quantity [0.25] + receiving and dispatching system [0.25] + person in
charge of timely cleanup [0.25]). **

C1 C1 =1 — (safety check score [0.6] + protection measures score [0.4]). **

Cc2 C2 = proportion of large equipment working at the same time on the project site.

C3 C3 = proportion of lifting equipment.

C4 C4 = identified installation and fixing areas [0.5] + specialized dismantling operators [0.5]. **

D1 D1 =1 when there is no site safety management system; D1 = 0.1 when there is real-time site safety
management system.

D2 D2 = 0.6 when the overall construction schedule is non-dynamic; D2 = 0.2 when the overall
construction schedule is dynamically updated.

D3 D3 = frequency of security education and training.

D4 D4 = frequency of on-site safety inspections.

El E1 =1/environment visibility index.

E2 E2 =1 — actual construction days/estimated construction days.

E3 E3 =1 when the construction is in open sea; E3 = 0.3 when the construction is in closed area.

** The numbers in the ‘[]” are the maximum score of the item, and the risk score can be determined according to
the practical situation within 0~maximum score.

It is noted that the number of elements in the corresponding scheme layer for the
five principle layers shown in Table 3 are not the same, which are 2, 2, 4, 4 and 3, respec-
tively. Strictly speaking, the weights of each component in the scheme layer should vary
depending on the contribution of the components to the corresponding principle layer. In
order to ensure that the adopted weights can truly reflect the engineering situation, the
safety risk questionnaires were designed and distributed to experts in the construction
safety management of high-pile wharfs. According to several communications with the
scoring experts, the assessment indicators were revised and improved to make them more
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applicable to the actual situation of engineering construction safety assessments. Based
on the results of the expert questionnaire survey, it was found that the weights of each
element in the corresponding scheme layer containing no more than three elements (i.e.,
A, B and E) were basically equal and stable throughout the whole construction process.
Therefore, as shown in Equations (2)~(6), the scores of the indicators A, B and E were
directly summarized as the estimated score of the specific principle layer. For the remaining
two elements in the principle layer, it was suggested that the element weights of C (i.e.,
c1, €2, c3, ¢4) and D (i.e., dq, dp, ds, d4) should be assigned specifically according to practical
experience. Here, the classic Delphi method by sending a questionnaire was utilized to
collect the weight of each element [32], which contained the four steps of questionnaire
design, expert selection, data acquisition and data processing. The score matrix of the
sub-processes in the high-pile wharf construction can be obtained by

Sa1 Spi Sc1 Sm Sk

Saz Sp2 Sc2 Sp» Se2
(Sij)szz : : : : : @)

Sap Sgp Scp Spr Sep

Then, a hierarchical analysis model was established to calculate the weights of the indi-
cators for each sub-process. The judgment matrix of each risk assessment indicator was
constructed using the 1-9 level X, scale method, as shown in Equation (8). X, expresses
the relative importance of factors m and #. The factors in this paper were the above five
risk assessment indicators A, B, C, D and E.

X1 X2 X3 X Xis
Xo1 Xz Xz Xy Xps
Xmn = | X31 Xz X3z Xz Xss (8)
Xy X Xg3 Xy Xgs
X51 Xsp Xsz Xsq Xss

The indicator weight can be calculated based on the indicator weighting method as pre-
sented in Equations (9)—(11). It should be noted that the consistency was tested by com-
paring the maximum eigenvalue of the judgment matrix and the eigenvectors W = [Wy,
Wy, W3, Wy, Ws] that met the consistency test, which were exactly the weight values of the
corresponding risk indicators.

Pm = Hi:l Xomn )
W = §/Pm (10)
Wi = Wm/Zizl Wi (11)

4. Results and Discussion
4.1. Project Overview and Construction Analysis

The project envisages the construction of four general-purpose berths with 50,000 to
150,000 tons, which will be used primarily for the transportation of minerals, steel and other
general cargo. The wharf type is a high-pile wharf, and the construction mainly consists
of three parts: wharf, approach bridge and ancillary facilities. The project adopts a high-
pile girder slab structure, and prefabricated girders are mostly used in the construction.
Moreover, the panels are a stacked combination of prefabricated panels and cast-in-place
panels. Considering the difficulties in the offshore construction of high-pile wharves, the
construction safety challenges of this project mainly lie in the following three points:

(1) Restricted island operation and difficult resource organization: the project is an
isolated island operation in the outer sea, which makes the transportation of materials
and equipment difficult, and there is sea fog in spring, typhoons in summer and
frequent cold air in winter, which reduces the actual number of days available for
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Cast-in-place lower crossheam construction

Cast-in-place upper crossbeam construction

operation. The project schedule is of a high intensity and busy. A large number of
resources, engineers, ships and machines and transport vehicles are invested in during
the peak period, which makes the project organization difficult and puts forward very
high requirements on the project safety construction.

(2) Poor construction conditions and less effective operating time: the project construction
area involves open sea, poor construction conditions. Wind and waves have a great
impact on the safety of construction operations, and especially, the impact of long
periods of surging waves cannot be ignored, and the project’s construction safety risks
caused by the winter cold wave and summer tropical cyclones have a greater impact.

(8) Work surface cross-operation, organization and coordination difficulties: the number
of construction wharves, wharves and wharves net distance is small and close to the
embankment, the workspace is crowded, the construction operation of the ship and
machine interfere with each other and there is a cross-construction caused by the
construction safety risk potential hazards.

As shown in Figure 2, the construction process of the project consists of three major
parts, namely, the wharf construction, approach bridge construction and other facilities in-
stallation. Among them, according to the components and construction methods involved,
the construction of the wharf includes five divisions: steel pipe pile sinking, cast-in-place
lower crossbeam construction, longitudinal and transverse beam installation, cast-in-place
upper crossbeam construction and panel installation. The construction of the approach
bridge includes four divisions: steel pipe pile, steel-sheath immersed pile sinking, embed-
ded rock piles construction, cast-in-place approach piers construction and hollow core slab
installation. Moreover, the construction of other facilities includes cast-in-place joints and
surfacing construction and ancillary facilities installation.

[ Work breakdown structure of high-pile wharf construction ]
[ Wharf construction ] [ Approach bridge construction and others ]
Steel pipe pile sinking ' Steel pipe pile, steel sheath immersed pile sinking

Embedded rock pile construction

Cast-in-place approach piers construction

Longitudinal and transverse beam installation

Hollow core slab installation

Cast-in-place joints and surfacing construction

Panel installation Ancillary facilities installation

Figure 2. The work breakdown structure of high-pile wharf construction.

4.2. BIM Model for Safety Risk Management of High-Pile Wharf Construction

The Autodesk Revit 2020 software was mainly used to establish the model of the high-
pile wharf, for which the BIM model and the important construction process are shown in
Figure 3. Firstly, a common component family library of the high-pile wharf was established,
by which the 3D modelling of the wharf including the dock main body, ancillary facilities
and the surrounding scene could be performed quickly and accurately. With the help of
the BIM model, the details and corresponding physical and functional properties of each
component involved in the wharf not only could be visualized and statistically analyzed,
but it also helped to understand the design intent. Importantly, the property parameters
of each component in the model not only contained basic parameters such as geometry,



Buildings 2024, 14, 1189

11 of 17

material, cost and construction duration but also involved the construction safety risk
parameters of the high-pile wharf after the analysis of construction safety risk indicators
for high-pile wharves. These attributes contained the basic parameters of safety risk
assessments and further calculation for each individual component, such as the construction
mode, cross-construction index, bad weather index, etc., which supplied the detailed data
for the subsequent construction safety risk analysis and information management.

i Component family : BIM model of a high pile wharf Pile Ei“r'!_ﬁ;rig E.

Figure 3. BIM model and some of the typical construction process of high-pile wharf.

4.3. Safety Risk Assessment of the High-Pile Wharf Construction

Based on the safety risk assessment algorithm established above, the safety risk
analysis of the construction of this high-pile wharf can be carried out. Theoretically, for
each sub-process shown in Figure 2, there are 15 corresponding risk indicators, as shown
in Figure 1. However, the value and calculation of these indicators for each sub-process
may be different. For example, hoisting equipment is mainly used in the pile-sinking
construction process, so its corresponding safety risk score C3 will be very high. In contrast,
construction site management and safety construction in cast-in-place concrete construction
are more important, so its corresponding score of A1, A2, D1, D2 and D3 will be relatively
larger. In order to objectively and accurately give the safety risk indicators of these sub-
processes, the affiliation theory of fuzzy mathematics is employed to quantitatively evaluate
the five first-level indicators (principle layer) and 15 s-level assessment indicators (scheme
layer) involved in this high-pile wharf project. By calculating the affiliation degree of each
index, its corresponding comprehensive evaluation matrix is obtained. Combined with
the weights of the above indicators, the fuzzy comprehensive evaluation results of each
indicator in both the principle layer and scheme layer can be calculated. Accordingly,
the fuzzy comprehensive evaluation matrix is established, and the component safety risk
parameters Al, ..., E3 involved in each sub-process are attached to the BIM model of each
component as a component parameter. Taking the steel pipe pile sinking pile construction
in the wharf construction as an example, the calculation process of the relevant parameters
is briefly described.

4.3.1. Determination of Indicator Weights

First of all, the expert discrimination matrix survey table was established, and the
evaluation matrix for the five indicators in the principle layer was established as follows:

1 2 3 3 4
/2 1 5 2 4

Xpm=|1/3 1/5 1 2 3 (12)
1/3 1/2 1/2 1 2
1/4 1/4 1/3 1/2 1
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This led to the corresponding weights of the four indicators at the principle level being
evaluated as W = [W;, Wy, W3, Wy, Ws5| = [0.3863, 0.2990, 0.1339, 0.1148, 0.0659]. The
consistency test parameters were A,y = 5.3003, CI = 0.075, CR = 0.0670, where A, was
the maximum eigenvalue, random consistency index and consistency ratio of the judgment
matrix Xi,,.

4.3.2. Safety Risk Score Calculation

For the steel pipe pile-sinking construction, the calculation of the safety risk score
regarding the five assessment indicators was implemented based on Equations (2)~(6)
and Table 3. Specifically, the safety risk questionnaires were distributed to 30 experts in
engineering facilities and management. Based on the final 28 questionnaires recovered,
the weights in Equations (4) and (5) could be calculated. The calculation of the five
safety indicators Sa, Sp, Sc, Sp and Sr for the sub-process of steel pipe pile sinking is
shown below:

(1)  Sa: Before the construction of the project, a safety production qualification examina-
tion was carried out for the operators of the pile-sinking construction. The total score
of the question paper was 100, the number of participants was 20 and the average
score was 72.5, which gave Al = 0.275. According to the age of the operators of the
pile-sinking construction and the level of their professional skill certificate, it was
obtained that A2 = 0.4911. Therefore, S4 = A1 + A2 = 0.7661.

(2) Sp: It was found that the materials to be used in the construction of steel pipe piles
included not only the prefabricated piles themselves but also ~15 kinds of materials
such as iron parts, steel wire ropes, welding rods, concrete and reinforcing bars. The
pass rate of acceptance and sampling inspection of each material was recorded and
averaged to get B1 = 0.1164. Examining the stockpile sites and stockpile management
practices for 16 kinds of materials yielded B2 = 0.35. Sg = B1 + B2 = 0.4664.

(8) Sc: Based on the statistical results of the questionnaire, the weights of the four
elements of the scheme layer were {0.15, 0.35, 0.3, 0.2}. By recording the frequency
of safety checks and the protection measures taken, C1 = 0.2. According to the
construction information, the pile sinking involved the crossover of 15 types of large-
scale machinery, including piling vessels, motorized boats, marine piling hammers,
cranes, forklifts and so on. The installation areas were generally identified and the
dismantling operators were satisfied. Therefore, C2 = 0.6, C3 = 0.2 and C4 = 0.1.
Sc =0.32.

(4) Sp: Based on the statistical results of the questionnaire, the weights of the four
elements of the scheme layer were {0.25, 0.2, 0.25, 0.3}. According to the project
management system and site situation, D1 = 0.3, D2 = 0.4, D3 = 0.25 and D4 = 0.05.
Sp =0.23.

(5)  Sg: According to the recorded visibility index for one year, the number of actual
construction days, it was calculated that E1 = 0.125 and E2 = 0.11. The construction
was located at open sea, E3 =0.3. Sp = E1 + E2 + E3 = 0.535.

Based on the above-mentioned procedure, the safety risk assessment data of 11 sub-
processes of this high-pile wharf project could be calculated. The safety risk scores for all
the sub-processes could be calculated based on Equation (1), which were

{f1, far- -, fi} = {0.54, 0.39, 0.33, 0.37, 0.31, 0.61, 0.53, 0.39, 0.31, 0.35, 0.06},

as shown in Figure 4. It can be found that the construction risk assessment value of each
sub-process can be visualized and quantitatively analyzed by specific values. Among them,
the safety risk score of pile construction is higher in the construction of the wharf and
approach bridge; cast-in-place beams, cast-in-place joints and surfaces and cast-in-place
piers are second; and the safety risk score of the construction of ancillary facilities is the
smallest. However, for the project site construction and management personnel, further
comparison and analysis of the values and their correspondence to each process will still
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bring a large amount of workload, which is not inherent and also affects the communication
and collaboration between different departments. Especially in case of an emergency, it
will also affect the efficiency of emergency response and decision-making time. It is of
great significance to establish a visualized platform that is capable of presenting the safety
risk information at all levels of the project according to the requirements from a variety of
stakeholders in the project.
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Figure 4. The safety risk levels of each sub-process.

4.4. BIM-Based Safety Risk Evaluation Platform

In order to facilitate the identification and categorization management of project
construction-related personnel, this project referred to the safety level classification method
of highway and water transportation risk assessments and divided the above risk assess-
ment scores into four levels according to Table 4, corresponding to light risk, medium
risk, higher risk and high risk. On this basis, the safety risk level of each sub-process was
determined according to Table 4, by which the safety risk level in BIM could be identified
by colors through the establishment of a visualized model of the safety risk level for each
component of the high-pile wharf, as shown in Figure 5. This method realized the real-time
tracking of the safety risk assessment data based on the 3D visualization model of the
project. On one hand, it simplified the data analysis and calculation work of the project
management personnel. On the other hand, it provided real-time, accurate, organized
and visualized safety risk assessment results for the stakeholders in the project. For ex-
ample, once the red safety assessment data appeared in the model, the system could give
early warning information immediately, and the project-related personnel could send early
warnings and take emergency response measures for the first time. The quantitative and
visualized information provided by the BIM platform is conducive for the safety manage-
ment personnel to control the whole situation and provides guidance to analyze the causes
of some safety accidents, which improves the effectiveness and pertinence of the wharf
safety control measures.
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Table 4. Classification of safety risk of high-pile wharf construction.

Risk Level Range Color
I f<o01 Green
1I 01<f<04 Blue
III 04 < f<07 Orange
v 0.7<f<1 Red

Safety Risk Assessment Model of High-Pile Wharf Construction
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Figure 5. Classification of safety risk evaluation.

Furthermore, it can be found in Figure 5 that the construction safety risk assessment
of the steel pipe pile-sinking construction of the wharves and approach bridges in this
project is presented as orange color, which implies a higher risk. Reviewing the scores of
the safety risk assessment indicators for pile foundation construction in detail, the scores
given by Sp and Sc were significantly higher than those of other sub-processes, which
mainly related to the large scale of the pile foundation project. In fact, a large amount
of pile foundation constituent materials and large-scale machinery and equipment were
utilized in the construction process of those sub-processes, and thus the corresponding
construction safety risk levels were higher. This inspired managers to develop improvement
measures based on the assessment data, such as reducing the number of large machinery
and equipment with repetitive functions, adopting multifunctional construction machinery
or carrying out construction simulations based on the BIM platform to streamline and
optimize the construction process of pile sinking and the types of materials required to
reduce the potential construction safety risks.

5. Conclusions

In this paper, a visualized digital construction safety risk assessment system for high-
pile wharf construction was established by the combination of safety risk assessment
theory and BIM technology. The safety risk indicators of high-pile wharf construction
were determined based on the proposed FAHP method which was the integration of
the fuzzy comprehensive evaluation and analytic hierarchy process methods. In this
way, the construction safety risk scores of each sub-process in the high-pile wharf project
were quantitatively calculated, and the corresponding safety risk levels were accordingly
clarified. The following conclusions can be drawn:

(1) The construction safety risk assessment system contains physical parameters and
safety risk indicators of each component, which can be used for safety risk assess-
ments and visualization management during the construction of the high-pile wharf,
providing a database, visualization analysis and management platform for the safety
risk assessment of the high-pile wharf.

(2) The accurate identification and categorization of construction safety risk factors are
important prerequisites for safety risk assessment in high-pile wharf construction.
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The construction risk assessment system based on hierarchical analysis proposed in
this paper was constructed by the target layer, principle layer and scheme layer. The
construction risk assessment of the high-pile wharf was taken as the target layer, and
the five main influencing factors affecting the construction risk were the principle
layer, which included personnel, materials, facilities, management and environment.
Consequently, there were 15 elements in the scheme layer.

(38) The safety risk score calculated by the FAHP method could indicate the construction
risk of each sub-process in the high-pile wharf. The level of safety risk could be
directly presented in the BIM platform and changed with the actual situation of the
construction site, which helped the project management personnel to realize the
project safety risk in real time and give a timely response to the risk warning signal
given by the BIM safety risk management system.

(4) It should be pointed out that the weights of some risk indicators for management and
the facility in the principle layer were obtained by the Delphi method, which subjec-
tively relied more on the expert’s professional knowledge and experience and might
affect the estimated weights. As a future work, it was suggested that some advanced
estimation methods can be further employed in the proposed safety risk assessment
method for a more objective and accurate estimation of the risk indicator weights.
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