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Abstract. Falling is the most common one during bridge construction. Current safety management on site mainly relies 
on checklist assessment. Yet the assessment result is often influenced by the ability and experience of the evaluator, thus 
is not impossible to achieve consistent and systematic assessment objective. Moreover, most critical factors that can 
prevent occurrence of accidents cannot be found from existing safety management and assessment method. This paper 
built a Bayesian Network (BN) model by converting Fault Tree to assess the fall risk of bridge construction projects. We 
analyse falling factors and their relationships in Bayesian Network, and collect prior probability event and calculate the 
probability for the entire model. Using the model to analyse and validate with the current bridge projects under construc-
tion, the results from Bayesian Network is consistent with that from conventional labour safety performance assessment. 
Therefore, the ability to manage site safety of the model is proven to be useful.
Keywords: Bayesian network, fault tree analysis, bridge construction, fall risk, site safety, risk assessment.

Introduction 

Construction industry plays an important role in major 
national projects. Site safety of construction industry and 
national development are closely correlated. Transporta-
tion, which is highly related to civic life, living environ-
ment and quality, plays an important role and is one of 
the major indexes of national development. A complete 
transportation network enhances social benefits, saves 
time and promotes convenience. Whether it is high speed 
rail or highway system, all transportation system relies 
heavily on the application of bridges.

As modern technologies grow, various new bridge 
construction methods are developed. However, the new 
constructed bridges are splendid in appearance and shape 
but complicated in structure and construction. If the de-
sign is not appropriate or is poor in quality, extra cost and 
even site casualty might be induced.

Based on the above-mentioned problems, it is imper-
ative first to reduce the occupational accidents by finding 
the defects encountered during existing bridge construc-
tion. Then find their correlations and analyse the prob-
ability of occupational injuries and casualties to further 
propose counter measurements for bridge constructors.

The research analysed the past ten year’s data from 
the Construction Knowledge Platform of Major Occupa-
tional Injuries & Casualties and found that falling is the 
most profound accident which leads to death. Therefore, 

falling in bridge construction is the major topic of this 
research. Our goal is to seek new and effective ways to 
prevent fall accidents during construction. 

1. Literature review

This research adopts the deduction logic of Fault Tree 
to judge the event causes and the relationships among 
different factors leading to falling. Bayesian Network is 
applied to cope with the problem of insufficient data and 
calculate values of probability. Therefore, literature re-
views are focused on Fault Tree, Bayesian Network, Fall 
Tree conversion to Bayesian Network and Bridge Con-
struction.

Fault Tree Analysis (FTA) is a technique that can 
effectively analyse the cause and effect relationship and 
probability of an event. However, some factors are fuzzy, 
riddled with human errors, their occurrence probability is 
hard to assess accurately.

In the following, examples of Fault Tree Applica-
tions are shown. Rodak and Sillima (2012) Fault trees 
(FT) integrated with probabilistic risk analysis (PRA) 
was applied on the management of underground water 
resources. Durga Rao et al. (2009) applied traditional 
Fault Trees analysis on complicated engineering systems 
to assess their reliability and safety. A defined gate is add-
ed into the definition of Dynamic Fault Trees to simu-
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late the complicated interactions. Lai (2009) used Fuzzy 
Fault Tree Analysis to analyze the deteriorating factors 
of the bridge abutment. Zhang et al. (2014a) present a 
Fuzzy fault tree analysis probabilistic decision approach 
for safety risk analysis for metro construction in complex 
project environments.

Several scholars use Bayesian Network (BN) on ed-
ucational tests, such as Almond et al. (2002) and Mislevy 
et al. (2003). The proposed Evidence-Centered Design 
(ECD) Assessment Design is based on the framework of 
BN as the diagnosis and analytical tool. The analysis is 
conducted through technical analysis of BN probability 
model combining with Test Reaction Theory Parameters 
Model to understand the feasibility of BN application on 
TASA.

Construction industry encountered several uncer-
tainty and risk on safety. Historical data are at times in-
sufficient, which means the probabilities are incorrectly 
acquired. Yang (2008) used Bayesian Network to com-
bine experts’ objective opinions, which in turn is used 
to deduct the Probability value of BN. Yang’s research 
enables BN to be analysed by more reliable probabilities 
in the later research.

2. Statistics of Taiwan construction occupational  
accidents

According to the occupational accident records from 
Ministry of Labour in Taiwan, The occupational accident 
rate in the construction industry is relative high, as shown 
in Figure 1. After examining 88 accident cases for bridge 
engineering in the past 10 years from Ministry of Labour 
in Taiwan, we found that there are 97 casualties, 66 se-
rious injuries and 5 minor injuries. Among the reported 
accidents, the most frequent occurring accident types are 

the falling and rolling off (Table 1). Most of the acci-
dent causes might be environmental constraints, unsafe 
behaviour of labour, human misconducts, obsolete equip-
ment, lack of expenses, rushing schedule, and etc. Among 
the reasons listed above, some safety procedures are not 
strictly complied because of scheduling difficulties, this 
might cause accidents such as supports of form work col-
lapse, falling of concrete mass when RC is grounding, or 
dismantling of supporting frames. The above-mentioned 
reasons usually cause major accidents that result in casu-
alties, serious injuries, huge loss in machinery and mate-
rials, progress delay, and etc.

3. Methodology and research process

This research first uses fault tree analysis (FTA) to ana-
lyse the falling/rolling off from bridge construction and 
related operations of occupational accidents; Bayesian 
Network (BN) is then applied to calculate the probabili-
ties of the related operations of occupational accidents. 
Building a BN is rather complicated because there are 
often problems with its network structure. Therefore, first 
a FTA system is built; afterwards, it is converting into 
BN framework. Experts’ experiences are then integrated 
into BN nodes and expressed by conditional probability 
table (CPT). The proposed conversion process of FTA 
and BN is depicted in detail in Figure 2 and in following 
passages.

3.1. Fault Tree Analysis (FTA)
Fault Tree Analysis (FTA) first assesses one undesirable 
event as the top event. A top-down approach is adopted 
to construct FTA. Starting from top event to the causes 
until the fundamental causes are found, the relationships 
among events and causes are expressed by “AND” and 

Fig. 1. Fatalities persons in construction industry and all industries (excluding deaths from 
occupational disease and traffic accidents), 2001–2010 

Table 1. Type of bridge project under structure occupational accident

Type of 
disaster

Falling 
(tumble)

Flying of 
objects Collapse Knocked Sandwiched Drowning Electrifica-

tion Total

Number 17 2 6 1 0 2 1 29

Percentage 59% 7% 21% 3% 0% 7% 3% 100%
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“OR” logic gates (Bobbio et al. 1999, 2001; Xiao et al. 
2008; Boudali, Dugan 2005; Bearfield, Marsh 2007; Qian 
et al. 2005; Franke et al. 2009). FTA is a qualitative and 
quantitative analysis of the drawbacks and weak points of 
a system, therefore FTA can be comprehensively applied 
on the reliability and safety tests and fault diagnosis deci-
sion model (Ebeling 1997; Rao 1992; O’Connor, Kleyner 
2002; Kales 2006). Through logic deduction, FTA is able 
to give insight the improvement and maintenance of a 
system design. The events of the traditional FTA ap-
proach are assumed to be statistically independent, and 
the state of each event binary-failure or normal.

3.2. Bayesian Network (BN)
Combining theory of probability and graphic theory, 
Bayesian Network (BN) includes node, links and condi-
tional probability tables, (CPTs) between nodes. BN is a 
graphic probability model in which a set of random pa-
rameters, the associated relationships are expressed by a 
directed acyclic graphical model.

BN has higher efficiency and deduction accuracy 
under uncertainty. It is particular suitable for complicated 
systems and highly correlated elements (Qian et al. 2005; 
Bobbio et al. 1999; Xiao et al. 2008). In recent years, 
BN is widely applied in areas with high uncertainty or 
inter-correlation such as diseases diagnosis, industrial de-
sign, financial investment, ecology, machine failure, files 
filtering, factory planning and construction industry, etc. 
(Qian et al. 2005; Bobbio et al. 1999; Xiao et al. 2008; 
Zhang et al. 2013, 2014b; Holicky et al. 2013; Khakzad 
et al. 2014). 

As stated above, there are 3 sources to build a BN: 
(1) vast amount of training data; (2) experiences of area 
experts; and (3) a mixed of (1) & (2). Because of the 
constraints on data usability, the second method is usu-
ally used for practical BN building. Despite of this, it is 
difficult to build the correlated relationships of nodes in 
a network by merely relying on the knowledge of engi-
neers and experts. Therefore, several processes that con-
vert Fault Tree to Bayesian Network are proposed (Bob-

bio et al. 1999, 2001; Xiao et al. 2008; Boudali, Dugan 
2005; Bearfield, Marsh 2007; Qian et al. 2005; Franke 
et al. 2009; Chen, Leu 2014). Normally, the conversion of 
an FT to a BN follows a one to one relationship; in other 
words, the logic gates of FT are converted to correspond-
ing physical nodes of BN. Nevertheless, the definition of 
a BN node and a logic gate of a FT are not completely 
identical. An event node of a BN expresses a variable of 
a problem domain, while a logic gate of a FT describes 
the logical relationship between nodes. With respect to 
conversion of FT and BN, event nodes and logic gates 
should be processed separately. In the process of logic 
gate conversion, conditional probability table (CPT) in 
BN is essentially the same as logic gate in FT, and the 
conditions may not always be binary.

3.3. Converting Fault Tree to Bayesian Network
The proposed conversion process is divided into two 
parts, structure conversion and calculation of CPT. The 
fundamental steps of structure conversion include: (1) di-
rect conversion from events in Fault Tree and vertical 
connections to nodes and basic links in Bayesian Net-
work (excluding logic gates); and (2) Insert supplemen-
tary links through knowledge of experts and engineers. 
Moreover, the calculation of CPT is conducted based on 
the logic gates of nodes. Each step is illustrated in details 
in the sections below.

3.3.1. Structure conversion
The proposed method to convert FT to BN is based on 
previous applied technique (Qian et al. 2005; Fenton, 
Neil 2004; Boudali, Dugan 2005; Ebeling 1997; Bobbio 
et al. 1999; Xiao et al. 2008). Top event, middle event 
and basic event of a Fault Tree reflect to the nodes of 
Bayesian Network. The basic arrows between nodes of 
BN are defined according to the events relationships of 
FT. Furthermore, some supplementary links with means 
are inserted into BN framework based on expert opinions. 
In summary, the process of converting FT into BN is de-
picted as follows:

1) All FT events (including fundamental events) are 
expressed as nodes in BN. Repeated FT events are 
eliminated, which are only represented by a single 
BN node.

2) The relationships of links and nodes of BN are de-
fined by the relationships of FT events.

3) If there are meaningful relationships within a BN 
structure, but are not well defined in a FT, arrows 
should be inserted into the fundamental BN to ex-
press the interactive relationships of nodes in a clear 
manner.

3.3.2. Calculation of Conditional Probability Table (CPT)
If a node has multiple parent nodes or multiple states, 
then the structure of the CPT become rather complicated. 
For example, a node and two parent nodes with these five 
states to each node would mean that the number of CPT 

Fig. 2. Transformation flow chart from FT to BN
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will expand to 53 (125). Besides, value of CPT is normal-
ly defined by the experiences of experts, which might not 
be consistent, especially in the above mentioned compli-
cated states of CPT. AgenaRisk software is used to deal 
with the above mentioned difficulties in the research pro-
cess (Agena 2008). Through parameter definition in the 
software and the weight of nodes set by the experts, the 
probability value in the CPT can be calculated promptly.

When using AgenaRisk to define the CPT, it is im-
portant to express function definitions in the software. 
There are two major logic gates, “AND” & “OR”, they 
are defined as follows.

In expressing events, if the corresponding logic 
gate of FT is “AND”, the smallest is chosen; if the cor-
responding logic gate of FT is “OR”, the biggest is cho-
sen. Through deduction and the consistency of Fault Tree 
analysis and Bayesian Network, the failure probability 
of the top event can be proved. In other word, assume 
that there are two independent events A and B. Their top 
event is C. There are two states for event A, B, and C: 
A1, B1 and C1 are normal, A2, B2 and C2 are failure 
respectively.

Based on the assumption of independent event and 
“AND” logic gate of FT, the failure probability can be 
calculated as follows:

 2 2 2 2 2( ) ( ) ( ) ( )P C P A B P A P B= ∩ = × . (1)

Use concept of BN, the failure probability can be 
calculated as:

2 2 1 1 1 1 2 1 2 1 2

2 2 1 2 1 2 2 2 2 2

1 1 1 2 2 1 2 2

2 2

(C ) C C
C C

0 0 0 1
(A ) ( ).

P A B A B A B A B
A B A B A B A B

A B A B A B A B
P P B

= × × + × × +
× × + × × =

× × + × × + × × + × × =
×  

(2)

According to the assumption of independent event 
and “OR” logic gate, the failure probability can be de-
fined as follows:

2 2 2 2 2 2 2

2 2 1 1

( ) ( ) ( ) ( ) ( )
1 [(1 ( )) (1 ( ))] 1 ( ) ( ).

P C P A B P A P B P A B
P A P B P A P B

= ∪ = + − ∩ =
− − × − = − ×

 
 

  (3)

According to the concept of BN, the failure prob-
ability can be deducted as:

2 2 1 1 1 1 2 1 2 1 2

2 2 1 2 1 2 2 2 2 2

1 1 1 2 2 1 2 2

1 2 2 1 2 2

1 1

(C ) C C
C C

0 1 1 1

1 (A ) ( ).

P A B A B A B A B
A B A B A B A B

A B A B A B A B
A B A B A B

P P B

= × × + × × +
× × + × × =

× × + × × + × × + × × =
× + × + × =

− ×

 (4)

In the comparison between Eqns (3) and (4), we 
found that the top event probability of FTA and BN are 
the same. In AgenaRisk software, the selection of ex-
pressing function is in accordance with the logic gate of 

FT. The weights, which are the comprehensive opinions 
from experts on the contributions from parent nodes to 
child nodes, are inputted afterwards.

The weight ranges from 1 to 5. A 1 represents the 
least influential of a parent node to child node while a 
5 represents the most influential. Once the above men-
tioned data are inputted into AgenaRisk, all CPT in BN 
can be calculated promptly. Moreover, probabilities of 
the top event and all middle nodes can be deducted by  
AgenaRisk.

4. Bayesian Network risk assessment on falling of 
bridge project

From the proposed BN building process, a risk assess-
ment model on falling in bridge project based on BN is 
developed. For knowledge supports and model building, 
in this research we have invited 36 experts to assess 97 
questions based on their professional practical experienc-
es. In order to validate the model, 4 bridge construction 
projects using advancing shoring method were selected. 
The causes that sensitively influenced falling risk are then 
assessed. Through sensitivity analysis and discussions, 
the detail model development is described as follows.

4.1. Constructing Fault Tree framework
Because falling represents the most frequent occupational 
accident in bridge construction projects, it is selected as 
the top event in the fault tree in the research. Under the 
safety management domino theory (Heinrich et al. 1980), 
the causes of work falling accidents can be categorized 
as accident location and accident condition (such as steel 
frame support work, bridge deck structure and hoisting 
operation etc.) and their details, indirect causes and their 
details (such as unsafe behaviours, unsafe equipment and 
unsafe environments etc.) and fundamental causes (such 
as inappropriate safety plan, inappropriate environment 
maintaining, insufficient safety training and poor safety 
management etc.) Theses causes and top event are con-
nected by the logic gates as shown in Figure 3.

Take falling accident of poor steel support opera-
tion as example. Through expert interview and literature 
review, the related operations of the steel support opera-
tion can provide more information to enable a more detail 
analysis on the falling accident event. There are 2 opera-
tions that might cause possible falling: (1) Poor support 
assembly or inappropriate movement and (2) Inappropri-
ate dismantling of steel supports. If required, the opera-
tion can be further decomposed into more detailed sub-
operations. These indirect causes could then be analysed.

According to the domino theory and safety manage-
ment concept (Jitwasinkul, Hadikusumo 2011; Lingard, 
Rowlinson 2005), the four basic reasons that cause oc-
cupational accident are: insufficient safety training; poor 
site environment management; poor safety and health 
management; and inappropriate health and safety plan-
ning. Based on the records of occupational accident, safe-
ty theory and expert interview, the research confirms the 
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interactions of the fundamental factors and indirect caus-
es in order to construct a whole fault tree. The completed 
fault tree of bridge construction project falling event is 
shown in Figure 3. Their codes and definitions are sum-
marized in Table 2.

4.2. Converting from Fault Tree to Bayesian Network
Based on the conversion process shown in Section 4, a 
Fault Tree diagram is first converted to Bayesian Net-
work, where the overlapped nodes are merged into one. 
Afterwards, several meaningful supplementary links are 
added in the BN according to the data of expert expe-
rience. A complete Bayesian Network is shown in Fig-
ure 4. Further analysis and explanation is as follows.

4.3. Calculation of CPT
When a BN structure is assembled, AgenaRisk can be 
used to calculate the conditional probabilities. The types 
for expressing functions are maximum risk value and the 
minimum risk value defined according to fault tree logic 
gate. Furthermore, questionnaire is designed to collect 
the relative weight of related parent node and child node. 
Examples of questionnaire items are shown in Table 3. 
36 experts are invited to assess 97 questions based on 

Fig. 4. BN of falling accidents at bridge construction projects

Fig. 3. Overall FT of falling accidents of bridge construction projects
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Table 2. Codes and definition of overall FT of falling accidents

Code Risk factors Code Risk factors
T Falling Risk of bridge construction Projects C9 No use of hauling rope
G1 Poor job of supporting steel C10 Not set prevent falls railings surrounded
G2 Poor bridge deck construction C11 Seat belt not used properly
G3 Improper lifting operations C12 personnel stand behind of the jack
F1 Poor supporting steel assembly or inappropriate move forward C13 No intermediate support
F2 Supporting steel improper removal C14 improper command of hanging staff
F3 Poor formwork job C15 Operator job errors
F4 Improper concrete pouring operations B1 Poor control process
F5 Improper prestressing operation B2 Incorrect operation process
E1 Cable operator error B3 Dangerous procedure or method
E2 Lifting material impact B6 Improper behaviors or posture
D1 Improper operation of pier top B7 Failure to comply with code of Practice
D2 Poor installation support bracket B8 Operator error
D3 Improper installation of the main truss B10 Job-site environment is disorder
D4 Improper removal of the main truss B11 Unorganized material
D5 Crane operator error B12 No use of safety device
D6 No guide ropes B13 Unsafe equipment
C1 No use of safety belt B14 No use of personal protective equipment
C2 Up and down the channel is not smooth B16 Fail to implement self-management
C3 Improper operation on work vehicles B17 Lack of environmental labeling
C4 No use of safety belt and rings A1 Poor H/S Training
C5 Improper Environmental Operating of strong winds A2 Poor environmental maintenance
C6 Improperly safety equipment A3 Poor H/S planning
C7 Personnel climbing on hanging A4 Poor H/S management
C8 No safety net

Table 3. Questionnaire example of relative weights of BN arcs

A
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na
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R
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Id

Effect

Levels of influence

Cause

A
ge

na
 –

  
R

is
k 

C
od

e

Q
&

A
N

o.Low  Medium   High

0  1  2  3  4  5

T Falling Risk of bridge construction 
Projects

x Poor job of supporting steel G1 Q1
x Poor bridge deck construction G2 Q2
x Improper lifting operations G3 Q3

G1 Poor job of supporting steel x Poor supporting steel assembly or 
inappropriate move forward F1 Q4

x Supporting steel improper removal F2 Q5

G2 Poor bridge deck construction
x Poor formwork job F3 Q6
x Improper concrete pouring operations F4 Q7
x Improper pre-stressing operation F5 Q8

G3 Improper lifting operations x Cable operator error E1 Q9
x Lifting material impact E2 Q10

F1 Poor supporting steel assembly or 
inappropriate move forward

x Improper operation of pier top D1 Q11
x Poor installation support bracket D2 Q12
x Improper installation of the main truss D3 Q13

F2 Supporting steel improper removal x Improper removal of the main truss D4 Q14

F3 Poor formwork job x Personnel climbing on hanging C7 Q15
x No use of hauling rope C9 Q16

F4 Improper concrete pouring 
operations

x Improper environmental operating of strong 
winds C5 Q17

x Not set prevent falls railings surrounded C10 Q18

F5 Improper prestressing operation x Seat belt not used properly C11 Q19
x personnel stand behind of the jack C12 Q20

E1 Cable operator error x No intermediate support C13 Q21
x No use of safety belt C1 Q22
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Table 3. Questionnaire example of relative weights of BN arcs (Continued)
A
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B14 No use of personal protective 
equipment

x H/S planning A3 Q93
x H/S management A4 Q94

B16 Fail to implement self-management x H/S management A4 Q95

B17 Lack of environmental labeling x Environmental maintenance A2 Q96
x H/S planning A3 Q97

Note: x is 5–0; 5 represents the greatest influence; 0 is minimal influence.

their practical experiences. A statistical analysis is con-
ducted based on their replies. Through these input the 
conditional probabilities in BN could be calculated. Then, 
the complete BN model could be assembled by further 
analysing the probabilities of fundamental causes. Lastly, 
after probabilities of all BN nodes are deducted, the value 
of failure occurrence probability can be found.

4.4. Assessment of prior probability
As stated above, there are four fundamental causes de-
fined in the model, insufficient safety training, poor site 
safety management, poor safety and health management 
and inappropriate safety and health planning. In order 
to confirm the prior probability of these causes, a safe-
ty measure of performance shown in Table 4; the table 
shows several important items on safety performance. 
Every fundamental cause is listed in the table for further 
analysis. Through input of prior probability in the BN, the 
probability of fall risk in bridge construction project can 
be calculated and understood.

5. Model validation and sensibility analysis

The deducted result of BN is validated by the actual 
safety check records of four bridge construction projects 
in Taiwan. Sensibility analysis is conducted further to 
confirm the critical causes falling accidents of the bridge 
construction project. The result of the sensibility analysis 
could be an important reference to future diagnosis and 
safety prevention strategy.

5.1. Model validation
The proposed Bayesian Network is validated from actual 
safety records of four bridge construction projects and the 
results of posterior probability of top event of Bayesian 
Network. The basic information of the four bridge con-
struction projects is shown as Table 5 and of which the 
actual safety check record is concluded on Table 6.

In the research process, the safety performance of 
every project is evaluated with the safety performance 
evaluation table. The prior probabilities of the four funda-
mental causes are objectively evaluated and inputted into 
AgenaRisk to deduct the posterior probabilities of the BN 
nodes. The comparisons of the BN model analysis result 
and the actual safety records are shown in Table 6. The 

findings of the results show that the ranking of the prob-
abilities deducted from BN model is consistent with that 
of the actual safety records.

A survey was conducted to scrutinize the monthly 
safety check records of the four bridge construction pro-
jects. The 1st project is an excellent project with excellent 
site safety management, no poor record on safety perfor-
mance, such as fine. On the contrary, the project with the 
lowest rank is riddled with safety mismanagement. Its 
fall risk deducted from BN model is as high as 81.264%. 
Through practical evaluation and validation on the four 
bridge construction projects, the result validates the ac-
curacy and adaptability of the proposed falling risk as-
sessment BN model and proves that the proposed model 
can be used as a fall risk assessment tool in bridge con-
struction project applied with advanced shoring method.

5.2. Sensitivity analysis and discussion
Further considering the key causes that affecting occur-
rence of falling, sensitivity analysis is conducted and con-
cluded the key causes on Table 7.

In general, the most important direct causes are 
highly elevated bridge construction environment, vast 
amount of steel supports that increase the operation risk, 
incorrect use of safety belts and rings, disregard for safe-
ty equipment, limited supply of safety equipment, lim-
ited equipment for platform which meet standard, and 
etc. Due to the above-mentioned causes, fall accidents 
in bridge construction could easily take place without 
proper supervision. As shown on Figure 5, occupational 
accidents statistics in bridge construction shows that not 
taking safety measurement or ignoring warning, with a 
62% chance, are the major causes to bridge construction 
occupational accident (MOL 2013).

The most sensitive indirect causes are disobeying 
work rules, failing to implement self-management, disre-
gard of wearing personal protection equipment, incorrect 
use of safety belt, inappropriate work environment etc. 
These explain that labour is working under inappropriate 
protection condition, which can easily lead to construc-
tion accidents. Based on the statistics of bridge construc-
tion (occupational accidents) approximately half of the 
occupational accidents during bridge construction are 
caused by inappropriate personal protection measurement 
as shown on Figure 6 (MOL 2013). Finally, the most im-
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Table 4. Checklist of construction safety performances

                 Project:                                                                                                              Date of inspection:
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A1

1. Holding general H/S training workshop. 

H
/S

  P
la

nn
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g

A3

5. Facilities meet H/S requirement.
2.  Daily education training before workers 

enters into job sites.
6. Personal protective equipment meet H/S 

standard.
3. Holding H/S training for operation workers. 7. Risk assessments before high risk operation.
4. Popularize workers training and keep the 

training record contact.
8. Materials are in place, not causing problems 

while construction.
5. Workers understand and are familiar with H/S. 9. Exact planning of construction moving path
6. Workers are fully aware of the consequences 

of breaking H/S rules.
10. Completed emergency response and medical 

care plan.
7. Workers are able to comply with H/S Codes 

of Conduct.

H
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lth
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nd
 S
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et

y 
M

an
ag
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en

t

A4

1. H/S organization develops in accordance 
with H/S rules. 

8. Workers are able to perform their works 
based on standard operating procedures. 2. Site access control.

En
vi
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nm

en
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l M
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A2

1. Materials are stacked organized. 3. Auto checks mechanism.
2. Job sites are clean and have no water pool. 4. Regular workplace inspection.
3. Workers are familiar with environment. 5. Improvement and tracking data.
4. Completed construction moving path. 6. H/S management records.
5. Clear indication on job sites 7. Workers use protective equipment.
6. Good lighting and construction moving path. 8. Construction scaffolds are set in right place. 
7. Height over 1.5m and with hoist device. 9. A-type ladder meets the standard.

8. Clean up waste on time. 10. Protective measures are taken in open part 
space on the job site such as safety net.

9. Completed safety equipment. 11. Proper approach is taken to prevent falling.

10. Functional fire-fighting facilities. 12. The pitch and strength of support frame 
meets the construction code. 

H
/S

 P
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nn
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g

A3

1. Clear H/S objective and feasible policies. 13. Construction machinery has been inspected 
and meets the requirement.

2. Sufficient and reasonable H/S budget. 14. Wires on wet ground are elevated. 
3. H/S plans and SOP are completely. 15. Installation of leakage circuit breakers
4. Materials and construction methods are in 

compliance with the regulation. 
16. Reward and punishment system are 

developed.

Table 5. Basic information of four advanced shoring bridge construction projects

Project 
No.

Length 
(m)

Size  
(span number)

Period 
(days)

Cost 
(NT$)

Construction 
method

 1 1350 m 27 505 216,000,000 Advanced Shoring method
 2 1989 m 39 733 253,500,000 Advanced Shoring method
 3 1128 m 24 450 216,000,000 Advanced Shoring method

 4 1785 m 
(51*35) 35 675 309,050,000 Advanced Shoring method

Table 6. Comparison between BN and real site assessment

Project 
No. Fall risk (%) from BN Risk rank By BN Real site assessment  (score) Safety performance rank

1 30.096 4 89.65 1
2 46.358 2 82.34 3
3 81.264 1 76.06 4
4 45.471 3 86.62 2
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portant factors are the fundamental management of la-
bour safety and hygiene education and training, which 
play vital roles in preventing and reducing falling acci-
dent in bridge construction projects.

To sum up, this model does not only assess the risk 
of falling accident of bridge construction site, but also 
confirm the major sensitive factors through sensitivity 
analysis. According to the above mentioned analysis, pro-
ject manager may prepare safety prevention measures to 
reduce occurrence of falling accidents in bridge construc-
tion project site. In addition, falling risk assessment and 
sensitivity analysis enable us to allocate resources on key 
labour safety operations and thus substantially reduce the 
risk of falling accidents.

Table 7. Comparison of sensitive factors from BN and actual statistics

Accident
type Direct, Indirect factors of sensitive analysis from BN Actual 

statistics
Root factors of sensitive 

analysis from BN
Actual 

statistics

Fall

(C1) No use of safety belt
(B7) Failure to comply with code of practice
(C4) No use of safety belt and rings
(B12) No use of safety device 
(D4) Improper removal of the main truss 
(B14) No use of personal protective equipment  
(C11) Safety belt not used properly 
(C5) Improper Environmental Operating of strong winds
(G2) Poor bridge deck construction

Middle
High
Middle
High
High
Middle
Middle
Low
Low

(A4) Poor H/S management High

Conclusions and future development

This paper establishes an effective process to build a fall-
ing risk assessment model based on Bayesian Network 
in bridge construction projects that use advanced shor-
ing method. The assessment begins with the forming of 
fault tree, then converting it to a Bayesian Network. In 
addition, meaningful links between nodes are inserted 
into BN according to input from experts to complete the 
structure of BN. Finally, a logic converting method is de-
veloped to convert the logic gates of fault tree to the CPT 
of BN. A safety performance check table is constructed 
to objectively assess the prior probability of fundamental 
causes. The result in this study is validated by four bridge 
construction projects in Taiwan.

Through analysis and comparison, it is found that 
the result from BN analysis is consistent to the safety re-
cords of the 4 bridge construction projects. This implies 
that the converting process from multi states fault tree to 
Bayesian Network can effectively construct a real and 
accurate falling accident risk assessment model. There-
fore, according to the assessment model and sensitivity 
analysis, site manager can decide the safety prevention 
measures and allocate resources in advance to reduce the 
fall risk on site. Despite of good validation on converting 
FT to BN, expert input is still required on links of nodes 
and CPT in using the BN model.

Data provided by different experts will directly in-
fluence the accuracy and assessment quality of BN. Em-
phasis should be imposed on expert input in the future 
research. Besides, BN can learn from raw data. If a com-
plete safety data set is present, a subjective BN model 
and parameters could be built. In addition, other occupa-
tional accidents in bridge construction projects such as 
collapsing, electricity shocks, hitting by falling objects 
etc. might be applied with BN extensively to cover com-
prehensive safety diagnosis, enhancing safety manage-
ment and reducing site occupational hazards in bridge 
construction projects.
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