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Abstract. Bridges are vital link of the transport network infrastructure, they are susceptible to damage by daily wear 

and tear, overloading and accidental loading, human behaviour, natural hazards and aggressive environmental 

circumstances. To avoid disruption of the network, the adequate performance of the bridges has to be maintained by 

undertaking systematic repair and strengthening programme, so that the likelihood of a bridge collapse is avoided. 

Once the defects in Bridges are identified by regular inspections, structural assessments, changes in loading 

patterns, changes in design and assessment standards, or through accidental damage or deterioration models, then 

the Risk Model is used to priorities the bridges for maintenance works based on risks. This ensures that the finite 

money available to Asset Managers is allocated correctly to most vulnerable structures. 

Presently, many well established tools are applied to investigate potential hazards that would lead to bridge 

structural collapse. However, the applications of these tools are often unable to provide satisfactory results when the 

risk data is incomplete, or the level of uncertainty in the risk data is either complex or high. Thus, it is essential to 

develop new methods to overcome the limitation of the current assessment tools. The approach is to introduce bridge 

risk assessment model by using the fuzzy reasoning approach (FRA) based on fuzzy set theory and fuzzy analytical 

hierarchy process (AHP). In this method, the qualitative descriptors are three fundamental risk parameters which 

describes Failure Likelihood(FL), Consequence Severity(CS), Weight Factor(WF) to obtain the risk level [1]. The 

proposed risk assessment method is able to calculate both qualitative and quantitative risk data. AHP is used to find 

the problem and determine the information loss which helps in determining the relative importance of the risk factor. 

The outcomes of the risk assessment are presented as the risk degrees and the defined risk categories of risk levels 

(RLs). The method under development aims to help managers and engineers working with bridge risk analysis 

providing them with a method and a powerful tool to perform their risk management.  

 

1 INTRODUCTION 

England’s Strategic and Local road networks are our highly-valued infrastructure asset, at around £344 billion. 

The two networks comprise of over 187,000 miles of roads. They include more than 61,000 bridges, numerous other 

features, such as, embankments, retaining walls, sign/signal gantries, and drainage systems. This infrastructure 

supports 90% of passenger traffic and 68% of freight movements. Maintaining it so that it is safe, serviceable and 

reliable is vital for the economy and the social well-being of communities in the UK. The Department of Transport 

(DfT) is responsible for operating, maintaining and improving 2% of the road network, through Highways England 

(HE); and providing guidance on network management, setting the legislative and policy framework for road 

maintenance and allocating capital funding and private finance initiative (PFI) grants to local highway authorities. 

The local road network, which is 98% of all roads, is managed and maintained by 152 local highway authorities, 

including Transport for London (TfL). A highway network managed well, is  vital for the economic strength and 

social development of any country. The highway network includes not only carriageways and footways, but also 

bridges and other highway structures, which are fundamental to the highway network transport infrastructure, 

because they form the vital links needed for carrying the highway network across natural and man-made obstacles. It 

is therefore essential that bridges and other highway structures are effectively maintained to prevent their 
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deterioration so that it will not compromises the functionality and availability of the highway network, either through 

restrictions or closures caused by unsafe structures or the disruption caused to traffic through inadequate planning of 

bridge maintenance work [2]. 

Effective bridge maintenance and management practices requires the application of modern asset management 

concept and principles in order to minimise the limitation of the risk in bridge maintenance, sustaining the 

availability and level of service of the highway network, ensuring the reliability of the bridge stock and improving 

the overall condition of the bridge so that the likelihood of a bridge collapse is avoided. Presently, many well 

established tools are applied to investigate potential hazards that would lead to bridge structural collapse.  However, 

the applications of these tools are often unable to provide satisfactory results when the risk data is incomplete, or the 

level of uncertainty in the risk data is either complex or high. Thus, it is essential to develop new methods to 

overcome the limitation of the current assessment tools. The approach is to introduce bridge risk assessment model 

by using the fuzzy reasoning approach (FRA) based on fuzzy set theory and fuzzy analytical hierarchy process 

(AHP).. In this method, the qualitative descriptors that are three fundamental risk parameters describe Failure 

Likelihood (FL), Consequence Severity (CS), Weight Factor (WF) to obtain the risk level [1]. The proposed risk 

assessment method is able to calculate both qualitative and quantitative risk data. AHP is used to find the problem 

and determine the information loss which helps in determining the relative importance of the risk factor. The 

outcomes of the risk assessment are presented as the risk degrees and the defined risk categories of risk levels (RLs). 

 

2 A BOTTOM-UP RISK ASSESSMENT APPROACH 

A bottom-up risk assessment may be categorised into four stages. These stages outlined are as follows: 

determining/defining the issue; collecting and analysing the data and information; identifying the hazard; and 

estimating the risk. The process offers a standardised approach to identifying and controlling high-risk operations. 

Fig. 1 illustrates the conventional procedures in a risk assessment practice of bridge asset systems. The bottom-up 

risk assessment technique is widely believed to be an appropriate tool to the majority of risk analysis processes of 

bridge systems. On the contrary, it is worth noting that dissimilar systems may require alterations in the procedure to 

accommodate for their peculiarity. These alterations may involve the complete removal of certain stages. A detailed 

visualization of the suggested bottom-up risk assessment method is shown in Figure 1. The approach will be 

summarized in the following passage. 

An identified demand marks the beginning of any risk assessment. Defining the problem at hand involves 

determining the structural needs. This means outlining the exact structural requirements. Although the structural 

requirements ought to be identified, this may be conducted at various levels. These levels include that of: the 

component, the subsystem and the bridge asset system [3][4]. 

Once the demand for structure is identified, the risk assessment develops from the problem defining stage, into 

the data collecting and analysing stage. The purpose of collecting and analysing data and information is to provide 

adequate information. The action allows its conductor to obtain a thorough understanding of any given serious 

failure, which has occurred, inside a bridge asset system, and for the relevant duration.  

The data produced is used to create the foundation of the information to be used subsequently. If no such 

statistical data exists, the judgment of a specialist and professional engineer ought to be applied. The frequently 

applied techniques used to obtain the relevant information and background knowledge include: analysis of historical 

data, analysis of common human experience, analysis of contemporary engineering knowledge, and concept 

mapping. These methods may be applied simultaneously and as such are not mutually exclusive. Certainly, 

simultaneous use of all of the methods combination is believed to be the most efficient way of deriving the risk 

information [5][6]. 

In the hazard identification stage, the main aim is to systematically highlight any potential hazards which may be 

affiliated with a bridge asset system. This takes place for every level needed including component level and 

subsystem level. These will then be evaluated according to their effects on the structure of a bridge asset system. 

Meanwhile, there are also several hazard identification tools. These may include: brainstorms, check-lists, ‘what if?’ 

questionnaires, Hazard and Operability analysis (HAZOP), as well as failure mode and effect analysis (FMEA). 

Similarly, these methods may be applied simultaneously in order to identify the possible hazards of the bridge 



 

 

system[7]. Identification of the hazard may also be initially conducted to identify any hazards of the components. 

Subsequently, it may then be applied to the subsystem level and the system level. 

 

 
Figure 1. The process of proposed risk assessment model. 

 

The risk estimation stage satisfies the objective of assessing the risk levels (RLs) of: hazardous components, 

subsystems and, the complete bridge system. The assessment may be conducted using qualitative or quantitative 

variables to produce the respective results. Risk analysis methods may involve: fault tree analysis, event tree 

analysis, Monte Carlo simulation analysis, as well as a FMEA. A programme evaluation and a review technique 

which are applicable across other industries have also recently been applied in the bridge industry. As a result, the 

latter techniques may be considered for use. On the other hand, conducting a quantitative risk assessment is often 

rendered inappropriate due to the high levels of uncertainty of the risk data in question. This is often the case when 

the bridge is positioned in an unstable and changing environment, Human error has a significant role in causing the 

potential accidents, there is insufficient detailed risk information, and There is an inadequate existing database. 

Thus, it is commonplace for a bridge risk analyst to be forced to describe an event in a vague and inaccurate 

manner, with the use of terms such as: ‘likely’ and ‘impossible’. Judgements such as these are subjective. As a 

result, they lead to subjective risk analysis. In such circumstances where risk information is incomplete, FRA and 

Fuzzy-AHP modelling may be more suitable tools used to examine the risks of a bridge system. It is worth noting 

that FRA which involves utilising fuzzy sets has peculiar characteristics that are unlike those which relate to 

qualitative risk analysis. Furthermore, risk analysis is a hierarchical procedure in which the risk information that is 

obtained at the low levels may also be used for subsequent risk assessment at the high levels. Indeed, this is also the 



 

 

case for the synthesis of other parameters. Hence, a hierarchical procedure such as Fuzzy-AHP is generally needed 

for synthesising the data produced at lower levels, in order to attain the results of risk assessments at the higher 

levels. The results may be handled even further by professional risk analysts, engineers and managers to advance 

operational maintenance and operational policies. In the event of high risks, measures of risk reduction must be 

adopted. Otherwise, the system operation will need to be reconsidered altogether so as to minimise the occurrence 

probabilities, and to mitigate the potential repercussions. Where the risks are negligible, there is no need for further 

actions. Nevertheless, the results produced should be recorded for auditing purposes[8]. However, the relevant 

'acceptable' and 'unacceptable' regions will generally be split by a transition region. Risks that fall in the transition 

region must be decreased to as low as reasonably practicable (ALARP)[8][9]. In this study, the RLs are categorised 

into four regions. These are: ‘High’, ‘Substantial’, ‘Possible’ and ‘Low’. 

 

3 RISK ASSESSMENT METHODOLOGY 

The likelihood or incidence rate of system failure and failure related events, both at component and subsystem 

levels, can be obtained by practicing the previously suggested bottom-up risk assessment approach. Three principal 

risk parameters are used to measure the RLs at the component level, the subsystem levels, and the complete bridge 

asset system. These are: failure likelihood (FL), consequence severity (CS), and weight factor (WF). This suggested 

risk assessment model uses the FRA method, which entails using: deficient risk information, imprecise knowledge, 

and subjective information in the risk assessment process.  

Using this method, all three parameters are expressed as qualitative descriptors, and associated fuzzy 

membership functions (MFs). A MF is a curve one which displays how each input space point is mapped as 

membership value (or degree of membership). The fuzzy MFs are composed using the linguistic classification, 

which is gathered from the knowledge acquisition, and consists of a set of overlapping curves. Since the input of the 

risk factors to the complete RL varies, the significance of each risk factor's contribution ought to be taken into 

consideration. By doing so, the relative contribution of each factor to the RL can be represented accordingly. The 

application of fuzzy- AHP may be a viable solution to the problem of risk information loss in the hierarchical 

process. This then enables the relative significance of the risk factors in the risk analysis procedure to be determined, 

so that the risk assessment may progress from component level to subsystem level and finally to a bridge system 

level. The following two steps are measures applied in risk analysis: 

 

1)  Use of FRA for risk analysis during the component and subsystem levels, and 

 

2)  Use of Fuzzy-AHP to synthesise the information generated during the subsystem level, to attain the 

whole RL of the bridge asset system. 

 

Risk analysis at the subsystem and system levels may subsequently be carried out by applying WF in the risk 

assessment procedure. Fuzzy-AHP is used to calculate the WF of each subsystem. This figure represents the relative 

significance of the particular subsystem, to the complete structure. The RL results of the subsystems and their 

corresponding WFs are then synthesised in order to attain the overall RL of the bridge asset system. For example, a 

bridge system may have n identified subsystems. Consequently, the overall RL of that bridge system is defined by: 
 

                                            𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚 =   ∑ 𝑅𝐿𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚,𝑗𝑊𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚,𝑗
𝑛
𝑗=1                                                        (1) 

 

Here, 𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚represents the overall RL of the bridge asset system, whilst 𝑅𝐿𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚,𝑗  illustrates the RL of the 

j-th subsystem. Meanwhile, 𝑊𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚,𝑗  is the WF of the j-th subsystem. 

Accordingly, the j-th subsystem may have m components whereby each component has k failure modes. The RL 

of the j-th subsystem and the i-th component are defined by: 
 
 

 

 
 



 

 

 

 

 
 

 

 
 

 

 
 

𝑅𝐿𝑆𝑢𝑏𝑦𝑠𝑡𝑒𝑚,𝑗 =   ∑ 𝑅𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖𝑊𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖
𝑚
𝑖=1                                                    (2) 

 

𝑅𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖 =   ∑ 𝐹𝑅𝐴(𝐹𝐿𝑡 , 𝐶𝑆𝑡  )𝑘
𝑡=1                                                                   (3) 

 

Here, FLt and CSt represent the two input limits of failure likelihood (FL) and consequence severity (CS) 

respectively. These apply to the t-th failure mode associated with the i-th component. The 𝑊𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖 shows the  

WF of the i-th component, whilst 𝑅𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖 depicts the RL of the i-th component[10]. The subsequent sections 

3.1 and 3.2 summarise the operations of FRA and Fuzzy-AHP in the risk assessment procedure. 

 

3.1 Application of FRA 

The use of FRA in the risk assessment process has certain advantages. These may include: the ability to evaluate 

the risk directly by using qualitative descriptors; tolerance of imprecise data and ambiguous information; and 

provides a more flexible structure for merging qualitative as well as quantitative information. Table 1 illustrates the 

range of the FL that is worked with to evaluate RLs of a bridge section. In the example, five distinct qualitative 

descriptors were applied to estimate the FL. These are: ‘Very low’, ‘Low’, ‘Medium ‘High’, and ‘Very High. 

Trapezoidal MFs are assigned to these qualitative descriptors as shown in Fig 2. These mark the frequency which a 

failure event takes place over a determined period. The CS describes the significance of the potential consequences 

for safety, functionality, value for money and environment. In a like manner, three qualitative descriptors: ‘Low’, 

‘Medium’, and ‘High’, are used to characterise CS of each type of consequences. Table 2 displays the criteria used to 

measure the CS of failure events. Trapezoidal MFs are also attached to these qualitative describe as shown in Fig3. 

 

 
 

Figure 2. Membership Function of FL. 

 

Qualitative descriptors  Description  Parameter of MFs  

Very low  Failure is unlikely  0.0,0.0,1.0,2.0 

Low  Relatively few failures  1.0,2.0,3.0,4.0 

Medium  Occasional failures  3.0,4.0,5.0,6.0 

High  Repeated failures  5.0,6.0,7.0,8.0 

Very high  Failure is almost inevitable  7.0,8.0,9.0,10.0 

Table 1: Failure Likelihood.  

 

 
Figure 3. Membership Function of CS. 

 



 

 

  

 

Table 2: Consequence severity. 

 

Consequence 

type 

Consequen

ce description  

Description  Parameter 

MFs  

Safety  Low  N/A 0.0,0.5,.2.0.4.0 

Medium  Structural collapse where potential to result in small 

number of fatalities/high number of serious injuries e.g.-

structure carries a very low traffic route or is a 

footbridge . 

-structure crosses a very low traffic route  

2.0,4.0,6.0,7.0 

High  Structural collapse where potential to result in high 

number of fatalities e.g. – structure carries a 

high/medium/low traffic route or is a busy footbridge . 

- structure crosses a high/medium/low traffic route , 

a passenger railway line or a populated public area . 

6.0,7.0,9.0,10.

0 

Functionality  Low  Collapse of a structure resulting in the closure of a 

local route. 

0.0,0.5,.2.0.4.0 

Medium  Collapse of a structure resulting in the closure of a 

regional route.  

Collapse of a structure carrying major utility supply 

lines.  

2.0,4.0,6.0,7.0 

High  Collapse of a structure resulting in the closure of a 

strategic route.  

6.0,7.0,9.0,10.

0 

Value for 

money  

Low  Cause of failure (e.g. deterioration) is ongoing .if 

don’t address with 3-4 years then extent and duration of 

work needed to repair will increase. 

0.0,0.5,.2.0.4.0 

Medium  Cause of failure (e.g. deterioration) is ongoing .if 

don’t address with 3-4 years then extent and duration of 

work needed to repair will increase significantly. 

2.0,4.0,6.0,7.0 

High  Cause of failure (e.g. deterioration) is ongoing .if 

don’t address with 3-4 years then extent and duration of 

work needed to repair will be excessive/unacceptable . 

6.0,7.0,9.0,10.

0 

Environment  Low Collapse where the period to repair/replacement 

would involve significant traffic delay and hence 

increased air pollution.  

0.0,0.5,.2.0.4.0 

Medium  Structure where collapse could result in pollution 

from utility/other supply lines carried. 

Collapse of a listed structure . 

2.0,4.0,6.0,7.0 

High Structure where collapse could result in pollution of 

a conservation area , either from a utility/supply line 

carried by the structure, or from damage to an adjacent 

installation e.g. storage facility for hazardous chemicals.  

6.0,7.0,9.0,10.

0 



 

 

The outcomes of risk assessments which employ FRA at the component level, are represented as the risk degrees 

of failure modes, and the defined risk categories. The fuzzy aggregation technique is applied to calculate the RLs of 

subsystems. The fuzzy set of RL's in terms of qualitative descriptors is defined as ‘Low’, ‘Possible’, ‘Substantial’, 

and ‘High’ as shown in Table 3. Trapezoidal MFs are used to provide detail for each qualitative descriptor of RL also 

shown in Fig4. 

 

Qualitative descriptors  Description Parameters of MFs  

Low  Risk is acceptable  0.0,0.0,2.0,3.0 

Possible  Risk is tolerable but should be further reduced if 

it is cost –effective to do so  

2.0,3.0,5.0,6.0 

Substantial  Risk must be reduced if it is reasonably 

practicable to do so  

5.0,6.0,8.0,9.0 

High  Risk must be reduced safe in exceptional 

circumstances  

8.0,9.0,10.0,10.0 

Table 3: Risk Level. 
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Figure 4. Membership Function of RL 

 

A fuzzy rule base contains a series of fuzzy IF-THEN rules. This is sometimes referred to as the foundation of the 

fuzzy logic system, since all other components use and implement the rules efficiently. For instance, in bridge risk 

analysis, the following rule is frequently applied: 

 
𝐼𝐹 𝐹𝐿 𝑖𝑠 𝐻𝑖𝑔ℎ 𝑎𝑛𝑑 𝐶𝑆 𝑖𝑠 𝐻𝑖𝑔ℎ, 𝑇𝐻𝐸𝑁 𝑅𝐿 𝑖𝑠 𝐻𝑖𝑔ℎ 

 

The ‘High’, ‘High’ and ‘High’ are all qualitative descriptors characterised by MFs. “FL is High and CS is High” 

is referred to as the precondition, whilst “THEN RL is High” is the known 'conclusion'. Table 4 displays a rule base 

that is tailored for conducting a risk analysis of the structure section of a bridge asset system. Fuzzy rules within the 

fuzzy rule base can increase depending on the number of qualitative descriptors used for representing the FL and CS. 

Using the example of this study where there are five qualitative descriptors of FL and three of CS of each one , the 

fuzzy rule base thus comprises of ( 5×3 =) 15 fuzzy rules. Fuzzy rules are subjectively interpreted based on the level 

of expertise, experience and engineering judgement of the study's conductors. 

 

 

 

 

 

 

 



 

 

    Failure likelihood(FL)   

  

Very Low Low Medium  High  

Very 

  

High        

 Low Low Possible Substantial Substantial High 

S
ev

erity of 

consequ

ence 

(C
S

) 

Medium Possible  Substantial Substantial High  High  

 

High Possible  Substantial High High High 

Table 4: Fuzzy rules. 

 

Fuzzy logic principles are worked with to incorporate the fuzzy IF-THEN rules in the fuzzy rule base, onto a 

mapping from input fuzzy sets. Such a set would show FL and CS to an output set i.e. the RL expression. This 

comprises of an evaluation of fuzzy rules, an implication and an aggregation. Fuzzy rules are evaluated so as to 

determine which rule amongst those in the rule base is 'fired'. A rule with a true value in its precondition part will be 

fired, and its reading will be included in the conclusion part. As such, fuzzy operations are applied in order to 

evaluate the composite firing power of the precondition part. In the study at hand, FL and CS are in the precondition 

part. Let A, B and C be three fuzzy sets, a fuzzy rule can be represented as: 

𝑅𝑞:  𝐼𝐹 𝑥 𝑖𝑠 𝐴 𝑖𝑎𝑛𝑑 𝑦 𝑖𝑠 𝐵𝑗 , 𝑇𝐻𝐸𝑁 𝑧 𝑖𝑠 𝐶𝑘                                                         (4) 

Here i, j and k represent numbers of qualitative descriptors for A, B and C. The firing strengths  𝛼𝑞 is implicated 

with the value of the conclusion MF, which can be calculated by using a fuzzy minimum equation: 

𝛼𝑞 =min(µ
(𝐴𝑖)

 (X),µ
(𝐵𝑗)

 (Y))                                                                         (5) 

Here αq is defined as the output of precondition of the q-th rule. The implication is to re-shape the conclusion 

section of the fired rule from the precondition section by the firing power. The fuzzy intersection technique is utilised 

to satisfy this implication. 

β q =min(α q , µ𝐶𝑞
 (z) )                                                                  (6) 

where β q is the output of the q-th rule after implication, µ
𝐶𝑞

 (z) represents the MF of the fuzzy set of the 

conclusion part of the q-th rule. This is the RL expression. 

 

Aggregation is the process of synthesising the fuzzy sets, which represent the outputs of all of the fired rules in one 

singular fuzzy set. This may be calculated by fuzzy maximum equation: 

µagg (z) =max(β 1 , β 2 ,......, β n )                                                    (7) 

where µagg (z) is the output of aggregation. 

 

Defuzzification is the process of converting the aggregated results, into a crisp number that represents the final 

result of the fuzzy inference. The centroid of area method, which is used to determine the centre of gravity of an 

aggregated fuzzy set, is a popular operation in fuzzy reasoning techniques[11]. Suppose an aggregated fuzzy set as 

follows: μ(z), z∈ [𝑧0 , 𝑧𝑛 ]  defuzzification can be calculated such as: 

𝑍𝑐 =
∑ 𝑧𝑞 𝜇(𝑍𝑞)𝑛−1

𝑞=1

∑ 𝜇(𝑍𝑞)𝑛−1
𝑞=1

                                                                                      (8)  

where 𝑍𝑐 is the aggregated output MF, which indicates the position in the RL expression, and additionally shows 

the scope to which the RL belongs to their corresponding membership degrees. 



 

 

 

3.2 Application of Fuzzy-AHP 

As previously mentioned in section 2, since the contribution of each failure mode to the overall RL varies, the 

significance of the contribution of each failure mode should be considered. This is the only accurate way of 

representing the relative contributions of the modes to the RL of a bridge system. The application of Fuzzy-AHP 

may help to solve problems of risk information loss, in the hierarchical process. This is done by determining the 

relative significance of the risk factors in the risk assessment procedure, so that risk assessments can progress from 

the component level to the subsystem level and finish on the bridge system level. Thus, a Fuzzy-AHP analysis results 

in the creation of WFs representing the primary failure mode within each category. 

The Fuzzy-AHP dictates WFs by conducting a pair-wise comparative examination. The comparison is founded 

on an estimation scheme. This scheme highlights the vital use of qualitative descriptors. For every qualitative 

descriptor, there is a corresponding triangular fuzzy number. Table 5 displays qualitative descriptors and their 

corresponding triangular fuzzy numbers for risk analysis of a bridge system. Each grade is explained by both an 

importance expression  as well as a general intensity number. When two components or subsystems both share the 

same importance, it is (1,1,2). The fuzzy number (8,9,9) indicates the fact that one component or subsystem is of 

greater importance than the other. 

Intensity of 

importance in 

qualitative descriptors 

Abbreviations Explanation Triangular fuzzy 

numbers 

Equal importance  EI Two risk factor contribute 

equally  

(1,1,2) 

Between equal and 

weak importance  

BE&WI  When compromise is needed  (1,2,3) 

Weak importance  WI Experience and judgment 

slightly favor one risk factor over 

another 

(2,3,4) 

Between weak and 

strong importance 

BW&SI When compromise is needed  (3,4,5) 

Strong importance  SI  Experience and judgment 

strongly favor one risk factor over 

another  

(4,5,6) 

Between strong and 

very strong importance  

BS&VSI When compromise is needed  (5,6,7) 

Very strong 

importance  

VSI  A risk factor is favored very 

strongly over the other  

(6,7,8) 

Between very strong 

and absolute importance  

BVS&AL When compromise is needed  (7,8,9) 

Absolute importance  AL  The evidence favoring one risk 

factor over another is of the 

highest possible order of 

affirmation  

(8,9,9) 

Table 5: Estimate scheme. 

Assume there are two components (/subsystems): A and B. If A is of much greater importance than B, a fuzzy 

number of (6,7,8) is assigned to component (/subsystem) A. Certainly, component (subsystem) B has a fuzzy number 

of (1/8, 1,7,1/6). Let ã𝑝(𝑡𝑝
𝑙  , 𝑡𝑝

𝑚 , 𝑡𝑝
𝑢 ) and  ã𝑞(𝑡𝑞

𝑙  , 𝑡𝑞
𝑚 , 𝑡𝑞

𝑢 ) be two triangular fuzzy numbers. The arithmetic 

operations on fuzzy number are defined as follows  

  

ã𝑝 ⊕ ã𝑞 = (𝑡𝑝
𝑙 + 𝑡𝑞

𝑙  , 𝑡𝑝
𝑚 + 𝑡𝑞

𝑚 , 𝑡𝑝
𝑢 +𝑡𝑞

𝑢)                                                      (9) 



 

 

 

ã𝑝⨂ ã𝑞 = (𝑡𝑝
𝑙 × 𝑡𝑞

𝑙  , 𝑡𝑝
𝑚 × 𝑡𝑞

𝑚 , 𝑡𝑝
𝑢 × 𝑡𝑞

𝑢)                                                    (10) 

 

ã𝑝 ⊘  ã𝑞 = (𝑡𝑝
𝑙 ∕ 𝑡𝑞

𝑢 , 𝑡𝑝
𝑚 ∕ 𝑡𝑞

𝑚 , 𝑡𝑝
𝑢 ∕ 𝑡𝑞

𝑙 )                                                    (11) 

 

Exp(ã𝑝)= (exp(𝑡𝑝
𝑙 ), exp(𝑡𝑝

𝑚),exp(𝑡𝑝
𝑢))                                                        (12) 

 

where ⨁, ⨂ and ⊘ strand for fuzzy logic addition, multiplication and division operations, respectively, symbol 

''exp'' presents exponential operation .  

 

A 𝑛 × 𝑛 fuzzy pair-wise comparison matrix Ã can be obtained  

 

 Ã=[

ã1,1 ã1,2 ⋯ ã1,𝑛

⋮ ⋱ ⋮
ã𝑛,1 ã𝑛,2 ⋯ ã𝑛,𝑛

]                                                         (13) 

 

Then, the WFs can calculated by using geometric mean technique[7][12]. 

͂𝑓𝑖 = (ã𝑖,1   ⨂ã𝑖,2⨂ .... ã𝑖,𝑗 ....⨂ã𝑖,𝑛)   
1

𝑛⁄                                                 (14) 

 

= ((𝑡𝑖,1
1 × 𝑡𝑖,2

1 × … 𝑡𝑖,𝑗
1 … 𝑡𝑖,𝑛

1 )
1

𝑛⁄  , (𝑡𝑖,1
𝑚 × 𝑡𝑖,2

𝑚 × … 𝑡𝑖,𝑗
𝑚 … 𝑡𝑖,𝑛

𝑚 )
1

𝑛⁄  , (𝑡𝑖,1
𝑢 × 𝑡𝑖,2

𝑢 × … 𝑡𝑖,𝑗
𝑢 … 𝑡𝑖,𝑛

𝑢 )
1

𝑛⁄  )                     (15) 

 

𝑤�̃� =
�̃�

�̃�1 ⨁�̃�2⨁.�̃�𝑗…⨁�̃�𝑛
                                                                          (16) 

 

where 𝑓𝑖 is the geometric mean of the i-th row in the fuzzy pairwise comparison matrix and 𝑤�̃� is the fuzzy WF of 

the i-th failure mode.  

 

Since the outputs of geometric mean method are triangular fuzzy WFs, a defuzzification is employed to convert 

triangular fuzzy WF to corresponding crisp WF. The Fuzzy –AHP is renowned for its defuzzification approach 

proposed[12]. Assume a triangular fuzzy WF of 𝑤�̃�(𝑡𝑖
𝑙, 𝑡𝑖

𝑚, 𝑡𝑖
𝑢) 

 

𝐷𝐹𝑤�̃�
= 

[(𝑡𝑖
𝑢−𝑡𝑖

𝑙)+(𝑡𝑖
𝑚−𝑡𝑖

𝑙)]

3+𝑡𝑖
𝑙                                                                              (17) 

where 𝐷𝐹𝑤�̃�
 is defuzzification mean value of fuzzy WF. 𝑤𝑗  can be calculated by  

 

𝑤𝑖 =
𝐷𝐹𝑤�̃�

∑ 𝐷𝐹𝑤�̃�

                                                                                            (18) 

 
With regards to the RLs of components and subsystems and their corresponding WFs being obtained, the overall 

RL at a bridge system level can nevertheless be calculated by the following equation  

𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚 =   ∑ 𝑅𝐿𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚,𝑗𝑊𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚,𝑗
𝑛
𝑗=1                                                        (19) 

 

4. RISK MODEL 

Sections 2 and 3 outline and explain a risk assessment methodology. As evidenced, the structure of a bridge asset 

system may be enhanced simply by minimising the risks involved. There are instances where the reduction or the 

elimination of one failure mode does not significantly affect other modes. In such circumstances, the risk function 

may be expressed as the sum of the probabilities of system failure events occurrence. The k failure modes may still 



 

 

be considered for reduction or elimination, whilst each system failure event is judged on the basis of its significance, 

and the severity of its potential repercussions[10]. Define the risk model: 

Min :                                                             𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚 =   ∑ 𝑅𝐿𝑗𝑊𝑗
𝑛
𝑗=1                                                                       (20) 

Subject to :  

 

𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚,𝑚𝑖𝑛 ≤   𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚 ≤  𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚,𝑚𝑎𝑥                                                          (21) 

𝑅𝐿𝑆𝑦𝑠𝑡𝑒𝑚,𝑚𝑖𝑛 ≤   𝑅𝐿𝑠𝑢𝑏𝑆𝑦𝑠𝑡𝑒𝑚,𝑗 = ∑𝑖=1
𝑚𝑅𝐿 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖𝑤𝑖 ≤  𝑅𝐿𝑠𝑢𝑏𝑆𝑦𝑠𝑡𝑒𝑚,𝑚𝑎𝑥                     (22) 

𝑅𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 ,𝑚𝑖𝑛 ≤   𝑅𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖 = ∑(
𝑖=1

𝑘
𝐹𝑅𝐴(𝐹𝐿𝑡 , 𝐶𝑆𝑡) ≤  𝑅𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑚𝑎𝑥                     (24) 

0≤𝐹𝐿𝑡≤𝐹𝐿𝑡,𝑚𝑎𝑥;0≤𝐶𝑆𝑡≤𝐶𝑆𝑡,𝑚𝑎𝑥                                                                  (25) 

5 CONCLUSIONS 

This paper is essential to develop new methods to overcome the limitation of the current assessment tools. This 

approach produces the description of the bridge risk assessment model by using the fuzzy reasoning approach (FRA) 

based on fuzzy set theory and fuzzy analytical hierarchy process (AHP). In this method, the qualitative descriptors 

that are three fundamental risk parameters describe Failure Likelihood(FL), Consequence Severity(CS), Weight 

Factor(WF) to obtain the risk level [1]. The proposed risk assessment method is able to calculate both qualitative and 

quantitative risk data. AHP is this way used to find the problem and solve it out or determine the information loss 

which is the relative importance of the risk factor. The outcomes of the risk assessment are represented as the risk 

degrees and the defined risk categories of risk levels (RLs). The method under development aims to help managers 

and engineers working with bridge risk analysis providing them with a method and a powerful tool to perform their 

risk management 
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