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Abstract

:

The safety condition assessment of prestressed concrete bridges is currently subject to great uncertainty due to the subjectivity of data collection and data types. This study proposes an improved evidence fusion method, improving the conventional Dempster–Shafer fusion method to reduce assessment inaccuracies caused by data uncertainty. Firstly, the uncertain analytic hierarchy process was applied to construct a three-level safety assessment model for 15 different indicators with their initial weights. Secondly, the fuzzy matter element theory was proposed to obtain basic probability assignments required for the evidence fusion. Finally, an improved evidence fusion method was proposed based on the evidence credibility and preprocessing corrections for highly conflicting evidence. In this study, a prestressed concrete bridge in eastern China was used as a case study to perform a comprehensive safety assessment and verify the effectiveness and practicality of the proposed method. The assessment results demonstrate that the improved fusion method in this study can deal with conflicting evidence better than existing fusion methods. Compared with conventional fuzzy AHP method, it has greater sensitivity to certain indicators with severe damages, which prevents those indicators from being overshadowed by other well-performing ones in the overall assessment.
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1. Introduction


Since their first appearance in France in 1950, prestressed concrete bridges have become one of the most promising types of concrete bridges [1]. In China, continuous prestressed concrete bridges were constructed in the late 1970s [2]. Since the 1970s, many theoretical and experimental studies on these bridges have been conducted in different countries [3]. It is inevitable that concrete structures will gradually deteriorate over time due to the natural environment and the internal factors of the material, resulting in the degradation and damages [4,5,6]. A large number of prestressed concrete bridges in China have been in service for many years and have suffered varying degrees of damage. Some bridges have major problems with serious damage, whereas others have not yet developed problems but have hidden hazards. Therefore, further research in this area is urgently needed.



Preventive maintenance is increasingly becoming a fundamental strategy in the bridge industry, as it ensures the sustainable maintenance of the structure throughout its service life [7]. For prestressed concrete bridges, the damage to the bridge mainly manifests itself in the corrosion of the prestressing tendons, a reduction in the effective prestressing force, and the development of structural cracks. To date, various load test methods [8,9,10], theoretical analysis methods [11,12,13], and expert systems assessment methods [14,15,16] have been developed to assess the safety conditions of prestressed concrete bridges. These methods are beneficial in bridge damage assessment. However, they also have several limitations and shortcomings in application practice. For example, Cai pointed out that although the load test method was reliable and intuitive, it was performed on a large scale and may lead to more serious structural damage [17]. In addition, load tests do not always fully reflect the actual working performance of a structure. The specificity of each bridge in service leads to inadequacies in the direct assessment of the structure based on the available theoretical analysis results. According to Vries, the limitations of the application of reliability theory were mainly reflected in the fact that most of the research focused on the influence of individual factors, and the research results were scattered and had not formed a comprehensive system [18]. Results obtained by theoretical calculations differ significantly from measured values. Expert system evaluation methods are prone to errors in judgment in complex decision-making problems, and existing expert systems usually only provide assistance in evaluation decisions.



The safety assessment of prestressed concrete bridges can be considered a multi-criteria decision making (MCDM) problem due to the various influencing factors [19]. During data-collection, the collected information may be imprecise and uncertain. In addition, different types of data have been collected, which could be classified as objective data (quantitative indicators) and subjective data (qualitative indicators). The fusion of all the assessment indicators forms the final assessment decision result for this MCDM problem. The Dempster–Shafer (D-S) theory of evidence is an important method for deducing uncertainty [20]. The advantages of D-S evidence theory are that it satisfies weaker conditions than Bayes probability theory and can directly express uncertainty. However, although D-S evidence theory works well in some cases, when highly conflicting evidence appears in the evidence, the fusion results may be inconsistent with the facts. The most common conflict types are total conflict paradox, 0-belief paradox, and 1-belief paradox. The fusion law of D-S evidence theory has significant disadvantages in dealing with such conflicting data [21]. Therefore, to expand the application of D-S evidence theory, it is important to improve its fusion law. In addition, the validity of D-S evidence theory depends heavily on the construction of the basic probability assignments (BPAs). In the D-S evidence theory, a BPA assigns a belief degree to each possible subset of hypotheses in a frame of discernment. It represents the degree of belief or support for each hypothesis based on available evidence. Therefore, the efficient and reasonable construction of the initial BPAs is also a significant problem. Yager’s study concluded that conflicting evidence did not provide useful information and assigned all the basic probability assignments of the conflicting part to the full set of uncertainty focal elements [22]. Lefevre proposed the concept of a unified confidence function [23]. Another reasonable approach is to modify the original data source. Murphy proposed an arithmetic averaging method of evidence sources [24]. Capelle considered the distance relationship between two pieces of evidence and proposed a new method for weighting evidence [25]. Jousselme defined a Jousselme distance to measure the distance between two basic probability assignments and distinguish the proximity of evidence [26]. Deng proposed a weighted average weighting correction method based on Murphy’s method [27]. The aforementioned fusion methods all suffered from high uncertainty. Although Deng’s method made improvements over previous methods, the idea of the weighted average he adopted was based on normalizing the credibility for each piece of evidence. When the quantity of evidence increases, the normalized confidence level assigned to each piece of evidence will become extremely low, adversely affecting the fusion results.



To effectively construct the initial BPAs required for the D-S evidence theory, the fuzzy matter element theory (FME) and uncertain analytic hierarchy process (UAHP) are presented in this study. FME is a data processing method proposed by Chinese scholar Cai, which can represent fuzzy and incompatible information in knowledge representation, acquisition, and inference and is an effective method for evaluating multiple factors [28]. According to this theory, correlation is the measure of the degree to which each indicator is related to a standard [29]. Correlation can quantify each indicator, which is conducive to analyzing indicator factors from a changing perspective and better reflecting the status of each indicator. Uncertain analytic hierarchical analysis (UAHP) is a practical MCDM method that presents a complex problem as an ordered recursive hierarchy and ranks the merits of decision options based on expert judgment [30]. For the complex assessment problem in this study, the intervals can be used to characterize the relative importance of each assessment index by conducting a two-by-two comparison [31].



In this study, a comprehensive safety assessment framework for prestressed concrete bridges was proposed. The initial BPAs required for evidence fusion were constructed by combining UAHP and FME, and the evidence fusion was completed by preprocessing the conflicting evidence using improved evidence fusion method (IDS). The feasibility of this method was demonstrated by a safety assessment of a prestressed concrete bridge in eastern China. This study verified the advantages of this method by comparing its results with those of conventional assessment methods.




2. Methods


The full-bridge safety assessment of prestressed concrete bridges is a complex MCDM problem. Due to its multiple uncertainties in the evidence, the Dempster–Shafer (D-S) evidence theory is well suited for dealing with this type of problem. In this study, the initial basic probability assignments (BPAs) required for the D-S evidence theory were constructed by combining uncertain analytic hierarchy process (UAHP) method and the fuzzy matter element theory (FME), so that the initial BPAs could fully account for the ambiguity and subjectivity of each indicator in the assessment process. An improved D-S evidence fusion method (IDS) was proposed to solve the problem of high-conflict evidence that the conventional D-S theory cannot deal with. After obtaining the final correlation results, the defuzzification formula was used to convert the correlation vector into clear assessment values to obtain the corresponding safety assessment results. Figure 1 shows the entire process of the safety assessment framework for prestressed concrete bridges.



2.1. BPA Designs Based on Fuzzy Matter Element and Uncertain AHP


2.1.1. Obtaining Initial Weight Based on UAHP


Prestressed concrete bridges’ safety assessments are subject to different factors. Some of these factors cannot be expressed quantitatively by functional relationships. Therefore, to facilitate the assessment, the analytic hierarchy process (AHP) was used to hierarchize and rationalize the various factors. Due to the complexity and uncertainty of the objective factors involved in the assessment, it was difficult for experts to make precise judgments about the relative importance of the assessment indicators, i.e., to express the importance of the two indicators with precise numbers. Therefore, the uncertain AHP method (UAHP) was used for bridge assessment in this study. The interval number was used to define the relative importance of each assessment indicator when comparing two indicators.



The procedure of UAHP in this study could be simply divided into three parts. First, the interval number judgment matrix was constructed according to the importance of each assessment indicator. Second, the consistency was checked. A consistency test was performed using CI and CR as two indicators [32]. Finally, after passing the consistency test, the geometric mean values of each indicator were calculated and normalized to obtain the weight       W   i    ¯    of the corresponding assessment indicator.




2.1.2. Obtaining Initial BPAs Based on FME


The matter element model is defined by   R = ( A , C , X )   with three basic components: a matter element (A), n indicators of matter   (   C   1   ,   C   2   , … ,   C   n   )  , and the corresponding values of n indicators   (   X   1   ,   X   2   , … ,   X   n   )  . If the measured values of the indicators are fuzzy, the model is called a fuzzy matter-element model. A specific indicator     C   i     can be divided into different assessment levels if necessary for an engineering assessment. In particular, for the prestressed bridge assessment framework used in this study, each indicator will have five different levels: very good (I), good (II), average (III), poor (IV), and very poor (V). In this case, a matter element A with n dimensions indicator elements in m dimensions levels form the final composite fuzzy matter element     R   m n    , as shown in Equation (1):


   R  m n   =           C 1       C 2     ⋯     C n         S 1       u  11        u  12      ⋯     u  1 n          S 2       u  21        u  22      ⋯     u  2 n        ⋮   ⋮   ⋮   ⋯   ⋮       S m       u  m 1        u  m 2      ⋯     u  m n          



(1)




where     R   m n     represents the fuzzy matter element,     C   j     is the matter indicator (  i = 1,2 , … n  ),     S   i     represents the different matter levels (  j = 1 , 2 , … m  ), and     u   i j     is the fuzzy membership value of indicator   i   at level   j  .



To translate the specific measured values     X   i     of the different indicators into fuzzy membership levels, a number between zero and one is needed to express the probability of each level     S   j    . The material properties of the structure and other factors follow a normal distribution, whereas the damage indicators are mainly determined by the material properties. Based on the work of Liu [33], the damage indicators were approximately normally distributed. Therefore, the following normal correlation function as Figure 2 is constructed to calculate the correlation membership of each assessment level, as shown in Equation (2):


   u  i j   = exp [ −   (    x  i j   −  a  i j      b  i j     )  2  ]  



(2)




where     x   i j     stands for the specific value of indicator   i   in level   j  , and     a   i j     and     b   i j     represent the mean and standard deviation of the indicator     x   i j    , satisfying     a   i j   > 0 ,     b   i j   > 0  .



According to the quadratic function,     x   i j     must be an intermediate value in the interval [    x   i j     L   ,     x   i j     U    ]. As the boundary value represents the transition value from one level to the next, it should belong to two adjacent levels at the same time. Moreover, the sum of the memberships of all levels should be one, and the membership of the boundary value should be 0.5. Therefore, we can derive the formulae for the constant parameters a and b, as given in Equations (3) and (4):


   a  i j   =    x  i j   ( L ) +  x  i j   ( U )  2   



(3)






   b  i j   =    x  i j   ( U ) −  x  i j   ( L )   2   ln 2      



(4)




where     x   i j     L     and     x   i j     U     represent the lower and upper bounds, respectively, of the interval for indicator   i   at level   j  .



According to Zhang, the indicator weights obtained by UAHP and the correlation membership of each indicator obtained by FME can be combined as initial BPAs [34]. In this study, the BPAs for different assessment indicators were constructed at different levels, as expressed in Equation (5):


    m i  (  A j  ) =  W i   u  i j   (  x i  )     m i  ( θ ) = 1 −   ∑  j = 1  n    m i  (  A j  )     



(5)




where     m   i   (   A   j   )   represents the basic probability assignment of indicator   i   in level   j  .     m   i   ( θ )   represents the uncertain probability of the indicator level, which means that the level to which this probability belongs cannot be determined.





2.2. Evidence Fusion Based on the Improved Dempster–Shafer Evidence Theory


The D-S evidence theory was proposed by Dempster in 1968 and popularized by Shafer in 1976. This theory can effectively integrate multiple sources of evidence with high assessment accuracy and reflect the degree of consistency between the evidence. Shafer named the set of possible answers to the problem as a discernment framework, which can be expressed as   θ = {   A   1   ,   A   1   , … ,   A   n   }  , with the elements in   θ   being mutually exclusive. The discernment framework in the safety assessment of this study corresponds to the five levels (I–V) mentioned in Section 2.1. In the discernment framework   θ  , the basic probability assignment   m ( A )   is a mapping of the set     2   θ     to [0, 1] and satisfies Equation (6):


    ( 1 )             m ( ϕ ) = 0 ;     ( 2 )   ∑  A ⊂ θ    m ( A ) = 1      



(6)




where   A   is a subset of the discernment framework   θ  ,   A ⊆ θ  , and   m ( A )   is the BPA function of   A  , indicating the degree of evidence supporting   A  .



In practical problems, different BPAs are obtained for the same problem due to different assessment indicators. Let     m   1   ,     m   2   ,   … ,     m   n     all be BPAs in the same discernment framework   θ  . As evidence is diverse and different, the fusion of different types of evidence is required. The conventional D-S theory for evidence fusion is shown in Equation (7):


   ( 1 )  m 1  ⊕  m 2  ( A ) =  1 k    ∑   A i  ⊂  B j  = A     m 1  (  A i  )  m 2  (  B j  )      ( 2 ) k =   ∑   A i  ⊂  B j  ≠ ϕ     m 1  (  A i  )  m 2  (  B j  )   = 1 −   ∑   A i  ⊂  B j  = ϕ     m 1  (  A i  )  m 2  (  B j  )     



(7)




where   k   represents the evidence conflict factor, which reflects the degree of conflict between evidence. The value of   k   is between [0, 1]; when   k = 0  , the D-S fusion rule cannot be used; when   k = 1  , there is no conflict between the evidence, and the D-S fusion rule can produce the best results.



In practical problems, the results of conventional evidence fusion may be contradictory to the facts because of conflicting evidence. There are two main ways to deal with evidence conflicts: the first is to directly modify the D-S fusion rule, taking into account that the original normalization operation is unsuitable. The alternative is to modify the original data source, assuming that the D-S fusion rule is reasonable, and the fusion problems are because of evidence source itself, which requires the pre-processing of the evidence before using the D-S fusion rule. In this study, the second method was used to improve the conventional D-S fusion theory. In addition, an improved D-S evidence fusion method (IDS) was proposed that integrates both credibility and trust factors.



The procedure of IDS method in this study could be simply divided into three parts:



(1) First, the credibility of the evidence was calculated, which described the degree to which one piece of evidence was supported by the total. The credibility of a piece of evidence could be determined by calculating the degree of similarity, which had a value in the range [0, 1]. The larger value could lead to greater similarity and lower degree of conflicts. The corresponding formula for calculating credibility was shown in Equation (8):


   ( 1 ) s i m (  m 1 ′  ,  m 2 ′  ) =     ∑  i = 1  n    m 1 ′  (  A i ′  )  m 2 ′  (  A i ′  )       ∑  i = 1  n    m 1 ′  (  A i ′  ) +   ∑  i = 1  n    m 2 ′  (  A i ′  )     −   ∑  i = 1  n    m 1 ′  (  A i ′  )  m 2 ′  (  A i ′  )        ( 2 ) c r  d i  =  1  n − 1     ∑ n   s i m (  m i ′  ,  m j ′  )     



(8)




where   s i m     m   1   ′   ,   m   2   ′       represented a similarity matrix composed of all similarities among evidence.     c r d   i     represented the credibility of each piece of evidence   i  .



(2) Based on the credibility of the evidence, sources of evidence could be classified into three types: “credible evidence”, “general evidence”, and “conflicting evidence”. Credible evidence refers to evidence that ranks in the top 25 percent of credibility, conflict evidence refers to the bottom 25 percent, and the remaining middle half is general evidence. The trust factor   η   was set as the mean value of credibility for all the credible evidence. Evidence whose credibility was greater than   η   need not be pre-processed, and the weights of the remaining evidence were assigned according to Equation (9):


   λ i  =   C r  d i   η   



(9)




where     λ   i     represented the weight to be used for pre-processing the evidence.



(3) After the weights     λ   i     were calculated, the weight discounting correction of the evidence was given as in Equation (10):


    m i    λ i    (  A j  ) =      λ i   m i  (  A j  )    ,     A j  ≠ θ      λ i   m i  ( θ ) + ( 1 −  λ i  )   ,  A j  ≠ θ      



(10)




where     m   i   (   A   j   )   was the value of the j-th set of focal elements of the i-th evidence, and       m   i       λ   i       represented the evidence after pre-processing correction. Due to the effect of     λ   i    , the basic probability assignment of uncertaint was assigned entirely to the unknown part   θ  , which significantly reduced the degree of conflict among all evidence. After completing the evidence correction, the evidence fusion was performed using the conventional D-S fusion rule shown in Equation (10).




2.3. Defuzzification of the Assessment Results


The results obtained by fusing multiple sources of evidence with conflicts using the IDS method represent the correlation distribution of the final assessment levels. As the result of the IDS method is a probability distribution vector, the final probability distribution result must be transformed into a crisp value to make the assessment results more intuitive. This process is called defuzzification. There are many defuzzification methods, such as the maximum correlation method (MCM), center of gravity method (COG), and middle of maximum (MOM) method [35]. In this study, the direct weighted average calculation method was used for the project. The following defuzzification formula was used in fusion with the standard JTG TH21-2011 [36], as shown in Equation (11):


    R i  =     ∑  n = 1  j   5 ( n − 1 )  m  i j   (  A n  )     j − 1       D r  = 100 − 100   ∑ i    R i     W i   ¯    / j   



(11)




where     R   i     represented the assessment scale of different bridge structures, which was calculated using the probability-weighted average corresponding to the correlation vector.     m   i j   (   A   n   )   represented the correlation results of indicator   i   at assessment level   j  .     D   r     represented the safety assessment score of the entire bridge, where       W   i    ¯    represented the initial weights of the different indicators calculated using the UAHP method in Section 2.1.



According to the JTG TH21-2011 standard, the assessment scale     R   i     for prestressed concrete bridges in this study was divided into five categories, as shown in Table 1. The full-bridge safety score     D   r     was also divided into five categories, as shown in Table 2. The final bridge assessment level was obtained from the classifications listed in Table 1 and Table 2. It is worth noting that one should not only focus on the final bridge levels but also on the assessment levels of the individual structural components. For example, the safety score     D   r   ≥ 60   may also be associated with some components that have an assessment scale     R   i   ≥ 3 .   It is important not to neglect the repair of defective components only because the overall assessment results are good.





3. Safety Assessment Model for Prestressed Concrete Bridges


3.1. Establishment of Damage Indicators for Prestressed Concrete Bridge


To evaluate the safety risk of prestressed concrete bridges, it is necessary to analyze the damage to different bridge elements. A safety assessment model for prestressed concrete bridges based on external defects and the design load-bearing capacity was established, as shown in Figure 3. The first level of bridge assessment indicators was divided into superstructure (B1), substructure (B2), and accessory structure (B3). Based on this, the second level of assessment indicators C1–C8 was further refined according to the construction categories. Certain assessment elements had a certain degree of influence on the load-bearing capacity of the bridge and were difficult to calculate quantitatively or evaluate comprehensively. Therefore, a third level of indicator classification (D1–D15) was conducted, where D1–D6 from the main girder were quantitative indicators, and the rest were qualitative indicators.



The assessment indicators for the main girder were categorized as D1–D6. The presence of flexural cracks (D1) in the positive section led to a reduction of the compressed area, which increased the stress in the compressed area and compromised the structural safety. Because the concrete and reinforcement were integrated to resist the shear force, the deterioration of concrete and corrosion of reinforcement could destroy the bond between the reinforcement surface and concrete, resulting in a decrease in the shear capacity and concrete strength (D3) of the cross-section. There was a strong correlation between the reduction in the co-working shear capacity and the width of the concrete shear cracks (D2). As a direct result of the general corrosion of the reinforcement (D4) and the corrosion of the prestressed reinforcement (D5), the cross-sectional area of the reinforcement was reduced, and uneven corrosion led to an uneven reinforcement surface, which would cause stress concentration phenomena that degrade the mechanical properties of the reinforcement. If the prestress loss (D6) was significantly increased, the stress might not reach its design strength if the structure was damaged, i.e., the high strength of the prestressing tendons was not fully developed. This prevented the ultimate load-carrying capacity of the structure from attaining the design level of the designed beam, which compromised the safety of the bridge.



The assessment indicators for pier foundations were categorized as D9–D11, as foundation scour, tilt and slide, and uneven settlement, respectively. These three indicators were qualitative indicators, which would be assessed through on-site inspection and scoring.




3.2. Classification of the Assessment Levels


In this study, the safety ratings of prestressed concrete bridges were classified into five levels: very good (I), good (II), average (III), poor (IV), and very poor (V). As shown in Figure 2, fifteen third-level indicators (D1–D15) were required to obtain the initial measurement data. Of these 15 indicators, D1–D6 were quantitative indicators that must be obtained from actual bridge measurements, whereas the remining indicators were qualitative parameters could be directly scored by the experimenter’s empirical observations to obtain a score between 0 and 100 as their measured values.



Flexural and shear cracks were evaluated by the crack width. The concrete strength indicator was determined by the rebound method, which was expressed as the average strength homogeneity coefficient of concrete. The corrosion indicator of ordinary and prestressed steel bars was expressed by section loss rate. The prestress loss index was expressed and measured as a percentage change in the concrete structure design. Due to the complexity of prestressed bridge members, there was a high degree of uncertainty in determining these indicators. Based on a large amount of literature research and referring to the JTG TH21-2011 standard, five different level classifications were finally established for each indicator [37], as shown in Table 3.





4. Case Study


4.1. Project Overview


A bridge in Lishui City, Zhejiang Province, was completed in 2015. The span of the bridge is 10 × 25 m, the structure type is prestressed concrete continuous T-beam, and the supports are plate supports. The piers and the bridge foundation of the substructure are pile-type piers and foundation. The bridge deck system is equipped with continuous prestressed tendons throughout its length. The bridge deck is paved with bracket deck pavement. The reinforced concrete anti-collision guardrails and modular-type expansion joints are used for this bridge. The road grade of the bridge is Class-II highway, the design load is Class-I highway, and it is designed to be a two-lane road. The width of the bridge is 10 m, of which the lane width is 9 m and the left and right guardrails are 0.5 m each. The elevation and front view of the bridge for case study are presented in Figure 4. During testing, the bridge components were found to have some degree of deficiency and potential damage. In this case study, the safety conditions of a bridge were evaluated and based on the assessment results, further inspection or repair techniques were proposed to provide a technical basis for the repair and reinforcement of the bridge.



After inspection, the damage to the main girder was as follows: seven vertical cracks with a total length of 7.50 m and a maximum crack width of 0.36 mm; one oblique crack with a total length of 1.6 m and a maximum crack width of 0.3 mm. The steel bars were rusty with a total length of 0.2 m. The damage to the supports was as follows: one shear deformation; one age-related cracking. The main damage to the substructures was as follows: two areas of corrosion on the bridge piers, local water damage on the bridge foundation, and local erosion on the riverbed. The main damage to the bridge deck pavement was a pit with a total area of 0.04 m2. The expansion joint was damaged with two areas of cracks. There were two U-shaped cracks on the guardrails with a total length of 3.6 m and a maximum crack width of 0.15 mm. No obvious damage was found in other areas including sidewalks, drainage systems, lighting systems, signs, etc.



The load tests on the bridge mainly included the testing of concrete strength and prestress loss. The actual concrete strength of the main beam measured using the rebound method was 48.5 MPa, and the design strength of the concrete was 50 MPa. For the prestress loss test, magnetic flux sensors were pre-installed on the steel tendons during construction, and the changes in magnetic flux were used to conduct effective stress testing. The measured prestress value obtained was 110 KN, and the theoretical permanent prestress value was 130 KN.




4.2. Bridge Safety Assessment and Results


According to the method proposed in Section 2.1, the UAHP and FME methods were used to construct the initial BPAs required for the D-S evidence theory. The initial weights obtained by the UAHP calculations are shown in Table 4. The values of the constant parameters   a   and   b   for the 15 indicators at different ranges were calculated using Equations (3) and (4). The measured values of the 15 indicators and their corresponding initial BPAs were calculated using Equation (5), as listed in Table 5.



After obtaining the initial BPAs of all indicators, the IDS method outlined in Section 2.2 was applied in the evidence fusion process. The credibility and trust factors of each piece of evidence were obtained using Equations (8)–(10). The evidence that needed to be corrected was weighted and corrected on this basis to complete the pre-processing process. After correcting the evidence, the conventional D-S evidence fusion method in Equation (7) was used to fuse the evidence and complete the final assessment of the entire bridge. Finally, the defuzzification process was used to evaluate the correlation vectors using Equation (11) to obtain the final safety scores for the components and the entire bridge. The final evidence fusion results for the bridge superstructure, substructure, accessory structure, and the entire bridge are listed in Table 6.



From the safety score     D   r   = 68.85  , and it could be initially determined that the bridge had a Level III safety assessment result, which required maintenance. The final correlation vector for the entire bridge showed that there was a relatively large amount of degree of correlation for Levels I (0.6908) and IV (0.2427). This indicated that some of the bridge components were in good condition, but some were compromised in terms of safety. The assessment level of superstructure and substructure was Level II, and for the accessory structure, it was Level I. The assessment correlations of the three basic components and their corresponding scale values     R   i     also showed that although the bridge accessory structure was in good condition, the superstructure and substructure were damaged to some extent.





5. Discussion


5.1. Accuracy Verification


The IDS evidence fusion method proposed in this study can accurately reflect the fuzziness and uncertainty of the assessment process, and it is a more rigorous uncertainty reasoning method. In order to ensure the accuracy of the IDS method in this paper, a conventional fuzzy AHP method was used to evaluate the safety condition of the bridge for the case study. The safety assessment results of the bridge using the conventional fuzzy AHP method are shown in Table 7, and the level distribution figures of the results by these two methods are shown in Figure 5. Comparing Table 6 and Table 7, there was consistency between the assessment results of IDS method and the conventional fuzzy AHP method. Both assessment results showed the final assessment level of the bridge as Level III. The assessment results of the superstructure, substructure, and accessory structure were all consistent. As shown in Figure 5, the assessment results of both methods had two peaks at Levels I and IV, which showed that some elements of the structure were in good condition, while others were severely deficient. The original inspection and monitoring data showed that the superstructure of the bridge, especially the main girder, had obvious cracking damage, with the cracking indicator reaching Level IV. The monitored effective stress was only 85% that of the structural design, which also reached Level IV. Therefore, the results obtained with both methods correspond to the reality.



However, the assessment results of three main components and the whole bridges obtained by the IDS method were all worse than those obtained by the conventional fuzzy AHP method. When using the conventional fuzzy AHP method, the correlations of Levels I and IV for the superstructure were 0.4273 and 0.2018, and the assessment scale was     R   i   = 1.34  , which led to a safety assessment result of Level II. When using the IDS method, the correlations of Level I and Level IV for the superstructure were 0.3763 and 0.4293, and the assessment scale was     R   i   = 2.00  , leading to a safety assessment result that was Level II but was very close to Level III. This is because the conventional fuzzy AHP method is not sensitive to the degree of deficiency of a single indicator when a certain indicator is severely damaged. However, the IDS method in this paper increases the weight of those indicators with severe damage and reduces the weight of indicators that perform well through evidence fusion. This method makes those indicators with severe damage more obvious in the final assessment results, which also meets the actual structural assessment requirements. Therefore, compared with the conventional fuzzy AHP method, the IDS method in this paper can better handle indicators with severe damages and produces more reasonable assessment results.




5.2. Comparison of IDS Method with Other Fusion Methods


The IDS evidence fusion method proposed in this study can effectively address the multi-source evidence problem in bridge safety assessment The IDS method applied a discount factor     λ   i    , and pre-processed the evidence according to the conflicting factors to make the fusion results more reasonable. Using the superstructure of the bridge in this study as an example, the assessment results obtained by different evidence fusion methods are shown in Table 8. Figure 6 shows the level distribution obtained by different evidence fusion methods.



According to Table 8 and Figure 6, when there were significant conflicts in the evidence, the conventional D-S evidence fusion method was unable to effectively fuse the evidence, and the final correlation degree of Level I was 1, which was obviously not the case. This was caused by the fact that the initial BPA of the D5 indicator in Table 5 was too extreme, and the conventional D-S fusion rule could not manage such extreme evidence. Yager’s method resulted in to increased uncertainty due to the more conservative assignment of the conflicting parts to the focal element   θ  , with the final result   m ( θ ) = 0.4233  . Because of excessive uncertainty, the fusion results could not provide a reliable result of the safety condition. Deng’s fusion method applied the concept of a weighted average, and the trend of fusion results was more closely consistent with that of the IDS method used in this study, with peaks at both Levels I and IV. However, the fusion results of Deng’s method had a similar drawback to that of the fuzzy AHP method, i.e., they were not sensitive to the overall result caused by a particularly severely damaged indicator. This was because Deng’s method normalized the individual pieces of evidence into a weighted average based on credibility. As the quantity of evidence increased, the normalized credibility of each assigned piece of evidence became extremely low, thereby substantially diminishing the effect of certain severely damaged indicators.



In contrast, the IDS method in this study did not normalize credibility during pre-processing but utilized the trust factor   η  . Evidence pre-processing was not required for those pieces of evidence with credibility greater than   η  . This local correction method is superior to Deng’s global correction method in assessing bridge safety because it fully accounts for severely damaged indicators to make sure they are not overshadowed by other well-performing indicators.



In summary, the proposed safety evaluation model is more sensitive to indicators with serious damage compared with the conventional fuzzy AHP method. In addition, compared with other evidence fusion methods, the IDS method in this paper can effectively deal with the problem of high-conflict evidence fusion. Therefore, for the safety assessment of prestressed concrete bridges, the initial measurement values can be obtained by practicing engineers according to the 15 assessment indicators and 5 assessment levels. Then, all indicators should be fused and defuzzified according to the IDS fusion method mentioned in Section 2 to complete the overall safety assessment of prestressed concrete bridges.





6. Conclusions


In this study, a comprehensive bridge safety assessment system was developed to solve the problems of uncertainty during the process of safety assessment of prestressed concrete bridges. An improved Dempster–Shafer fusion method (IDS) was proposed to improve the accuracy of assessment results by resolving the problem of uncertainty of evidence sources in bridge assessment. The assessment method was proposed on an actual prestressed concrete bridge to validate the realizability and accuracy.



	
In this paper, a three-level safety assessment model for prestressed concrete bridges was constructed and 15 assessment indicators related were determined. Six quantitative indicators and nine qualitative indicators were considered in the assessment process, combined with the assessment indicators of external defects and the design load-bearing capacity of prestressed concrete bridges, to obtain results that better reflected the safety conditions of bridges.



	
In this paper, an improved Dempster–Shafer fusion method (IDS) was proposed to deal with the safety assessment of prestressed concrete bridges with multiple uncertainties. UAHP and FME methods were combined to construct initial weights of indicators and their basic probability assignments, which fully accounted for the ambiguity and subjectivity of each indicator in the assessment process. The IDS method was better able to handle conflicting evidence that arose during the assessment process than existing fusion methods. In addition, it was more sensitive to certain indicators with high degrees of defects, ensuring that indicators of severe damage were not obscured in the final assessment results.



	
The full-bridge safety assessment model for prestressed concrete bridges was applied to an actual bridge in eastern China. Through calculation comparison and analysis, the superiority of this model had been well verified. Compared with conventional fuzzy AHP method, the IDS method was proven to have higher accuracy and feasibility.
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Figure 1. Flowchart of the safety assessment framework for prestressed concrete bridges. 
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Figure 2. Normal membership function of each assessment level. 
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Figure 3. Safety assessment indicators of prestressed concrete bridges. 
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Figure 4. (a) Elevation view of the bridge; (b) front view of the bridge. 
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Figure 5. Assessment results of the bridge for case study using: (a) conventional fuzzy AHP method; (b) IDS method in this paper. 
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Figure 6. Assessment results of the superstructure for a case study using: (a) the conventional D-S method; (b) Yager’s method; (c) Deng’s method; (d) IDS method in this paper. 
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Table 1. Meaning and classification scales of bridge components.
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	    Assessment   Scale     R   i      
	Component Conditions
	Levels





	[0, 0.5]
	Very good
	I



	(0.5, 2]
	Good
	II



	(2, 3]
	Average
	III



	(3, 4]
	Poor
	IV



	(4, 5]
	Very Poor
	V










 





Table 2. Meaning and classification scales of the entire bridge.
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	    Safety   Score     D   r      
	Conditions
	Levels
	Maintenance Recommendations





	[90, 100]
	Very good
	I
	Normal



	[80, 90)
	Good
	II
	Minor maintenance



	[60, 80)
	Average
	III
	Medium maintenance, traffic control if needed



	[40, 60)
	Poor
	IV
	Major maintenance with traffic control



	[0, 40)
	Very Poor
	V
	Traffic closed, special maintenance or rebuild










 





Table 3. Assessment levels and intervals of each damage indicator.






Table 3. Assessment levels and intervals of each damage indicator.





	
Indicators

	
Measured

	
Assessment Levels and Intervals




	
I

	
II

	
III

	
IV

	
V






	
D1

	
Flexural cracks

	
   W / m m   

	
0

	
(0, 0.1)

	
[0.1, 0.3)

	
[0.3, 0.6)

	
   ≥ 0.6   




	
D2

	
Shear cracks

	
   W / m m   

	
0

	
(0, 0.05)

	
[0.05, 0.2)

	
[0.2, 0.4)

	
   ≥ 0.4   




	
D3

	
Concrete strength

	
     K   b m     

	
   ≥ 1.00   

	
[0.95, 1.00)

	
[0.90, 0.95)

	
(0.85, 0.9)

	
   ≤ 0.85   




	
D4

	
Reinforcement corrosion

	
Section change

	
(0, 0.015)

	
[0.015, 0.05)

	
[0.05, 0.12)

	
[0.12, 0.2)

	
   ≥ 0.2   




	
D5

	
Prestressed reinforcement corrosion

	
Section change

	
(0, 0.01)

	
[0.01, 0.03)

	
[0.03, 0.1)

	
[0.1, 0.15)

	
   ≥ 0.15   




	
D6

	
Prestress loss

	
Percentage

	
(0, 0.05)

	
[0.05, 0.1)

	
[0.1, 0.15)

	
[0.15, 0.2)

	
   ≥ 0.2   




	
D9

	
Foundation scour

	
Score

	
(80, 100]

	
(60, 80]

	
(40, 60]

	
(20, 40]

	
(0, 20]




	
D10

	
Tilt and slide

	
Score

	
(80, 100]

	
(60, 80]

	
(40, 60]

	
(20, 40]

	
(0, 20]




	
D11

	
Uneven Settlement

	
Score

	
(80, 100]

	
(60, 80]

	
(40, 60]

	
(20, 40]

	
(0, 20]




	
D7, D8,

D12–D15

	
Conditions

	
Score

	
(80, 100]

	
(60, 80]

	
(40, 60]

	
(20, 40]

	
(0, 20]











 





Table 4. Initial weight of different indicators for prestressed concrete bridges.
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First-Level Indicators

	
Second-Level Indicators

	
Third-Level Indicators






	
B1 (0.44)

	
C1 (0.74)

	
D1 (0.05)




	
D2 (0.08)




	
D3 (0.16)




	
D4 (0.14)




	
D5 (0.30)




	
D6 (0.27)




	
C2 (0.26)

	
D7 (1.00)




	
B2 (0.42)

	
C3 (0.55)

	
D8 (1.00)




	
C4 (0.36)

	
D9 (0.31)




	
D10 (0.37)




	
D11 (0.32)




	
C5 (0.09)

	
D12 (1.00)




	
B3 (0.15)

	
B6 (0.30)

	
D13 (1.00)




	
B7 (0.15)

	
D14 (1.00)




	
B8 (0.55)

	
D15 (1.00)











 





Table 5. Measured values and their initial BPAs of the indicators.
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Indicators

	
Measured Values

	
Initial BPAs Based on FME and UAHP




	
m (I)

	
m (II)

	
m (III)

	
m (IV)

	
m (V)

	
m (   θ   )






	
D1

	
0.36

	
0

	
0

	
0.0520

	
0.1849

	
0

	
0.7631




	
D2

	
0.3

	
0

	
0

	
0

	
0.3534

	
0

	
0.6466




	
D3

	
0.03

	
0

	
0.6876

	
0.0192

	
0

	
0

	
0.2932




	
D4

	
0.001

	
0.5903

	
0

	
0

	
0

	
0

	
0.4097




	
D5

	
0

	
1

	
0

	
0

	
0

	
0

	
0




	
D6

	
0.15

	
0

	
0

	
0.3514

	
0.3514

	
0

	
0.2971




	
D7

	
75

	
0.1101

	
0.5809

	
0

	
0

	
0

	
0.3090




	
D8

	
85

	
0.4895

	
0.0217

	
0

	
0

	
0

	
0.4888




	
D9

	
88

	
0.6025

	
0.0042

	
0

	
0

	
0

	
0.3933




	
D10

	
70

	
0

	
0.1351

	
0

	
0

	
0

	
0.8649




	
D11

	
97

	
0.1191

	
0

	
0

	
0

	
0

	
0.8809




	
D12

	
82

	
0.5367

	
0.0631

	
0

	
0

	
0

	
0.4002




	
D13

	
88

	
0.2333

	
0.0016

	
0

	
0

	
0

	
0.7651




	
D14

	
94

	
1

	
0

	
0

	
0

	
0

	
0




	
D15

	
90

	
1

	
0

	
0

	
0

	
0

	
0











 





Table 6. Final results of the safety assessment of the whole bridge.
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Indicators

	
Correlation of Each Assessment Level

	
     R   i      (       D   r     )

	
Assessment Level




	
m (I)

	
m (II)

	
m (III)

	
m (IV)

	
m (V)






	
Superstructure

	
0.3763

	
0.1012

	
0.0812

	
0.4293

	
0.0119

	
2.00

	
II




	
Substructure

	
0.5047

	
0.1000

	
0.1016

	
0.1982

	
0.0955

	
1.56

	
II




	
Accessory structure

	
0.9175

	
0.0309

	
0.0172

	
0.0172

	
0.0172

	
0.23

	
I




	
Whole Bridge

	
0.6908

	
0.0346

	
0.0279

	
0.2427

	
0.0039

	
68.85

	
III











 





Table 7. Safety assessment results using the conventional fuzzy AHP method.
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Indicators

	
Correlation of Each Assessment Level

	
     R   i      (     D   r     )

	
Assessment Level




	
m (I)

	
m (II)

	
m (III)

	
m (IV)

	
m (V)






	
Superstructure

	
0.4273

	
0.2750

	
0.0959

	
0.2018

	
0

	
1.34

	
II




	
Substructure

	
0.4993

	
0.2959

	
0.024

	
0.1822

	
0

	
1.11

	
II




	
Accessory structure

	
0.9647

	
0.0353

	
0

	
0

	
0

	
0.04

	
I




	
Whole bridge

	
0.5358

	
0.2487

	
0.0519

	
0.1641

	
0

	
78.76

	
III











 





Table 8. Assessment results obtained by different evidence fusion methods.
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Fusion Method

	
Correlation Results of the Superstructure

	
      R   i      

	
Assessment Level




	
m (I)

	
m (II)

	
m (III)

	
m (IV)

	
m (V)

	
m (   θ   )






	
D-S method

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
I




	
Yager’s method

	
0.1781

	
0.0791

	
0.0981

	
0.1691

	
0.0523

	
0.4233

	
1.23

	
II




	
Deng’s method

	
0.6313

	
0.0070

	
0.0187

	
0.3426

	
0.0005

	
0

	
1.34

	
II




	
IDS method in this study

	
0.3938

	
0.0594

	
0.0850

	
0.4493

	
0.0125

	
0

	
2.03

	
III
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