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Abstract

:

Bridges are key social overhead capital facilities with a direct impact on citizen safety and the socioeconomic development of a country. Many bridges in South Korea were completed during the nation’s period of rapid economic growth in the 1970s and 1980s, meaning that bridge aging is now accelerating and should be of real concern. Based on records of other highly developed countries not having adequate maintenance systems for old bridges and consequently experiencing a number of tragic bridge collapses, Korea is at risk of following suit. Being able to measure the efficiency of bridge management considering economic and social values is therefore critical. In this work, a qualitative bridge maintenance priority evaluation model using open-source bridge information was developed. The model was evaluated by applying it to eight actual bridges located in Daegu Metropolitan City, Korea. It is concluded that aging bridge maintenance and management can be performed more efficiently and reliably if the model proposed in this work is used.
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1. Introduction


Bridges are important social overhead capital (SOC) facilities that help connect national transportation networks. They are directly related to the safety of people in social and economic aspects [1]. Many bridges in South Korea were completed during the country’s rapid economic growth period of the 1970s and the 1980s. They account for about 63% (c. 19,000 bridges) of all bridges in Korea as of 2022, and the number of old bridges over 30 years old, which will increase rapidly, is expected to increase to about 72% (c. 21,000 bridges) by 2035 [2,3,4,5]. The sudden overwhelming number of aging bridges was the result of the conservative evaluation of SOC facilities when they were designed and constructed several decades ago.



The aging of bridges can heighten people’s worries about the potential for major structural failures. Down the line, considerable funds need to be spent on ad-hoc repairs, squeezing funding in other important areas for future generations. Unfortunately, bridge aging is accelerating in Korea, and preventive, preemptive, and economic maintenance must be carried out to effectively cope with the problem. Ideally, a systematic maintenance system should be established to improve maintenance efficiency at the national level, and the appropriateness and adequacy of investment in maintenance should be determined based on quantitative and qualitative indicators such as bridge size, age, and risk [6,7].



A lack of means for determining a maintenance system for old bridges is not a new problem. There are plenty of past cases in other highly developed nations in which bridges shockingly collapsed, leading to loss of life and public inquiries [8]. In the United States alone, there have been several hundred documented bridge collapses since the 1980s. These include the Mianus River Bridge in 1983, the Schoharie Creek Bridge in 1987, the Interstate 35W bridge over the Mississippi River in August 2007, and the Interstate 5 bridge in Washington state in 2013. Also, in August 2018, the Polcevera Bridge collapsed in Genoa, Itlay, killing approximately 40 people. Rymsza, J., warned of the danger of collapsing the Polcevera Bridge about 20 years ago before it collapsed [9]. Even though structural defects were discovered, the bridge was not maintained properly, as it was believed that maintenance could damage aesthetics. Italy’s bridge management regulations have been significantly impacted by this accident, and the importance of bridge maintenance has been reconfirmed. In Japan, the importance of paying greater attention to aging SOC facilities was recognized because of the 2012 Sasago Tunnel collapse near Tokyo, resulting in a fresh $3.5 billion investment in maintenance projects for bridges, roads, and schools. Following similar disasters, other countries such as the UK, Canada, and Australia have introduced and operated evaluation systems for infrastructure by moving away from centralized government schemes to localized schemes. Korea needs to prepare for upcoming bridge aging by adopting good examples of maintenance system practices and more efficient investment principles from those who have already learned harsh lessons. Presently, in the case of Korea, the investment in maintenance costs compared to the asset value of facilities is only about one-third of that of other developed countries. In order to solve this problem, studies that can evaluate the stability of bridges are being actively conducted, and the representative methods for evaluating the stability of bridges include the probabilistic method and the neural network method [10,11,12,13,14,15,16,17]. However, probabilistic and neural network methods are limited to evaluating single bridges based on complex correlations [18]. Therefore, simplification is needed to evaluate numerous bridges and use them in government.



To help address the impending aging bridge issues in Korea, and to derive a more efficient and effective system for managing old bridges, factors that can reflect bridge risk factors, importance, and relativity were identified. Based on these factors, a model was developed to evaluate the maintenance priority of megacity bridges. In this work, a maintenance priority asses procedure was developed from open-source bridge information [19,20,21]. A total of seven factors (safety grade, age, design load, seismic design status, ADT, facility classification, and the number of lanes) were required for the maintenance priority model, and the factors were applied by dividing them into risk scores, importance, and comparison scores. In the case of factors related to the risk score, an analytic hierarchy process (AHP) was used in order to determine the importance of each factor [22]. This involved conducting a survey with 35 experts in the field of bridges and maintenance. Eight bridges located in megacities were then selected, and the applicability of the proposed model was assessed through the application of the maintenance priority evaluation model of each selected bridge.




2. Concept of Risk


The International Organization for Standardization (ISO) defines “risk” as the effect of uncertainty on objects [23]. Merz, B. noted that risk-based approaches provide a methodological framework formed by three elements (hazard, exposure and vulnerability) [24]. In addition, studies using the framework to which these three factors are applied are being actively conducted. However, such methods are particularly suitable for low-probability high-impact events, such as floods and seismic [25].



Risk management can be understood as the process of assessing the probability and outcome of risk, establishing a response plan, and achieving objectives through active and continuous management. As shown in Figure 1, the National Health Service (NHS) in England refers to the repeated relationship between risk identification, risk assessment, risk response, planning, and risk monitoring [26].



Risk analysis is divided into quantitative risk analysis and qualitative risk analysis. Quantitative risk analysis is a process of numerically deriving and analyzing the influence of various factors on the target, and qualitative risk analysis is derived from the relationship between possibility and weight by analyzing the impact of each factor and evaluating the degree of risk relative advantage.



Coe described the necessity of a complex management system that included risk analysis so as to effectively perform bridge asset management [27]. He also stated that standardized inspection programs, inspection cycles, efficient distribution of repair and reinforcement costs, and priority determination are required for risk analysis. Elsewhere, the International Infrastructure Management Manual (IIMM) [28], published by the National Asset Management Steering Committee (NAMS), presents research on SOC facilities and recommends how to apply findings. In IIMM, improved bridge management procedures are described. These include details on risk analysis, added procedures such as condition evaluation and performance measurement, damage type and risk assessment, response evaluation and selection, and optimal response.



Spangler et al.’s “Risk Management Strategy for Bridges and Structures” puts forward a risk index combining status ratings with road classification indicators, forming a business plan network (BPN) for risk analysis. This was limited to the direct function of bridges, and existing research analyzing risk levels was improved to additionally derive risk factors for indirect functions [29].



Cremona proposed evaluating risk through qualitative evaluation because of the challenge of quantitatively deriving the probability and associated effects of an event that did not occur [30]. He emphasized the need for continuous correction through expert consultation to increase the accuracy of qualitative evaluation.



Santarsiero, G. describes the bridge management guidelines in Italy and points out their differences from other approaches adopted worldwide [31]. In addition, open data such as Google street view and OpenStreetMap were used for additional data required for the study. Through this, considering the characteristics of the risk classification results, a higher evaluation level and a method of prioritizing bridges were proposed.




3. Proposal for a Bridge Maintenance Priority Selection Model


This work proposed a model that can select priorities when planning bridge maintenance. The model made use of open source information collected using a facility management system (FMS), a road bridge and tunnel status information system, a public data portal, and Daegu Metropolitan City traffic comprehensive information. The process of formulating the bridge maintenance priority selection model is shown in Figure 2.



Bridge maintenance priority is established by multiplying the scores derived by comprehensively evaluating three factors—risk, criticality, and comparison—as shown in Equation (1).


  Bridge   Maintenance   Priority   Score   =   Σ ( Risk   Score ) × Criticality   Score × Σ ( Comparison   Score )  



(1)







Here, the Risk Score is calculated as the multiplication of the weight to the Risk Factor of the bridge targeting the Risk Factor and priority derivation. Here, the Risk Score can be calculated as a product of Risk Factor and Impact Weight. The risk factor does not take into account factors such as bridge size or social value and consists of elements reflected in the design of the bridge and elements corresponding to maintenance. The Criticality Score consists of the average daily traffic (ADT) as a Criticality Factor for evaluating bridge importance, which is an indicator of the importance of their impact on society. The Comparison Score consists of the classification of facilities and two-way lanes according to whether they are Type 1 or Type 2 facilities under Korea’s Enforcement Decree of the Special Act on Safety and Maintenance of Facilities shown in Table 1 [32].



3.1. Risk Score Assessment Criteria


For the bridge information, a total of four factors, that is, age, design load, presence or absence of seismic design, and safety grade, were selected to calculate the risk score. However, the effects on a bridge are all different depending on the characteristics of the selected factors, and it is difficult to establish standards by analyzing the effects of each factor on a bridge. Therefore, in this study, weights for risk factors were derived through an AHP, and the scores according to the evaluation criteria for each factor were calculated by multiplying the weights.



The AHP consisted of a total of 35 experts, including 15 professors of civil engineering, 10 researchers in the area of bridges, and 10 maintenance practitioners. The 33 results with a consistency index (CI) evaluated below 0.1 were analyzed. The Consistency Index (CI) can be used to measure the consistency of questioners performing pairwise comparisons, as well as to identify any contradictions in the choices of the questioners [22]. In case the consistency index is high, it means that the questionnaire did not answer correctly or the respondent could not be trusted. It is considered unreliable if the consistency index is 0.1 (10%) or more. Generally, the higher the expertise of the respondent, the lower the consistency index. As a result of the AHP, the safety grade was highest among a total of four risk factors, the presence or absence of seismic design, age, and design load were high, and the final weight was selected in high order. The AHP analysis results are shown in Figure 3.



The score for each factor that can evaluate the risk factor was calculated as follows. Age and design load were classified into four classes: less than 10 years, more than 10 years to less than 20 years, more than 20 years, less than 30 years, more than 30 years, DB-24, DB-18, DB-13.5, and unclear; and were classified into two classes according to the presence or absence of seismic design. In Korea, DB loads are virtual-designed vehicles in the form of semi-trailers, and they follow the same design procedures as AASHTO’s LRFD bridge design specifications. Safety grades were classified into five grades from A to E according to the standards in Korea’s Enforcement Decree of the Special Act on the Safety and Maintenance of Facilities [31], and these are displayed in Table 2. Table 3 shows the score composition according to the evaluation criteria for each risk factor through the information on the bridge and calculates the risk score using Equation (2).


  Risk   Score   =   Σ ( Risk   Factor × Impact   weight )  



(2)








3.2. Criticality Score Assessment Criteria


To propose a bridge maintenance priority selection model, an indicator that can quantitatively evaluate the social importance of the bridge, as well as the risk of the bridge, is needed. Quantitative indicators that can indicate the social importance of bridges include traffic volume, bridge asset value, and bridge location. In this study, average daily traffic (ADT) was used as an indicator of the social importance of bridges; ADT is the most accurate indicator that can quantitatively represent the number of citizens using bridges. The ADT value used in this study was cited following a survey conducted in Daegu, Korea, on 24 weekdays between September and December 2021.



In order to calculate the importance score, ADT was classified into six evaluation criteria, and a corresponding score was assigned to each section. The scores and ranges according to the evaluation criteria can be adjusted according to the perspective of the bridge management entity, and in this work, Table 4 shows the composition of scores according to the evaluation criteria for each criticality factor.




3.3. Comparison Score Assessment Criteria


The comparison score is an indicator that can represent the size of a bridge. It is calculated by multiplying the factor that can compare the relative size of a bridge by the score corresponding to the evaluation criteria. The comparison factor should be able to consider the unique size of the bridge to be calculated to compare the relative size of the bridge. This is to consider the relativity of each bridge as an indicator that can quantitatively express the value of a bridge. Therefore, the comparison factor was adopted as a total of two factors, comprising the classification of facilities designated by the country and the total number of lanes in both directions. In this case, the facilities were classified into Type 1, Type 2, and Type 3 facilities by using the standards in the Enforcement Decree of the Special Act on the Safety and Maintenance of Facilities [14]. Table 1 shows the classification of Korean facilities, and Table 5 shows the scores according to the evaluation criteria for each comparative factor.





4. Application of the Proposed Model to Eight Megacity Bridges


For the evaluation of the maintenance priority selection model proposed in this work, maintenance priority was derived by applying the proposed model to actual bridges located in megacities.



4.1. Bridge Selection with Maintenance Priority Mode


In order to select bridges to which the maintenance priority model could be applied, the research team collected data on bridges in Daegu, one of Korea’s major cities, where ADT data were available. There were a total of 18 bridges with ADT data in Daegu. Among the 18 bridges with an ADT value of 50,000 or more were targeted for the maintenance priority model, and a total of eight bridges were selected. Table 6 shows input information on eight bridges with the maintenance priority model.



All bridges applied to the proposed maintenance priority model are located in megacities, with completion years distributed from 1986 to 2003. The design loads are all identical to DB-24, and some bridges have seismic designs, and some bridges do not. The B safety grade constitutes seven bridges, and C grade constitutes one bridge, and ADT values range from 53,644 to 94,687. The facilities are classified into four places of Type 1 and four places of Type 2, and bridges have 6–10 lanes.




4.2. Selection of Maintenance Priorities for Megacity Bridges


The collected bridge information, as shown in Table 6, was applied in the proposed maintenance priority model using open data and calculated through Excel. Figure 4 shows an example of data entry into Excel to help prioritize bridge maintenance. Figure 5 and Table 7 show the results of the maintenance priority selection for the eight bridges to which the proposed model could be applied.



To identify the maintenance priority of megacity bridges, the BMP (Bridge Maintenance Priority) score for the A bridge, which, at 4.32 points, was calculated to be the highest scoring, meaning the A bridge should be given the highest maintenance priority among the eight comparative bridges. In contrast, the G bridge obtained a BMP score of 1.67, indicating that maintenance could be carried out last among the eight bridges. In addition, the bridge with the highest risk score was 4.40 for the H bridge, the highest importance score was 0.80 for the A, B, and C bridges, and the highest comparison score was 1.80 for the A bridge. This means that even if one of the three scores constituting the BMP score (risk score, criticality score, and comparison score) is located in a high area, the maintenance ranking may be lowered if the scoring area of another area is located in a low area. Figure 6 shows the results by maintenance priority.




4.3. Analysis of Maintenance Priorities of Bridges in Megacities


As shown in Table 7, the result of the BMP score data analysis, the risk score of the bridge was most affected by age. Age has the greatest impact on the risk score, through the safety grade, and is the most important factor. This is because regular inspections and safety diagnoses are carried out based on the safety grade. In the case of low safety grades, the safety grade of the bridge is raised to a safe level by performing immediate maintenance, resulting in a small deviation of safety grade for each bridge. In the risk score, the effect of design load was found to be the smallest because most of the bridges in Megacity were designed with DB-24, giving the same score. The H bridge had the highest risk score of 4.4; at the same time, the BMP score was 2.29, which was the sixth-highest number among the eight bridges. Bridge A, which had the highest BMP score of 4.32 and the lowest risk score of 3.0 among eight bridges, except for Bridge F, had the highest BMP score and the lowest risk score. This is because Critically Score and Comparison Score were the highest among the eight bridges.



The results of this study are different from the case of considering only the stability level that determines the existing maintenance priority. It is judged that the model developed in this study reflects the influence and importance of bridges well. As shown in Figure 5, the BMP score is not calculated by only one of the three factors. A combination of factors is used to calculate the BMP score, not just one of these factors. However, as shown in Figure 6, It can be seen that when the BMP score is ranked in ascending order, the tendency is similar to that of the Criticality score and Comparison Score. This is because the factors constituting Criticality Score and Comparison Score have social values. As such, the maintenance priority of the bridge should reflect not only the safety level of the bridge but also the social value of the bridge. The combined factors of the model proposed in this study can help determine the maintenance priority of the Megacity bridge, and further accuracy can be achieved by applying adding factors related to the life and influence of the bridge.





5. Conclusions


Some countries, such as Korea, face serious consequences from the increasing number of aging major bridge structures. Ad hoc maintenance and repair can be costly and not always well-targeted. It is important to have an effective and efficient maintenance system in place.



Instead of simply determining risk according to a bridge’s structural details and comparing the maintenance order (as is often done), a maintenance priority selection model for megacity bridges was proposed based on the qualitative risk, importance, and comparison score drawn from a dataset of actual bridges. In the case of selecting the existing maintenance priority, maintenance is performed on bridges with low safety grades based on national standards. This approach is a result of the lack of consideration of the social value and importance of bridges. In the proposed bridge maintenance priority model, not only the risk score but also the criticality score were used to reflect the social value and importance of the bridge. This can be exemplified by the values of Bridge A and Bridge H in Table 7 Maintenance priority selection results. In the case of bridge A, the risk score was 3.0, and it had the second lowest value among the eight bridges but had the highest BMP score. In addition, the H bridge had the highest risk score of 4.4 but showed the sixth-highest BMP score.



In the proposed maintenance priority model of bridges, bridge social value and importance were reflected by using not only risk scores but also importance scores. Therefore, it can be judged that it is possible to select the bridge maintenance ranking that is required by broader society rather than purely bridge maintenance ranking according to existing safety grades. The model proposed in this study uses only data provided by national institutions and local governments and takes a total of three scores (risk score, importance score, and comparison score) so that a total of seven factors constituting each score can be applied. Further research is needed on additional factors that can represent risks in bridges other than the seven factors used to determine the maintenance priority of a proposed bridge. For example, it is necessary to add the effects caused by the closure of the bridge during maintenance and the presence or absence of other facilities on the upper and lower parts of the bridge. This is a limitation that occurs because the factors of the model developed in this study use only data that can be utilized by national institutions and local governments, and it is judged that these problems should be recognized and improved by the national and local governments. In addition, since there is no consideration for hazards that act as an absolute factor in the stability of bridges, there is a need to consider factors for hazards in the future.



Due to the fact that the model in this present work uses relative criteria for prioritization, it can be more efficiently used as a decision-making model when combined with conventional prioritization methods rather than just using it independently. This is because the proposed model has a problem in that it is impossible to evaluate each bridge compared to previous studies based on probabilistic methods and neural networks, and the accuracy of the evaluation may be reduced. However, the number of bridges that the bridge management entity is in charge of is very large, and there are difficult problems in accessing a significant number of bridges in a sophisticated manner. Therefore, it is judged that the reliability and accuracy of the proposed model should be improved through continuous research, and through the improvement of the proposed model, the bridge management entity will be able to reasonably and simply determine the priority of bridge maintenance. In addition, it is emphasized once again that the purpose of this study is not to evaluate the stability of bridges but to help determine the priorities for performing bridge maintenance.
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Figure 1. The risk management process (NHS England, 2020). 
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Figure 2. Bridge maintenance priority selection model derivation process. 
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Figure 3. Factor ranking results following the analytical hierarchical process (AHP). 
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Figure 4. Examples of data input into Excel to help prioritize bridge maintenance. 
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Figure 5. Distribution by factors according to BMP score results. 
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Figure 6. Results by maintenance priority. 
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Table 1. Classification of facilities in Korea.
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	Facilities Type
	Content





	Type 1 Facilities
	
	(1)

	
Bridge with suspension bridge, cable-stayed bridge, arch bridge, or truss bridge in the upper structure




	(2)

	
Bridge with a maximum span length of 50 m or more (excluding one-span bridges)




	(3)

	
Bridge over 500 m long




	(4)

	
Cover structure with a width of more than 12 m and an extension of more than 500 m









	Type 2 Facilities
	
	(1)

	
Span bridge with a span length of more than 50 m




	(2)

	
Bridge not falling under Type 1 facilities and at least 100 m long




	(3)

	
Cover structure that does not correspond to a Type 1 facility and has a width of 6 m or more and an extension of 100 m long









	Type 3 Facilities
	
	(1)

	
Bridge installed on a road under Article 10 of the Road Act with an extension of 20 m or more and less than 100 m




	(2)

	
Bridge of least 20 m in length installed on a road other than roads under Article 10 of the Road Act
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Table 2. Score organization by risk factor.
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	Safety Grade
	State





	A
	Optimal condition, without problems



	B
	Minor defects in sub-members; some measures are required to improve durability



	C
	Minor defects in main members or extensive defects in sub-members; measures are required to improve durability



	D
	Moderate defects in main members; action is required



	E
	Serious defects in main members; urgent action is required after the prohibition of their use
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Table 3. Score composition by risk factor.
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Risk Factor

	
Content

	
Score

	
Impact Weight






	
Age

	
Age  <  10

	
0.1

	
3.0




	
10  ≤  Age  <  20

	
0.3




	
20  ≤  Age  <  30

	
0.5




	
30  ≤  Age

	
0.7




	
Design Load

	
DB-24

	
0.1

	
1.0




	
DB-18

	
0.3




	
DB-13.5

	
0.5




	
Unclear

	
0.7




	
Seismic Design Status

	
Y

	
0.1

	
2.0




	
N

	
0.5




	
Safety Grade

	
A

	
0.1

	
4.0




	
B

	
0.3




	
C

	
0.5




	
D

	
0.7




	
E

	
1
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Table 4. Score by criticality factor.






Table 4. Score by criticality factor.





	ADT * (Cars/Day)
	Score





	ADT  <  20,000
	0.1



	20,000  ≤  ADT  <  40,000
	0.2



	40,000  ≤  ADT  <  60,000
	0.4



	60,000  ≤  ADT  <  80,000
	0.6



	80,000  ≤  ADT  <  100,000
	0.8



	100,000  ≤  ADT
	1.0







* ADT: Average daily traffic.
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Table 5. Scores by comparison factor.






Table 5. Scores by comparison factor.





	
Comparison Factor

	
Content

	
Score






	
Facility Classification

	
Type 3

	
0.5




	
Type 2

	
0.7




	
Type 1

	
1.0




	
Number of Lanes

	
Lanes  <  4

	
0.1




	
4  ≤  ADT  <  6

	
0.2




	
6  ≤  ADT  <  8

	
0.4




	
8  ≤  ADT  <  10

	
0.6




	
10  ≤  ADT  <  12

	
0.8




	
12  ≤  ADT

	
1
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Table 6. Data on the eight bridges to which the maintenance priority model could be applied.






Table 6. Data on the eight bridges to which the maintenance priority model could be applied.





	Bridge Name
	Year of Completion
	Design Load
	Seismic Design Status
	Safety Grade
	ADT *
	Facility Classification
	Number of Lanes





	A
	2000
	DB-24
	Y
	B
	94,687
	Type 1
	10



	B
	1986
	DB-24
	Y
	B
	90,697
	Type 2
	8



	C
	1993
	DB-24
	N
	B
	81,575
	Type 1
	6



	D
	1986
	DB-24
	Y
	B
	76,673
	Type 2
	6



	E
	1999
	DB-24
	Y
	C
	71,574
	Type 1
	8



	F
	2003
	DB-24
	Y
	B
	64,522
	Type 1
	6



	G
	1997
	DB-24
	N
	B
	57,914
	Type 2
	7



	H
	1990
	DB-24
	N
	B
	53,644
	Type 2
	8







* ADT: Average daily traffic.
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Table 7. Maintenance priority selection results.






Table 7. Maintenance priority selection results.





	
Bridge Name

	
Risk

Score

	
Criticality

Score

	
Comparison

Score

	
BMP

Score




	
Age

	
Design Load

	
Seismic Design Status

	
Safety Grade

	
Total

	
ADT *

	
Facility

Classification

	
Number of Lanes






	
A

	
0.5

	
0.1

	
0.1

	
0.3

	
3.0

	
0.8

	
1.0

	
0.8

	
4.32




	
B

	
0.7

	
0.1

	
0.1

	
0.3

	
3.6

	
0.8

	
0.7

	
0.6

	
3.74




	
C

	
0.5

	
0.1

	
0.5

	
0.3

	
3.8

	
0.8

	
1.0

	
0.4

	
4.26




	
D

	
0.7

	
0.1

	
0.1

	
0.3

	
3.6

	
0.6

	
0.7

	
0.4

	
2.38




	
E

	
0.5

	
0.1

	
0.1

	
0.5

	
3.8

	
0.6

	
1.0

	
0.6

	
3.65




	
F

	
0.3

	
0.1

	
0.1

	
0.3

	
2.4

	
0.6

	
1.0

	
0.4

	
2.02




	
G

	
0.5

	
0.1

	
0.5

	
0.3

	
3.8

	
0.4

	
0.7

	
0.4

	
1.67




	
H

	
0.7

	
0.1

	
0.5

	
0.3

	
4.4

	
0.4

	
0.7

	
0.6

	
2.29








* ADT: Average daily traffic.
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