
C-1 

 

Appendix C 

Review of the States of the Art and Practice 
 

C.1 Introduction 

A 1985 “State of the Art Report on Redundant Bridge Systems” concluded that although 

analytical techniques to study the response of damaged and undamaged flexural systems 

to high loads are available, “little work has been done on quantifying the degree of 

redundancy that is needed” (ASCE-AASHTO Task Committee; 1985).  Over the last few 

years and following several tragic failures and threats from man-made and natural 

hazards, the issues related to structural system safety, redundancy, robustness and 

progressive collapse have been the subject of renewed interest.  Yet, as stated in a 

number of recent studies on the subject, there still are no clear codified methods for 

incorporating redundancy and robustness in bridge design (Bjornsson, 2010, Dexter et al, 

2005).   

Previous research on bridge superstructure and substructure redundancy published in 

NCHRP 406 and 458 has proposed a method and established a set of criteria to account 

for bridge redundancy through the application of system factors provided in charts for 

typical configurations or generated from a direct redundancy analysis (Ghosn et al, 1998, 

2001). Hunley and Harik (2007) state that “the approach proposed in NCHRP Report 406 

has gained acceptance from agencies and bridge designers on several projects”. Yet, 

except for a few pioneering efforts, the novelty of the approach, and the lack of 

experience with its application have delayed the wide scale implementation of the 

proposed method in engineering practice.  The main objectives of this research study are 

to review the applicability of the NCHRP 406 and 458 approach to develop a 

methodology.  If justified by the review the project will then extend the methodology to 

quantify bridge system (i.e., combined superstructure and substructure interaction) 

redundancy and recommend methods for considering redundancy during the design of 

new bridges and the safety evaluation of existing bridges.    

This Appendix of the Final Report of NCHRP Project 12-8 presents a review of the 

literature on the subject of bridge redundancy.  The focus is on the methodologies that 

have been proposed or adopted to evaluate structural redundancy. This Appendix also 

presents an overview of the framework adopted in NCHRP 406 and 458 and how this 

framework compares to current proposals.  The Appendix subsequently gives a summary 

of the current state of practice in assessing the redundancy of bridges.  The topics 

addressed are divided into the following sections: 

C2. Justification and Current Interest 

C3. Definition of Bridge Redundancy and Robustness 

C4. System Reliability Background 

C5. Measures of System Safety, Redundancy, and Robustness 
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C6. Deterministic Measures of Redundancy in NCHRP 406/458 

C7. Reliability Measures of Redundancy in NCHRP 406/458 

C8. Calibration of System Factors and Direct Analysis Criteria 

C9. Draft Specifications Proposed in NCHRP 406/458 

C10. Consideration of Redundancy in the AASHTO LRFR 

C11. Review of the State of Practice 

C12. Implementation of NCHRP 406 methodology 

C13. Experience with NCHRP 406 Approach 

C14. Conclusions 

 

C.2 Justification and Current Interest 

Structural systems and in particular bridge systems are generally designed on a member 

by member basis and little consideration is provided to the effects of a local failure on 

system safety.  A local failure of a ductile member may be associated with the 

plastification of the overloaded member which could allow the system to continue to 

carry additional load after the component reaches its strength limit.  The ability of a 

structural system to continue to carry load after a member reaches its limiting capacity is 

referred to as structural redundancy.  Occasionally, the failure of one element may result 

in the failure of another element causing the failure to progress throughout a major part or 

even the whole structure.  Such a system would be classified as nonredundant.   

Alternatively, a brittle local failure may cause a structural component to shed its load to 

the adjoining members and the rest of the structure creating a cascading failure. The 

recent literature has referred to such a phenomenon as progressive collapse.   Progressive 

collapse occurs if a local structural damage causes a chain reaction of structural element 

failures. According to ASCE 7-10 (ASCE 2010), Progressive Collapse is defined as the 

spread of an initial local failure from element to element resulting, eventually, in the 

collapse of an entire structure or a disproportionately large part of it. A structure’s 

insensitivity to a local failure is also defined as structural robustness in the recent 

literature.  Traditionally, the ability of a structure to avoid progressive collapse has also 

been defined as structural redundancy.   

Depending on their topological configurations, their member ductility and the presence of 

alternate paths that help redistribute the loads around the region where the initial local 

failure occurred, different structural systems exhibit different degrees of redundancy and 

robustness. In past practice, the contributions of a system’s redundancy and robustness to 

structural safety have been generally neglected when designing new structures or during 

the safety evaluation of existing structures. However, several catastrophic bridge failures, 

most notably the Mianus River Bridge on I-95 in 1983, and more recently the collapse of 

the I-35W Mississippi River bridge in Minnesota in 2007 and other well publicized 

events such as the collapse of the I-40 Bridge in Oklahoma in 2002 or the collapse of 

Highway 19 Overpass in Laval Quebec in 2006, have alerted the bridge engineering 

community to the importance of ensuring structural survivability after an initial local 
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failure and the need to develop methods for assessing the redundancy and robustness of 

bridge systems. 

The renewed interest of the bridge engineering community paralleled that of the building 

design industry.  In that regard, it was the Ronan Point collapse in England in 1968, 

which had initiated the interest of building engineers in the subject of progressive 

collapse.  In the U.S., the collapse of the Twin Towers of the World Trade Center in 2001 

following that of the Alfred P. Murrah Federal Building in downtown Oklahoma City in 

1995 as well as other terrorist attacks on U.S. embassies reawakened the interest in the 

subject of structural redundancy and the progressive collapse of buildings.  As a result, 

engineers started considering partial damage scenarios to study the consequences of a 

failure on a building’s structural integrity.  Guidelines and codes were issued to provide 

assistance to building engineers.  Specifically, the Federal Emergency Management 

Agency provides general guidance for performing progressive collapse analysis (FEMA 

1997). The Eurocode has also provided general comments about designing structures to 

prevent damage to an extent disproportionate to the original abnormal loading event 

(Eurocode8 1994). More recently, both the General Services Administration (GSA) (GSA 

2000) and the Department Of Defense (DOD) (DOD 2002) have issued guidelines which 

provide general information about the approach and method for performing a progressive 

collapse analysis. In addition, non-mandatory commentary of the American ASCE 7-

10/ANSI A58 standard recommends several general approaches to design against 

progressive collapse (ASCE 2010).  However, none of these guidelines provide specific 

criteria as to what loads should be applied on the structure during the analysis process 

and the results of the different analysis approaches were found to lead to different 

conclusions regarding the robustness of a damaged structure. 

Progressive Collapse includes two types of loadings (Marjanishvili 2004): The primary 

load which causes a structural element to fail,  and the secondary loads which are 

generated due to the structural motions caused by the sudden brittle failure of the 

element. External abnormal loads, such as blast pressures due to explosive attacks, could 

cause primary loads, while secondary loads result from the internal static and dynamic 

forces that are caused by sudden changes in the load path through the structure’s 

geometry. Although estimation of the primary loads is important, most analyses of 

progressive collapse have focused on the effects of the secondary loads. Analysis 

methods range from the simple two-dimensional linear elastic procedures to complex 

three-dimensional nonlinear time history analyses (Marjanishvili 2004).  Most of the 

studies on the subject of Progressive Collapse focused on the immediate survivability of 

the structural system to a sudden change in the structural geometry caused by the 

instantaneous removal of a member.  These analyses are most applicable for studying the 

survivability of a structure after the occurrence of an explosion, blast or other high 

impulsive forces resulting in an excessive dynamic response of the structure.  The 

approach does not necessarily address the functionality of the structure if it survives the 

initial damage and may not be applicable for the cases when the loss of the member is 

more gradual and not necessarily sudden. As such, the proposed approaches are not 

necessarily applicable for the analysis of typical bridge systems that may be expected to 
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sustain fatigue and corrosion and other types of gradual damage while maintaining 

sufficient levels of residual strength until corrective measures are enacted.  

 

C.3 Definition of Bridge Redundancy and Robustness   

Redundancy is defined as the provision of additional capacity.  Thus, a redundant 

structure may be defined as a structure which has additional structural capacity and 

reserve strength allowing it to carry a higher load than anticipated when considering the 

capacity of individual members.  

Robustness is defined as the capability of performing without failure under unexpected 

conditions.  Thus, structural robustness could be defined as the capability of a structural 

system to survive extraordinary circumstances, beyond the scope of conventional design 

criteria (Björnsson, 2010).  This would be similar to the definition of robustness 

advanced by Karamchandani, and Cornell (1989) who suggested that structural 

robustness would represent the ability of a structure to survive and continue to carry some 

load after the removal of a structural component.   

The two definitions for redundancy and robustness provided above are both related to 

system effects and the ability of the system to continue to carry load after the capacity of 

individual members are exceeded or after the removal of individual members from the 

system.  For this reason, redundancy is the umbrella term adopted in this work for both. 

Traditionally, bridge engineers recognized three types of redundancy: 

 Internal redundancy, where the failure of one element will not result in the 

failure of other elements of the same member.   

 Structural redundancy, which is the result of continuity within a load path.   

 Load path redundancy which is related to the number of supporting elements.  

For example, according to these definitions bridge engineers would consider two-girder 

bridges to be load path nonredundant.  On the other hand, continuous spans would be 

considered structurally redundant.  These traditional definitions are blanket definitions 

that do not necessarily take into consideration the ability of the system to redistribute the 

load to the alternate paths if they exist or the ductility of the members in the system. 

All the above definitions are descriptive in nature and are not associated with quantifiable 

measures.  Specifically, the traditional bridge engineering definitions do not differentiate 

between brittle and ductile behavior, do not explain how to account for the uncertainties 

in estimating member or system capacity, do not specify the type of loading, and do not 

account for member correlation.  This has led many bridge engineers to observe that “the 

industry lacks a clear, objective, and quantifiable definition of redundancy, and there is 

no rational minimum benchmark that can be quantified in the design standards” leaving it 

up to “the bridge owner to select the design criteria of redundancy retrofits such as 
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fracture environment, postfracture capacity, and postfracture performance” Crampton et 

al (2007). 

In a first attempt at providing a method to incorporate redundancy criteria in the bridge 

design specifications, the AASHTO LRFD (2007) proposed the adoption of load 

modifiers in the design check equations to account for redundancy during the design of 

new bridges based on the recommendation of Frangopol and Nakib (1991).  Specifically, 

the AASHTO LRFD recommends using different load modifiers depending on the levels 

of bridge redundancy and ductility with values of 0.95, 1.0 or 1.05 for each of the 

redundancy and ductility properties.  An additional factor is related to the importance of 

the structure in terms of defense/security consideration.  However, the specs do not 

explain how to identify which bridges have low and high redundancy or how to define 

low and high ductility.   As explained in the LRFD Commentary, the recommended 

values have been subjectively assigned pending additional research.  

One the other hand, the LRFR option of the AASHTO MBE assigns a system factor to be 

applied on the resistance side of the equation with values ranging between 0.85 and 1.0 

for bridge configurations that have been demonstrated to have low levels of redundancy.  

A Table provides some guidelines as to how to assign the appropriate system factor based 

on bridge geometries and configurations.  Some state load rating manuals such as the 

Florida DOT have also developed their own sets of system factors.  But, these were 

primarily based on very limited analyses and heavily relied on “engineering judgment”.   

The AASHTO MBE, also permits the implementation of the detailed analysis approach 

recommended in NCHRP 406 that allows system factors ranging between 0.80 and 1.20 

depending on the results of a rigorous nonlinear analysis.  Some States have successfully 

implemented the proposed methodology to justify saving bridges that would have been 

classified as nonredundant under the traditional definitions (Hubbard et al, 2004).   

The importance of having redundancy evaluation methods codified in the manner 

proposed in NCHRP 406 has been endorsed in NCHRP Synthesis Report 354 by Dexter 

et al. (2005) who state that “the capacity of damaged superstructures, with Fracture 

Critical Members removed from the analysis, may be predicted with refined three-

dimensional analysis. However, there is a strong need to clarify the assumptions, load 

cases and factors, and dynamic effects in these analyses”. 

Current design specifications are calibrated to provide uniform levels of member safety 

expressed in terms of the reliability index .  As indicated by Mertz (2008) the 

application of the AASHTO LRFD load modifiers or the AASHTO LRFR system factors 

would mean that the structural members, which were originally calibrated to produce a 

member reliability index =3.5, will be associated with higher or lower member 

reliability levels depending on the level of redundancy and ductility.  This would be 

similar to current recommendations in ASCE 7-10 which propose different member 

reliabilities for different types of members based on the consequence of failure.  For 

example, ASCE 7-10 recommends that a lower reliability level be used for ductile 

members in bending as compared to connections under shear.  Thus, in order to remain 
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consistent with the LRFD philosophy, the calibration of the system factors or load 

modifiers must be based on reliability methods.  However, unlike the approach adopted 

during the calibration of the AASHTO LRFD that used member reliability as the basis for 

the calibration of the member resistance factors, the calibration of the redundancy criteria 

must be based on the reliability of the structural system rather than the individual 

members.  System reliability methods will serve to account for the uncertainties 

associated with estimating a system’s capacity, redundancy, and its robustness.   

Although earlier work on structural redundancy was based on developing deterministic 

analysis methods, several studies have proposed reliability-based approaches to evaluate 

the probability of system collapse and evaluating system redundancy (Biondini et al. 

2008; Chen and Zhang 1996; Frangopol and Nakib 1991; Frangopol and Curley 1987; 

Hendawi and Frangopol 1994; Paliou et al. 1990, Ellingwood 2006, Ellingwood 2009, 

Garrick et al. 2004, Ghosn and Moses 1998, and Stewart and Netherton 2006).  

Ellingwood (2006 and 2009) suggested that the probability of structural collapse, P(C), 

due to different damage scenarios, L, caused by multiple hazards, E, be expressed as:  

 
E L

EPELPLECPCP )()()()(                                                                                (C.1) 

Where )(EP  is the probability of occurrence of hazard E; )( ELP is probability of local 

failure, L, given the occurrence of E, and )( LECP is the probability of structural collapse 

given the occurrence of a damage scenario L resulting from hazard, E. The probability of 

collapse will be obtained by summing over all possible hazards and all possible load 

failure scenarios.  The conditional probability of collapse term )( LECP is related to the 

analysis of the response of the bridge to a given damage scenario independently of what 

hazards have led to the damage.  Bjornsson (2010) defines structural robustness in 

relation to )( LECP which is similar to the probabilistic definition adopted by Ghosn et al 

(1998, 2001) in NCHRP 406 and 458 as will be discussed further below.   

The probability of structural collapse must be limited to an acceptable level of risk 

expressed in terms of a target probability level Pthreshold which can be determined based 

on a cost-benefit analysis or based on previous experience with successful designs.  This 

can be represented as 

thresholdPCP )(                     (C.2) 

Although Ellingwood (2006, 2009) did not recommend values for Pthreshold nor did he 

provide a methodology for determining Pthreshold, he recommended that it be determined 

based on a cost-benefit analysis.  On the other hand, Ghosn & Moses (1998) in NCHRP 

406 recommended that such criteria be based on current practice in the safety evaluation 

of bridge structures.   
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The evaluations of )(EP  and )( ELP of Eq. (1) are related to a comprehensive risk 

hazard analysis for the bridge in terms of which accident scenarios may trigger the failure 

of a particular member or a certain level of local damage.  The analysis of such risk 

would require the determination of the probability that a particular event would cause the 

failure of a particular member and the risks associated with the occurrence of that event.   

Bjornson (2010) performed such an analysis to study the robustness of a bridge over a 

railroad yard by analyzing the risk of a train derailment, and the probability that a 

particular column would fail as a result of the impact of the train with the column and 

then the probability of a bridge collapse given the failure of one column.  

Analyses such as the one performed by Bjornsson (2010) can only be implemented on a 

case by case basis for the pertinent hazards if the threshold probability is specified and 

require advanced reliability analysis tools and appropriate data for the hazards under 

consideration.  Because the hazard analysis cannot be generalized to all typical bridge 

configurations, the work performed in NCHRP 406 and 458 concentrated on the analysis 

of the conditional probability of a system’s failure given that a certain damage scenario 

has taken place as represented by the term )( LECP .  Evaluating the causes of the 

selected damage scenarios and their probabilities are then left up to the bridge owners in 

the same manner as the identification of which bridges should be classified as critical.  It 

is essential that a specification intended for national implementation, such as the 

AASHTO LRFD, provide the necessary flexibility to apply the methodology irrespective 

to local differences in hazards or damage scenarios and probabilities. 

The evaluation of the conditional probability of collapse can then follow traditional 

system reliability methods and the reliability-based calibration of the redundancy criteria 

can follow traditional methods for calibrating LRFD equations as will be described in the 

next sections.   

 

C.4 System Reliability Background 

Current structural design specifications evaluate a structural system’s safety based on the 

capacity of its weakest member.  Because of the uncertainties associated with estimating 

member and system capacities as well as the uncertainties associated with predicting 

future loads, the evaluation of structural safety should be based on probabilistic models 

(Thoft-Chirstensen and Baker, 1982; and Melchers, 1999). A common probabilistic 

measure of safety that is used in structural design and evaluation is the reliability index, 

 which is related to the probability of failure, Pf, by: 

 fP
          (C.3) 

where  is cumulative Gaussian probability distribution function. 
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The probability of failure gives the probability that the applied load exceeds the structural 

resistance. If the resistance, R, and the applied load, P, follow Normal probability 

distributions, the reliability index is obtained as:       

22
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          (C.4) 

where R = mean value of resistance, P = mean value of applied load, R is the standard 

deviation of R, and P is the standard deviation of P.  

If the resistance, R, and the applied load, P, follow lognormal distributions, the reliability 

index can be approximated using the equation: 
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where VR
R

R
 is the coefficient of variation of R, and VP is the coefficient of variation 

of P.  Advanced methods or Monte Carlo simulations can be used for the cases when the 

Normal and Lognormal models do not apply. 

The reliability index can be evaluated on a member-by-member basis or on a structural 

system basis.  Traditionally, structural design codes are calibrated so that structural 

members uniformly achieve a target reliability index value, target, which is usually 

extracted from historically satisfactory designs.  For example, a target=3.5 was used as 

the target for the reliability index of structural members during the development of the 

AASHTO-LRFD Specifications (Nowak; 1999).  This target was selected because 

previous bridge designs using the Standard AASHTO specifications produced on the 

average a member reliability index =3.5.  However, large variations in  were observed 

in the Standard AASHTO designs depending on the span length, beam spacing and 

material.  Because the bridge engineering community and the travelling public were 

generally satisfied with the safety levels provided by bridges designed to meet the 

Standard AASHTO specs, it was decided to calibrate the AASHTO LRFD to produce the 

same member reliability index but to ensure that that reliability level is uniform for all 

bridge configurations.     

The member-oriented approach for structural assessment can lead to the design of over-

conservative systems by ignoring the ability of ductile and redundant systems to 

redistribute their loads when a single member reaches its maximum load carrying 

capacity.  On the other hand, the approach may lead to the design of non-robust systems, 

which may be susceptible to cascading failures and collapse after an accidental brittle 

failure of a single member (Frangopol and Curley, 1987; Frangopol and Nakib, 1991).  
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System reliability analyses can be executed to find the system’s probability of failure and 

the system’s reliability index system. The relationship between system safety and member 

safety is quite complex and it depends on the system’s configuration and whether the 

members are in parallel or in series, the ductility of the members, and the statistical 

correlation between the members’ strengths.  To understand the relationship between 

member properties and the reliability of parallel multi-member systems, Hendawi & 

Frangopol (1994) analyzed the two-member system described in Figure C.1 considering 

the effect of post-failure behavior and the ductility of the members, the correlation 

between member capacities, and their ability to distribute the applied load.  The 

reliability analysis of this idealized simple system would shed some light on the behavior 

of more complex bridge systems and identify the important parameters that must be taken 

into consideration for their reliability analysis.   

 

 

 

 

  

 

 

Figure C.1.  Idealized two-member parallel system. 

In a simplified manner, the parallel members A and B in Figure C.1 may represent two 

parallel girders of a superstructure while the horizontal bar may represent the contribution 

of the deck to the load distribution.  Alternatively, members A and B could model two 

columns of a substructure while the horizontal bar would model the contribution of the 

superstructure to the load distribution.  The stiffness, strength, and ductility of each 

member may be represented by the variable K, R, and  respectively as identified in 

Figure C.1.b.  

The reliability analysis of the system described in Figure C.1 was performed for several 

hypothetical cases assuming that the resistances, R, and the load, P, are normally 

distributed random variables (Hendawi & Frangopol, 1994).  The results of the analyses 

are given in terms of the system’s reliability index, system, obtained from Eq. (C.4).  The 

analysis shows that the reliability of brittle systems is not significantly affected by the 

correlation between the strengths of the members.  On the other hand, a higher correlation 
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in member strengths leads to lower system reliability if the members are ductile.  Thus, it 

would generally be conservative to assume that the members of a system are fully 

correlated. 

When studying the effect of the load distribution on the reliability of a parallel system, it 

was found that it would be conservative to apply uneven loading on the members of a 

ductile parallel system so that the applied load on one critical member is maximized.  For 

a brittle system, the effect of the load distribution is relatively small and the system 

reliability is not significantly affected by the load distribution factor. 

The results also show that maintaining a target system reliability index system can be 

easily achieved by properly controlling the members’ safety factor through the scaling of 

the member resistances, Ri. Accordingly, Hendawi & Frangopol (1994), Ghosn & Moses 

(1992, 1998), Liu, Ghosn & Moses (2000) recommended the application of a system 

factor, s, during the design of structural systems to increase or reduce member 

resistances, Ri.  The proposed system factor should be calibrated so that a given system 

would achieve a target system reliability value system.  This would be similar to current 

code calibration processes but emphasizing the system’s safety rather than the members’ 

safety.  Thus, the codified design equations would take the form: 


i

iins PR            (C.6) 

where s is the system factor,  is the member resistance factor, Rn is the nominal 

member resistance, i are the load factors, and Pi are the nominal design loads.   The 

application of a system factor s <1.0 would lead to increasing the system reliability of 

designs that traditionally have been shown to have low levels of system safety.  

Alternatively, s > 1.0 would lead to rewarding the design of systems with high safety 

levels by allowing their members to have lower capacities.   The calibration of the 

appropriate system factors should be controlled by the required system reliability target 

and will depend on the limit state chosen to define the system’s safety. 

 

C.5 Measures of System Safety, Redundancy, and 
Robustness 

Figure C.2 gives a conceptual representation of the behavior of a structure and the 

different levels that should be considered when evaluating member safety, system safety, 

system redundancy and system robustness.  For example, the solid line labeled “Intact 

system” may represent the applied load versus maximum vertical displacement of a 

ductile multi-girder bridge superstructure or the lateral load versus lateral displacement of 

a bridge bent or combined superstructure-substructure system.  In this case the load is 

incremented to study the behavior of an “intact system” that was not previously subjected 

to any damaging load or event.   
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Figure C.2. Representation of typical behavior of bridge systems 

 

Assuming that the vertical live load applied has the configuration of the AASHTO HS-20 

vehicle.  The bridge is first loaded by the dead load and then the HS-20 load is applied.  

Usually, due to the presence of safety factors, no failure occurs after the application of 

the dead load plus the HS-20 load.  The first structural member will fail when the HS-20 

truck weight is multiplied by a factor LF1.  LF1 would then be related to member safety. 

Note that if the bridge is under-designed or major deficiencies, it is possible to have LF1 

less than 1.0.  Generally, the ultimate capacity of the whole bridge is not reached until the 

HS-20 truck weight is multiplied by a factor LFu.  LFu would give an evaluation of 

system safety.  Large vertical deformations rendering the bridge unfit for use are reached 

when the HS-20 truck weight is multiplied by a factor LFf.  LFf gives a measure of 

system functionality.  A bridge that has been loaded up to this point is said to have lost its 

functionality.   

If the bridge has sustained major damage due to the brittle failure of one or more of its 

members, its behavior is represented by the curve labeled “damaged system”.  A 

damaged bridge may be a bridge that has lost one of its members due to a collision by a 

truck or due to major degradation of the member capacity due to corrosion.  Other 

damage scenarios may include the failure of a member due to a fatigue fracture or if some 

extreme event led to shearing off of the member.  In this case, the ultimate capacity of the 

damaged bridge is reached when the weight of the HS-20 truck is multiplied by a factor 
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LFd.  LFd would give a measure of the remaining safety of a damaged system.  Curves 

similar to that presented in Figure C.2 can be drawn to represent the behavior of other 

systems subjected to other loading conditions, such as the loading of a bridge 

substructure under the effect of lateral loads. 

The load multipliers, LFi, provide deterministic estimates of critical limit states that 

describe the safety of a structural system.  These load multipliers are usually obtained by 

performing an incremental nonlinear Finite Element Analysis of the structure.  Because 

of the presence of large uncertainties in estimating the parameters that control member 

properties, the bridge response, and the applied loads, the safety of the bridge members or 

system may be represented by the probability of failure, Pf, or the reliability index, .    

Both Pf and can be evaluated for each of the four critical limit states identified in Figure 

C.   For the lognormal model of Eq. (C.5), the relationship between the reliability index 

and the load multipliers, LF, for a bridge superstructure subjected to multiples of the HS-

20 truck loading can be established as: 
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where R’=R-D in this case represents the ability of the system to carry live load or the 

strength in the system beyond the dead load.  R’ is related to the load multiplier obtained 

from the incremental analysis by R’=LF  HS20.  The applied live load P=LLHS20 is 

the expected maximum live load that will be applied on the superstructure within the 

appropriate return period.  HS20 is the load effect of the nominal HS-20 design truck. VLF 

is the coefficient of variation of the bridge resistance defined as the standard deviation 

divided by the mean value.  VLL is the coefficient of variation of the applied live load.   

In Equation (C.7), both the resistance and the applied live load are expressed as a 

function of the HS-20 truck load effect which can then be factored out.    The same 

formulation can be executed if the analysis is performed using a different nominal load 

such as the HL-93 design load or the AASHTO Legal trucks. 

While the nominal value of LF is obtained from the incremental analysis of the structure 

as described in Figure C.2, the normalized intensity of the applied live load is obtained 

from studies on live load modeling such the work of Nowak (1999) or Sivakumar et al 

(2008) in NCHRP 12-76.  For example, during the calibration of the AASHTO LRFD, 

Nowak (1999) determined that the maximum truck load effect expected to be applied on 

a single lane of a 60-ft simple span bridge during a 75-year design life is equal to 

LL75=1.79 times the effect of an HS-20 vehicle. 

Equation (C.7) lumps all the random variables that control the load carrying capacity of a 

bridge structure including the dead load into the load multipliers, LF.  Alternatively, the 

system’s capacity represented by the random variable, LF, can be expanded as a function 
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of the basic random parameters that control the strength and stiffness of each member in 

the system and the probability of failure can be obtained using system reliability methods 

as described by Melchers (1999) and Thoft-Christensen & Baker (1982).   

Advanced methods for the reliability analysis of bridge structural systems have been 

widely used in the engineering literature to study the system safety of different bridge 

types and configurations for new bridges or existing bridges with or without member 

deterioration and to understand the interaction between system reliability and 

redundancy. For example one can refer to the work of Frangopol and his colleagues in 

several references, only a sample of which is provided herein: Frangopol, ed. (1989), 

Okasha and Frangopol (2010), Fu and Frangopol (1990), Frangopol, Iizuka, and Yoshida 

(1992).   Most of the existing work has concentrated on bridge superstructures and there 

are almost no studies to address the system safety and redundancy of combined 

superstructure-substructure systems. An exception is a study by Estes and Frangopol 

(1999) in which the system reliability of an entire bridge is evaluated.  The results of 

advanced reliability models can still be simply represented following a format similar to 

that of Equation (C.7).   

Equation (C.7) can be used to determine the reliability index, , for any member or 

system limit state defined in terms of the load multipliers LF1, LFf, LFu or LFd of Figure 

C.2.  In most typical applications, bridge specifications have focused on ensuring that 

bridge members meet minimum safety requirements and failure is defined as the point at 

which the first member reaches its ultimate load capacity.  Thus, according to current 

practice it is the most critical member’s capacity represented by LF1 that controls the 

design of a bridge structure.  For many bridges, the failure of a main carrying member 

may not necessarily lead to bridge collapse neither would it necessarily lead to 

sufficiently high deflections that would render the bridge unfit for use: such bridges are 

recognized as being redundant.  Even after the brittle failure of a main load-carrying 

member, a bridge may still be able to carry significant levels of live load: such a bridge is 

known to be robust.  Different types of bridges may have different degrees of redundancy 

or robustness depending on their topology and material behavior.   Current specifications 

encourage the design of redundant and robust bridges.  However, as mentioned earlier, 

there currently are no widely accepted non-subjective measures and criteria to assess the 

redundancy and robustness of bridge structures. 

Following the activities in the U.S. that have been ongoing for almost three decades, 

there has recently been a marked surge in activity in Europe with cooperation from some 

U.S. researchers, to develop methods and criteria to assess structural redundancy and 

robustness.  The COST Action TU0601 entitled "Robustness of Structures" is a research 

network established under the aegis of COST (European Cooperation in Science and 

Technology) “to provide a basic framework, methods and strategies necessary to ensure 

that the level of robustness of structural systems is adequate and sufficient in relation to 

their function and exposure over their lifetime and in balance with societal preferences in 

regard to safety of personnel and safeguarding of environment and economy”.  Two 

workshops organized by the group resulted into two proceedings edited by Kohler et al 
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(2009) and Faber (2008).  In particular, the paper by Sorensen et al (2009) reviews 

measures of robustness advanced by different researchers.   

Baker et al (2008) proposed a risk related measure given as: 

IndDIR

DIR
rob

RR

R
I


          (C.8) 

Where RDir is the direct risk associated with the cost of local failure due to exposure to a 

certain hazard, while RInd is the indirect risk associated with the cost of collapse given a 

local damage.   The risk is defined as the cost of failure times the probability of failure.   

While the definition in Eq. (C.8) makes sense from a theoretical risk evaluation point of 

view, the determination of the tangible and intangible costs of a structural failure 

including cost of human life and other disruptions are very difficult to estimate.  

Therefore, the implementation of the framework proposed in Eq. (C.8) is expected to 

remain under development for the foreseeable future.   

To help established methodologies for implementing risk based criteria, researchers in 

Japan have prepared an ISO-13824 document that outlines methods to execute risk 

analysis estimation including the estimation of the consequences of failure.  Methods to 

evaluate the safety of deteriorated concrete structures are also under preparation by the 

Japan Society of Civil Engineers.  These studies are concentrating on corrosion damage 

to give general guidelines as to how to assess the amount of damage and its distribution 

and how to perform the nonlinear analysis to obtain performance curves such as those 

presented in Figure C.2.   However, up to this date, no specific criteria on what 

performance criteria should be accepted have been provided.  

A practical measure of redundancy and robustness which was proposed by Frangopol and 

Curley (1987) and used by Fu and Frangopol (1990) is defined as: 

intact
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         (C.9) 

Where Pf damaged is the probability of failure of a damaged structure and Pf intact is the 

probability of failure of the intact structure.  Obviously, the RI would be equal to 0 for a 

robust structure and may approach infinity for a non-robust structure.   Determining a 

reasonable level for RI that a structural designer should consider was not provided. 

An alternative but related definition was also given by in terms of the reliability index 

using a “redundancy factor”, R, given as (Frangopol and Curley, 1987): 
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Where intact is the reliability index of the intact structural system and damaged is the 

reliability index of the damaged structural system.  Here again, a reasonable level that R 

should satisfy was not provided.  Other possible probabilistic measures are presented by 

Frangopol, Iizuka, and Yoshida (1992). 

The most practical and implementable measures of redundancy and robustness have been 

advanced by the offshore industry in the ISO 19902 standards as described by Ersdal 

(2005).  Several measures of redundancy and robustness are proposed for the offshore 

structures, including the Reserve Strength Ratio (RSR) defined as: 

design

ultimate

Q

Q
RSR           (C.11) 

Where Qultimate is the load capacity of the structure as represented by LFuHS-20 in 

Figure C.2 and Qdesign is the unfactored design load which in the example used above to 

describe Figure C.2 would be HS-20.  Thus, according to our nomenclature: RSR=LFu.  

Another measure is the Damaged Strength Ratio (DSR) defined as: 

design

damaged

Q

Q
DSR           (C.12) 

Where Qdamaged is the load capacity of a structure that is damaged due to corrosion or a 

fatigue failure which would be equivalent to LFdHS-20 in Figure C.2.  According to our 

nomenclature DSR=LFd. 

A Structural Redundancy (SR) ratio is also defined as: 

memberfirst

collapse

Q

Q
SR           (C.13) 

Where Qcollapse is the load capacity of the structure equivalent to LFuHS-20 in Figure 

C.2 and Qfirst member is the load capacity to resist first member failure equivalent to 

LF1HS-20 in Figure C.2.  According to our nomenclature SR=LFu/LF1.  Finally, a 

Residual Strength Ratio or RIF is defined as: 

act

damaged

Q

Q
RIF

int

          (C.14) 

Where Qdamaged is the load capacity of a structure damaged when one member is removed 

from the structure equivalent to LFdHS-20 in Figure C.2 and Qintact is the load capacity 

of the intact structure equivalent to LFuHS-20 in Figure C.2.  According to our 

nomenclature RIF=LFu/LFd.   
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According to Ersdal (2005), criteria for these parameters can be established and related to 

the probability of failure.  For example, the RSR reserve strength ratio should meet a 

value of 1.92 + 0.277 Re, where Re is the ratio of the gravity load to the lateral 

environmental load (wave and wind) on the structure.  An SR structural redundancy ratio 

of 1.38 was deemed reasonable and a RIF on the order of 0.80 was also found to be 

acceptable.   

It is very interesting to note that in the only implementable approach currently available 

in the structural engineering field, the methodology specified in ISO 19902 for offshore 

structures is very similar to that proposed in NCHRP 406/458. 

 

C.6 Deterministic Measures of Redundancy in NCHRP 
406 and 458 

To this date, the only known studies that provided non-subjective and quantifiable 

definitions of bridge redundancy along with specific criteria for assessing bridge 

redundancy are those of NCHRP Reports 406 and 458.  The two NCHRP reports 

developed a framework for quantifying system redundancy and developed an approach 

for including system redundancy during the structural design and safety assessment of 

highway bridge superstructures and substructures.  The approach consists of penalizing 

non-redundant designs by requiring that members of bridges with non-redundant 

configurations be designed with higher safety factors as compared to bridges with 

redundant configurations.  The objective is to design bridges that produce similar system 

safety levels as compared to the current approach that relies on designing bridges that 

achieve uniform member safety levels.   

The approach proposed in NCHRP 406 is based on system reliability principles and 

distinguishes between four different measures:  a) Member safety evaluated 

deterministically by LF1 of Figure C.2 and the member reliability index member; b) 

Structural system safety represented by LFu or LFf in Figure C.2 depending on which 

limit state is being considered and their corresponding reliability indices; c) system 

redundancy which is a measure of the additional reserve strength that the system can 

carry beyond first member failure and c) system robustness which is a measure of the 

ability of the system to carry load after major damage.  In this context, system 

redundancy is defined as the ability of the bridge system to redistribute the applied load 

after reaching the ultimate capacity of its main load carrying members.  The damaged 

state redundancy or robustness, as it has been referred to in the recent literature, is 

defined as the ability of the system to still carry some load after the brittle fracture or the 

loss of one or more critical components (Karamchandani and Cornell; 1989).   

For typical superstructure configurations, the recommendations in NCHRP 406 and 

NCHRP 458 explain how to apply a system factor in the design check AASHTO LRFD 

equations or the rating equation of the AASHTO LRFR based on the type of the bridge 

considered, the number of parallel members, and the spacing between the members for 
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typical bridge superstructure configurations.  For typical substructure configurations, the 

system factors depend on the pier and foundation types and the level of column ductility 

that must be satisfied.   For the cases not covered in the tables, the NCHRP procedures 

recommend a direct analysis process that an engineer could follow to establish the system 

factors. The NCHRP tables and procedures are based on measurable definitions of system 

redundancy and robustness. 

If redundancy is defined as the capability of a structure to continue to carry loads after the 

failure of the most critical member and robustness is defined as the capability of the 

system to carry some load after the brittle failure of a main load carrying member, then 

comparisons between the load multipliers LFu, LFf, LFd and LF1would provide non-

subjective and quantifiable measures of system redundancy and robustness.  Thus, 

NCHRP 406 and 458 define three deterministic measures of the system’s capacity as 

compared to the most critical member’s capacity:  
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where Ru =system reserve ratio for the ultimate limit state, Rf=system reserve ratio for the 

functionality limit state, Rd= system reserve ratio for the damage condition.    

 

The system reserve ratios as defined in NCHRP 406 and 458 provide nominal 

deterministic measures of bridge redundancy and robustness.  For example, when the 

ratio Ru is equal to 1.0 (LFu=LF1), the ultimate capacity of the system is equal to the 

capacity of the bridge to resist failure of its most critical member.  Based on the 

definitions provided above, such a bridge is nonredundant.  As Ru increases, the level of 

bridge redundancy increases.  A redundant bridge should also be able to function without 

leading to high levels of deformations as its members plasticize.  Thus, Rf provides 

another measure of redundancy.  Similarly, a robust bridge structure should be able to 

carry some load after the brittle fracture of one of its member, and Rd would provide a 

quantifiable non-subjective measure of structural robustness.   

 

Notice the strong similarities between the definitions of Eq. (C.15) and those of Eq. 

(C.11) through (C.14) which had been adopted by the offshore industry in ISO 19902 

(2007). 

 

The definitions of Eq. (C.15) emphasize the fact that redundancy is associated with 

different levels that can be quantified.  Thus, bridge redundancy is a matter of degree.  

This is different from current conventions that identify a bridge as either redundant or 

nonredundant.   
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Furthermore, while the LF factors are related to member and system strength and safety, 

redundancy as expressed in Eq. (C.15) is independent of strength.   Thus, a deficient 

bridge with low values of LF1 could still be highly redundant providing high values of Ru, 

Rf and Rd. 

 

Also, it is noted that system failure or collapse may be due to a variety of failure modes.  

For bridge superstructures or substructures, these failure modes include the formation of 

a collapse mechanism in the beam or column assemblies, the failure of the soil-

foundation system, reaching large transverse or lateral deformations rendering the bridge 

nonfunctional, or the collapse of the structure following a brittle failure in a main load 

carrying member or connection due to fracture or shear.  For a given bridge, each of the 

possible failure modes may be addressed separately and the corresponding LFu, LFf and 

LFd values obtained from an incremental nonlinear load analysis.  By comparing the 

system’s LF values to the member’s capacity expressed as LF1, the system reserve ratios 

Ru, Rf and Rd may be calculated for each mode.   

 

The AASHTO LRFD specifications were calibrated so that bridge members provide an 

acceptable level of safety against their failure.  Ideally, all bridges should be designed to 

provide a sufficiently high level of redundancy such that when a member fails the whole 

system will not collapse.  Different bridge configurations provide different levels of 

system redundancy. In fact, some bridges whose members are designed to meet the 

AASHTO LRFD component criteria will provide little redundancy and would collapse as 

soon as the first member fails.  Other bridges will be able to carry significant levels of 

additional load after the first member’s failure.  This situation depends on the level of Ru, 

Rf and Rd that each particular bridge configuration provides.  Bridges that provide 

sufficient levels of redundancy will have LFu, LFf and LFd values significantly high 

compared to their LF1.  Therefore, when we design a bridge although the design process 

controls the first member safety level represented by LF1, the bridge engineer wants to 

ensure that the system capacities represented by LFu, LFf and LFd are sufficiently high 

compared to LF1.  When a bridge’s redundancy ratios are high, then by controlling LF1 in 

the design, it is automatically ensured that LFu, LFf and LFd are safe.  If the bridge 

redundancy ratios are not high enough then LFu, LFf and LFd will be lower than required.  

To improve the LFu, LFf and LFd values, two options may be considered: 

 

a) Change the bridge configuration for one known to have high redundancy 

ratios 

b) Add an additional safety factor to each member so that LF1 is increased and 

thus you automatically increase LFu, LFf and LFd. 

 

In either case, the goal is to control the system’s safety by controlling the values of LFu, 

LFf and LFd.  Option b) can be achieved by applying a system factor s, during the design 

of a bridge system to increase or reduce member resistances, Rn, such that the codified 

design equation would take the form of Eq. (C.6).   The application of a system factor s 

<1.0 would lead to increasing the system safety of designs that traditionally have been 

shown to have low levels of redundancy.  Alternatively, s > 1.0 would lead to rewarding 

the design of systems with high redundancy levels by allowing their members to have 
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lower capacities.   The calibration of the appropriate system factors was performed in 

NCHRP 406 and 458 using a reliability analysis similar to that performed during the 

calibration of the AASTO LRFD code.  For the cases where a direct analysis may be 

necessary, the criteria that the redundancy ratios of Eq. (C.15) should meet were also 

determined using the concepts of structural reliability.  

 

C.7 Reliability Measures of Redundancy in NCHRP 406 
and 458 
 

The load multipliers, LFi, used in Eq. (C.1) provide deterministic estimates of critical 

limit states that describe the safety of structural members and systems.  These load 

multipliers are usually obtained by performing an incremental nonlinear Finite Element 

Analysis of the structure.  Because of the presence of large uncertainties in estimating the 

parameters that control member properties, the bridge response and the applied load, 

more appropriate safety measured must be adopted based on probabilistic concepts. The 

common probabilistic measure of safety that is used in structural design and evaluations 

is the reliability index, .    

 

Assuming that the structural system or member capacity beyond the ability to carry the 

dead load expressed in terms of R’, as well as the applied load, P, follow lognormal 

probability distributions, the relationship between the reliability index and the load 

multipliers, LF, for a bridge superstructure subjected to HS-20 truck loading can be 

approximated by: 
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where LF is the load multiplier obtained from the incremental analysis, LLHS20 is the 

expected maximum live load that will be applied on the superstructure within the 

appropriate return period.  HS20 is the load effect of the nominal HS-20 design truck. VLF 

is the coefficient of variation of the bridge resistance defined as the standard deviation 

divided by the mean value.  VLL is the coefficient of variation of the applied live load.  

Both the resistance and the applied live load are expressed as a function of the HS-20 

truck load effect which can then be factored out.     

 

Equation (C.16) lumps all the random variables that control the load carrying capacity of 

a bridge structure into the load multipliers, LF.  Advanced methods for evaluating the 

system reliability are available and have been implemented as described by Ghosn, 

Moses and Frangopol (2010) and other studies on structural reliability (Melchers, 1999).   
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Equation (C.16) or similar models for other probability distributions can be used to 

determine the reliability index, , for any member or system limit state.  The reliability 

indices corresponding to the load multipliers LF1, LFf, LFu or LFd of Figure C.2 may be 

expressed respectively as memberfunctionality, ultimate, and damaged.  The relationship 

between these four reliability indices can be investigated by studying the differences 

between them represented by u, f, d which are respectively the relative reliability 

indices for the system’s ultimate, functionality and damaged limit states and are defined 

as: 
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memberityfunctionalf

memberultimateu













        (C.17) 

 

As an example, using the simplified lognormal reliability model of Equation (C.3) for a 

superstructure under the effect of vertical live loading and assuming that the coefficients 

of variation of LFu, LFf, LFd and LF1 are all equal to the same value, VLF, the 

probabilistic and deterministic measures are found to be directly related to each other as 

shown in the following:  
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Note that for damaged bridges under the effect of the live load LL, the calculation of the 

reliability index for the damaged system is executed using the 2-year maximum load 

represented by the load multiplier, LL2, rather than the maximum load for the 75-year 

design life represented by the load multiplier, LL75.  This distinction is made in order to 

determine the expected load that would be applied on a damaged bridge which is 

expected to be lower than the maximum lifetime load.  The use of the two-year load is 

based on the assumption that any major damage to a bridge should, in a worst case 

scenario, be detected during the mandatory biennial inspection cycle and thus no bridge is 

expected to remain damaged for more than two years.  
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The reliability measures proposed in Eq. (C.17) are believed to be superior to other 

measures such as those in Eq. (C.1), (C.8), (C.9) or (C.10) or similar proposals in the 

published literature because they provide a direct relationship with the deterministic 

measures of Eq. (C.15) if the Lognormal is applicable.  Several sensitivity analyses seem 

to indicate that the Lognormal model provides a reasonable model for system reliability 

index calculations in bridge engineering (Ghosn et al 2010).  

 

In NCHRP 406 and 458 various bridge superstructure and substructure configurations 

were analyzed and the reliability indexes for their members and systems were extracted. 

The results of the reliability analysis were used to calibrate deterministic and reliability 

criteria that bridge systems should satisfy in order to provide a minimum level of 

redundancy and robustness.  Also, a set of system factors, s, for implementation into the 

AASHTO LRFD equations as presented in Equation (6) were calibrated to ensure that 

highway bridges provide a minimum level of system safety under bridge overloading or 

after a main component’s brittle failure.   

 

C.8 Calibration of System Factors and Direct Analysis 
Criteria 
 

The results of the nonlinear structural analyses and the reliability index values obtained 

for the hundreds of bridge configurations analyzed in NCHRP 406 in addition to the 

sensitivity analyses led to the following observations: 

 

Superstructure Analysis Results 

 

 The proposed measures of redundancy are robust in the sense that the redundancy 

ratios of Eq. (C.15) and the relative reliability indices of Equation (C.17) are not 

sensitive to variations in the stiffness of the individual members, member 

strengths, magnitude of the applied dead load, or for small superstructure skew 

angles if they remain less than 45
o
.  To be sure, the individual values of the load 

factors LFu, LFf, LFd and LF1 may change.  But, the ratios Ru=LFu/LF1, 

Rf=LFf/LF1 and Rd=LFd/LF1 as well as the relative reliability indices u, f, 

and d remain relatively constant.  For example, the strength reserve ratios Ru, 

Rf, and Rd, of a superstructure change by less than  10% when the deck’s 

strength and its stiffness are increased by  50% from their original values.  

These ratios also remain within  10% when the strength of bridge members is 

changed by up to  30%. 

 For superstructures, the level of redundancy represented by Ru, Rf, and Rd is not 

only a function of the number of parallel bridge girders as accepted by current 

bridge engineering practice but a combination of the number of girders and girder 

spacing.  For example, multi-girder bridges with wide girder spacing have low 

system reserve ratios independent of the number of beams.  On the other hand, 

because the load distribution factors of narrow bridges with very closely spaced 
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beams is high, these bridges show little system reserve as the failure of one beam 

would cause a cascading failure of the adjacent beams.    

 The presence of diaphragms helps in redistributing the load to the intact members 

when a bridge is damaged after the brittle failure of one of its members thus 

leading to higher Rd ratios for bridges with diaphragms as compared to bridges 

without diaphragms.  However, even though they might slightly improve LF1, LFu 

and LFf, the presence of diaphragms do not significantly contribute to increasing 

the redundancy ratios Ru and Rf of undamaged bridges. 

 Bridges whose members have low levels of ductility do not exhibit adequate 

levels of system reserve regardless of the number of supporting girders.  Also, 

span continuity will improve bridge redundancy only if there is a minimum level 

of ductility in the negative bending section as well as the positive bending region.   

 The redundancy ratios of open box girder and multi-beam box girder bridges are 

similar to those of equivalent I-beam bridges when the webs of the boxes are 

considered as equivalent I-beams.  This is based on a damage scenario where the 

whole external web of a damaged bridge is assumed unable to carry any load and 

the whole torsional stiffness of the damaged external box is lost.   This further 

assumes that the boxes do not have any internal diaphragms or bracings that may 

stiffen their in-plane response.  

 As expected, bridges with a low number of girders show low levels of 

redundancy.  In particular, the average redundancy ratios calculated for bridges 

with 4 girders are found to be Ru=1.30, Rf=1.10 and Rd=0.50.  The functionality 

limit state is reached when the vertical deflection is equal to span length/100.  

Generally, bridges with more than four adequately spaced girders show higher 

system reserve ratios. According to current practice, all four girder bridges are 

assumed to have adequate levels of redundancy.  For this reason, NCHRP 406 

proposed to use the redundancy ratios corresponding to these bridges as the 

minimum redundancy ratios that any bridge configuration should satisfy to be 

considered adequately redundant.  Such a calibration with currently accepted 

standards is typical for the development of new design specifications.   

 

Redundancy Criteria for Bridge Superstructures 

 

Based on the analyses described above, NCHRP 406 observed that bridge superstructures 

are considered to be adequately redundant if their redundancy ratios defined in Eq. (C.15) 

satisfy the following criteria: 

 

 Ru   1.30  

 Rf   1.10          (C.19) 

and  Rd   0.50  

 

The above deterministic criteria correspond to the following reliability criteria 

 

 u    0.85 

 f      0.25          (C.20) 

and d     -2.70 
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Substructure Analysis Results 

 

The results of the nonlinear structural analyses and the reliability index values performed 

for the hundreds of bents configurations analyzed in NCHRP 458 in addition to the 

sensitivity analyses led to the following observations: 

 

 For a given soil and foundation type, the system reserve ratios vary only slightly 

for varying material strengths (both concrete and steel). 

 For variation in column height and width, we observe significantly different 

reserve ratios for a given foundation type. For shorter columns, the system reserve 

ratio is higher than for average structures independent of the foundation 

conditions; and lower for taller columns. The largest increase is for spread 

foundations. For pile foundations the variation is rather modest. 

 A significant increase in system reserve ratio is observed with decreasing 

foundation stiffness. The only notable exceptions are the structures with wide 

columns. 

 The system reserve ratio decreases only slightly when the vertical load is 

removed.  

 As expected, significantly higher reserve ratios are observed for four-column 

bents as compared to two-column bents and confined columns show significantly 

higher system reserve ratio compared to unconfined concrete. 

 When the damaged column is completely removed from the model, the ultimate 

lateral strength, some reserve strength is still available in the columns to carry a 

portion of the maximum expected loads.  However, the analysis found that the 

bent cap is not able to redistribute the load to the surviving columns when the 

exterior column is the one that is damaged due to shearing failure in the bent cap.  

 For less severe damage conditions when the column may loose its flexural 

stiffness and strength but may still retain the axial load capacity, the damaged 

condition system reserve ratios become on the order of 0.90. 

 Following the review of the results of the substructure configurations analyzed in 

NCHRP 458, it has been determined that substructures having u=0.50 or higher 

would provide adequate substructure redundancy.  Similarly, adequately 

redundant systems were those producing f 0.50 whereby the functionality 

limit state is reached when the lateral deflection is equal to column height/50.   

For the damaged limit state, a damaged substructure that has lost a main load 

carrying member should still produce a d -2.50 to be considered sufficiently 

robust.  These reliability index values correspond to redundancy ratios Ru=1.20, 

Rf=1.20 and Rd=0.50.   

 

 

Redundancy Criteria for Bridge Substructure Bents 

 

Based on the analyses described above, NCHRP 458 observed that bridge substructures 

are considered to be adequately redundant if their redundancy ratios defined in eq. (C.15) 

satisfy the following criteria: 

 



C-24 

 

 Ru  1.20  

 Rf   1.20          (C.21) 

and  Rd   0.50  

 

The above deterministic criteria correspond to the following reliability criteria 

 

 u   0.50 

 f     0.50          (C.22) 

and d    -2.50 

 

 

C.9 Draft Specifications Proposed in NCHRP 406/458 
System Factors for Typical Bridge Superstructures 

 

Commentary 

 

Although the steps involved in the calculation of the redundancy ratios and subsequently 

the determination of the applicable system factor are easy to follow when a nonlinear 

analysis program is available, the process may be too involved for routine applications on 

typical bridge configurations.  Therefore, NCHRP 406 calibrated a set of system factors, 

s, that can be directly applied during the design or the load capacity evaluation of 

existing bridge superstructures which have typical configurations to ensure that the 

system capacities of these bridges are adequate.  These system factors provide a measure 

of the system reserve strength as it relates to ductility, redundancy and operational 

importance. 

 

The proposed system factors are calibrated such that overall system safety of a bridge 

structure as represented by the system’s reliability index meets a target value.  Assuming 

that members of adequately redundant bridges are designed to satisfy the current 

AASHTO LRFD criteria, then the reliability index of their most critical members should 

be on the order of member=3.5.  The target system reliability index values that a system 

should meet are obtained based on the observation made earlier that adequately redundant 

bridges have been found to have relative reliability indices u=0.85, f=0.25 and d=-

2.70.  Specifically, given that adequately redundant bridge systems should have a 

u=0.85, a set of system factors s are calibrated so that the reliability index of an intact 

bridge system will be equal to ultimate=4.35 (=3.50+0.85).  Similarly, the reliability index 

for a maximum deflection of span length/100 should be set at functionality=3.75.  Finally, 

the system reliability of a bridge that has lost a major member should meet a target 

reliability index value damaged=0.80.  As an example, the latter value implies that a 

superstructure that has sustained major damage or the complete loss in the load carrying 

capacity of a main member should still have an 80% probability of survival under regular 

truck loading.  
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The introduction of the system factors s into Eq. (C.6) will serve to add member and 

system capacity to less redundant systems such that the member reliability and overall 

system reliability is increased. When adequate redundancy is present, a system factor, s, 
greater than 1.0 may be used. Based on the results of the analyses of the multi-girder 

bridge, NCHRP 406/458 proposed the following draft specifications: 

 

 

Draft Specifications 

 

For members of superstructures of bridges classified to be critical or that are 

susceptible to brittle damage, the system factor should be determined as follows: 

 

 s =min (su, sd1) for multi-girder systems with diaphragms spaced at less than 7600 mm. 
 s =min (su,sd2) for all other multi-girder systems. 

 

For the superstructures of all other bridges: 


 s=su 

 

where su = system factor for superstructure ultimate capacity, sd1 =system factor for 

damage of superstructures with regularly spaced diaphragms, and sd2= system factor for 

damage of superstructures with no diaphragms as given in Table C.1 for different number 

of beams and beam spacing. A minimum value of s =0.80 is recommended but in no 

instance should s, be taken as greater than 1.20.   The upper and lower limits on s have 

been proposed as temporary measures until the practicing engineering community builds 

its confidence level in the proposed methodology.  

 

Bridges susceptible to brittle damage include bridges with fatigue-prone details, those 

with members that are exposed to collisions from ships, vehicles, and debris carried by 

swelling streams and rivers, or bridges that have high security risk. 

 

For bridge superstructures having configurations not covered in Table 1, the required 

system factor that should be applied on the member strengths to ensure adequate system 

safety should be proportional to the calculated ratio using the equation:  
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Where Ru, Rf and Rd are obtained using Eq. (C.15).  The values for the load multipliers 

entered into Eq. (C.15) are the results of a nonlinear analysis with LFu = the load 

multiplier that is applied on an HS-20 truck to cause the failure of the superstructure, 

LFf= the load multiplier that causes the maximum vertical deflection to reach a value 

equal to clear span length/100, LFd= the load multiplier that causes the failure of a 

damaged superstructure and LF1 = the load multiplier that causes the first member of the 

intact superstructure to reach its limit capacity.   
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Table C.1. System factors for girder superstructures 
 

Loading type System/member type su sd1 sd2 

Bending of 

members of 

multi-girder 

systems 

Two-girder bridges 0.85 0.80 0.80 

Three-girder bridges with spacing:  1.8m 0.85 1.20 1.10 

Four-girder bridges with spacing:  1.2rn 0.85 1.20 1.10 

Other girder bridges with spacing:  1.2m 1.00 1.20 1.15 

All girder bridges with spacing:  1. 8m 1.00 1.20 1.15 

All girder bridges with spacing:  2.4m 1.00 1.15 1.05 

All girder bridges with spacing:  3.0m 0.95 1.00 0.90 

All girder bridges with spacing:  3.6m 0.90 0.80 080 

All girder bridges with spacing: >3.6m 0.85 0.80 0.80 

Slab bridges For bending  1.00  

All bridge 

Types 

Members in shear  0.80  

All joints & 

Connections 

  0.80  

 

 

 

System factors for Typical Bridge Substructure Bents 

 

Commentary  

 

The system factors provided in Table C.2 are calibrated in NCHRP 458 to satisfy the 

system safety requirements for a set of typical bridge substructure configurations. This 

set includes bridges with concrete columns varying in height between 3.5m to 18m and a 

vertical rebar reinforcement ratio of 1.85 to 2.3%.   Soft soils are defined as soils that 

produce an SPT blow count N=5. Normal soils are those with N= 15. Stiff soils are those 

with N=30 or higher. SPT blow count = Standard Penetration Test blow count (number of 

blows per one foot=0.305m penetration into the soil). Members in shear as well as all 

joints and connections are assigned a system factor s=0.80. This assumes that the 

member resistance factor was calibrated to satisfy a target member reliability index 

member=3.5. Since a shear failure or a connection failure in a single member would cause 

the failure of the complete system, the application of a system factor s=0.80 will 

increase the reliability index of the member and also that of the system so that 

member=system>4.0 which is the value stipulated above for the target reliability of intact 

substructure systems. 
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Draft Specifications 

 

For the substructures of bridges classified to be critical or susceptible to brittle 

damage, the system factor, s, should be calculated using the direct analysis approach 

described below.   

 

For the substructures of bridges classified to be essential, the system factor is 

calculated as: 

  s = min(sc, sf) for substructures with confined concrete members. 

  s= min(su,sf) for substructures with unconfined concrete members. 

 

For the substructures of all other bridges: 

  s  = sc for substructures with confined members

  s = su for substructures with unconfined members 

 

where su = system factor for ultimate capacity of substructures with unconfined concrete 

members, sc = system factor for ultimate capacity of substructures with confined 

concrete members, sf = system factor for bridge substructure functionality.  

 

Confined concrete columns are those that satisfy the provisions of Article 5.10 of the 

AASHTO LRFD (2007).  Recommended values for su, sc and sf for typical 

substructures with columns, piers, walls and abutments founded on spread footings, 

drilled shafts or piles are specified in Table 2 for soft, normal and stiff soils.  For bridges 

with nontypical configurations, the direct analysis approach should be used.  Bridges 

susceptible to brittle damage include substructures with members that are exposed to 

collisions from ships, vehicles, and debris carried by swelling streams and rivers.   

 

The use of more stringent criteria for critical and essential bridges is consistent with 

current trends to use performance-based design in bridge engineering practice.  A 

minimum value of s =0.80 is recommended but should not be taken as greater than 1.20. 

 

For bridges classified to be critical, and for bridges not covered in Table C.2, the s for 

structural components of a substructure can be calculated from the results of a nonlinear 

pushover analysis using Equation 15 where the system factor s is obtained from: 
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The values of Ru, Rf and Rd are obtained from Eq. (C.15) where the values for the load 

multipliers are the results of a nonlinear pushover analysis with LFu = the lateral load 

factor that causes the failure of the substructure, LFf= the lateral load factor that causes 

the total lateral deflection of the substructure to reach a value equal to average clear 

column height/50, LFd= the lateral load factor that causes the failure of a damaged 

substructure and LF1 = the lateral load factor that causes the first member of the intact 

substructure to reach its limit capacity.   
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Table C.2 System factors for bridge substructures 
 
Substructure 

and member types 

Foundation  Spread 

footing 

Drilled shaft 

 

Piles 

 

Soil type  All soil Soft Normal Stiff Soft Normal Stiff 

Walls, abutments  

and one-column 

Bents in bending 

su  

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 sc 

sf 

2-column 

bents in bending 
su 0.95 0.85 0.90 0.95 0.90 0.95 1.00 

sc 1.00 0.95 1.05 1.15 1.05 1.05 1.05 

sf 1.00 0.80 0.85 1.00 0.95 0.95 0.95 

multi-column bents  

in bending 
su 1.00 0.90 0.95 1.00 0.95 1.00 1.05 

sc 1.05 1.00 1.15 1.20 1.10 1.10 1.10 

sf 1.05 0.80 1.05 1.20 1.05 1.05 1.05 

All members in 

Shear 
su  

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 sc 

sf 

Bar pullout and  

other joint failures 
su  

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 

 

0.80 sc 

sf 

 

 

 

C.10 Consideration of Redundancy in the AASHTO LRFR 
 

The LRFR adopted the model used in NCHRP 406 and proposed that bridge redundancy 

be considered during the evaluation of the load capacity of existing bridges using system 

factors that can be applied along with the member resistance factors using a format 

similar to that of Eq. (C.6).  Ductility is considered in conjunction with redundancy and 

incorporated in the system factor s. Operational importance is not included as a factor in 

the LRFR load rating provisions. The system factors in the AASHTO LRFR Manual are 

more conservative than the load modifiers in the LRFD design specifications and may be 

used at the discretion of the evaluator until the AASHTO LRFD criteria for redundant 

bridges are modified.   According to the LRFR manual, the system factor varies from 

1.00 for redundant multi-girder bridges to 0.85 for non-redundant systems such as two-

girder welded girder and truss bridges. The system factor builds-in reserve member 

capacity (through lower ratings) in non-redundant bridges.  Unlike the Tables proposed in 

NCHRP 458, no reward is provided for bridges with high levels of redundancy.  Also, the 

system factor tables in the AASHTO LRFR are only applicable for the consideration of 

superstructure redundancy since substructures are not usually load rated.  The AASHTO 

LRFR Table shown in Table C.3 is a simplified version of Table C.1 and does not 

consider shear failures even though shear failures are known to be brittle and thus would 

not allow a redistribution of the loads in case they do take place. 
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Table C.3- LRFR System Factor: s for Flexural and Axial Effects 

Superstructure Type s 

Welded Members in Two-

Girder/Truss/Arch Bridges  
0.85 

Riveted Members in Two-

Girder/Truss/Arch Bridges  
0.90 

Multiple Eyebar Members in Truss 

Bridges  
0.90 

Three-Girder Bridges with Girder 

Spacing 6 ft  
0.85 

Four-Girder Bridges with Girder 

Spacing ≤4 ft  
0.95 

All Other Girder Bridges and Slab 

Bridges  
1.00 

Floorbeams with Spacing >12 ft and 

Noncontinuous Stringers  
0.85 

Redundant Stringer Subsystems 

between Floorbeams  
1.00 

 
 

Table C.3 shows that all bridges (irrespective of number of girders) with girder spacings 

less than 4 feet will get a 0.85 value for s.  For box girder bridges, consider each box as 

representing two distinct I-sections. Following the recommendation of NCHRP 406, the 

AASHTO LRFR allows the use of a factor s greater than 1.0 if the engineer can 

demonstrate the presence of adequate redundancy in a superstructure system.  But in no 

instance should s be taken as greater than 1.2. A more liberal system factor for 

nonredundant riveted sections and truss members with multiple eyebars has been 

provided. The internal redundancy in these members makes a sudden failure far less 

likely. An increased system factor of 0.90 is recommended for such members. 

 

For more accurate quantification of redundancy the AASHTO LRFR procedures 

reference the NCHRP Report 406.  The LRFR allows the use of the tables of system 

factors given in NCHRP 406 for common simple-span and continuous bridges with 

varying number of beams and beam spacings.  For bridges with configurations that are 

not covered by the tables, a direct redundancy analysis approach may be used, as 

described in NCHRP Report 406. 

 

 

System Factors for Post-Tensioned Segmental box Girders 
 

In addition, the AASHTO LRFR provides a Table for post-tensioned segmental box 

girder bridges.  In the context of post-tensioned segmental box girders, the AASHTO 

LRFR system factors, s, for segmental bridges shown in Table C.4 account for:  

 

 Longitudinally continuous versus simply supported spans, 

 The inherent integrity afforded by the closed continuum of the box section, 
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 Multiple-tendon load paths,  

 Number of webs per box, and 

 Types of details and their post-tensioning. 

 

The values in the values in Table C.4 were proposed based on a combination of 

experience and the results of NCHRP 406. 

   
 

Table C.4—LRFR System Factors for Post-Tensioned Segmental Concrete Box Girder Bridges 

 

 

Bridge Type Span Type 

 

 

# of Hinges  

to Failure 

System Factors (s) 

No. of Tendons per Web
a
 

 

1/web 

 

2/web 

 

3/web 

 

4/web 

Precast Balanced 

 Cantilever 

Type A Joints 

Interior Span 

End or Hinge Span 

Statically Determinate 

3 

2 

1 

0.90 

0.85 

n/a 

1.05 

1.00 

0.90 

1.15 

1.10 

1.00 

1.20 

1.15 

1.10 

Precast Span-by-Span 

Type A Joints 

Interior Span 

End or Hinge Span 

Statically Determinate 

3 

2 

1 

n/a 

n/a 

n/a 

1.00 

0.95 

n/a 

1.10 

1.05 

1.00 

1.20 

1.15 

1.10 

Precast Span-by-Span 

Type B Joints 

Interior Span 

End or Hinge Span 

Statically Determinate 

3 

2 

1 

n/a 

n/a 

n/a 

1.00 

0.95 

n/a 

1.10 

1.05 

1.00 

1.20 

1.15 

1.10 

Cast-in-Place 

Balanced Cantilever 

Interior Span 

End or Hinge Span 

Statically Determinate 

3 

2 

1 

0.90 

0.85 

n/a 

1.05 

1.00 

0.90 

1.15 

1.10 

1.00 

1.20 

1.15 

1.10 

a For box girder bridges with three or more webs, table values may be increased by 0.10. 

 

 

Florida DOT Tables 
 

The Florida DOT developed its own version of the LRFR system factor tables which are 

used in addition to the system factors defined in MBE Table 6A.4.2.4-1.  As stated by 

Mertz (2006), the FDOT revised system factors shown in Table C.5 were based on: “a) 

the results of NCHRP Report 406 (Ghosn & Moses, 2004), b) Observed bridge behavior, 

and c) Liberal doses of engineering judgment”.  
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Table C.5.  FDOT System Factor Table 

FDOT Table 6-3A General System Factors (φs)Superstructure Type 

Superstructure Type System Factors (s) 

Rolled/Welded Members in Two-Girder/Truss/Arch Bridges11.Pertains to 

type of built-up or rolled members not type of connection. 

0.85 

Riveted Members in Two-Girder/Truss/Arch Bridges1 0.90 

Multiple Eye bar Members in Truss Bridges 0.90 

Floor beams with Spacing > 12 feet and Non-continuous Stringers and 

Deck 

0.85 

Floor beams with Spacing > 12 feet and Non-continuous Stringers but 

with continuous deck 

0.90 

Redundant Stringer subsystems between Floor beams 1.00 

All beams in non-spliced concrete girder bridges 1.00 

Steel Straddle Bents 0.85 
 

FDOT Table 6-3B System Factors (s) for Post-Tensioned Concrete Beams 

Number of 

Girders in Cross 

Section 

Span Type Number of 

Hinges Required 

for Mechanism 

System Factors (s) 

Number of Tendons per Web 

1 2 3 4 

2 Interior 3 0.85 0.90 0.95 1.00 

End 2 0.85 0.85 0.90 0.95 

Simple 1 0.85 0.85 0.85 0.90 

3 or 4 Interior 3 1.00 1.05 1.10 1.15 

End 2 0.95 1.00 1.05 1.10 

Simple 1 0.90 0.95 1.00 1.05 

5 or more Interior 3 1.05 1.10 1.15 1.20 

End 2 1.00 1.05 1.10 1.15 

Simple 1 0.95 1.00 1.05 1.10 

Note: The tabulated values above may be increased by 0.05 for spans containing more than three 

intermediate, evenly spaced, diaphragms in addition to the diaphragms at the end of each span. 
 

 

FDOT Table 6-3C System Factors ((s)) for Steel Girder Bridges 

Number of Girders in 

Cross Section 

Span Type Number of Hinges 

Required for 

Mechanism 

System Factors  (s) 

2 Interior 3 0.85 

End 2 0.85 

Simple 1 0.85 

3 or 4 Interior 3 1.00 

End 2 0.95 

Simple 1 0.90 

5 or more Interior 3 1.05 

End 2 1.00 

Simple 1 0.95 

Notes: 

1. The tabulated values above may be increased by 0.10 for spans containing more than three evenly 

spaced intermediate diaphragms in addition to the diaphragms at the end of each span. 

2. The above tabulated values may be increased by 0.05 for riveted members.  
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C.11 Review of the State of Practice 
 

Through the application of load modifiers, , the AASHTO LRFD recommends a 5% 

increase in the capacity of “main elements and components whose failure is expected to 

cause the collapse of the bridge” and designates the associated structural system as 

“nonredundant”.  Alternatively, a 5% decrease in the safety factor is recommended for 

members of redundant structures.   Similar changes are recommended for nonductile and 

ductile members.  However, the specifications do not explicitly explain how to determine 

whether a structure is redundant, nonredundant or neutral in which case the load modifier 

is specified as 1.0 with 0% change in the safety factor.   Thus, AASHTO does not 

explicitly evaluate the redundancy of structures. However, it recommends in article 1.3.4 

that “Multiple-load-path and continuous structures should be used unless there are 

compelling reasons not to use them.”  Furthermore, AASHTO recommends that “failure-

critical members in tension may be designated fracture-critical”.  The fact that the 

AASHTO LRFR has been recently adopted and most states are still in the process of 

adjusting to its use along with the vague language and definitions adopted by the 

AASHTO LRFD Specifications have led to wide diversity in the approach taken by the 

state Departments Of Transportation (DOT) to address bridge redundancy.   

 

An informal survey was conducted as part of this study to obtain an assessment of the 

state of practice in the evaluation of bridge redundancy.  Fourteen states provided 

information on their approach to bridge redundancy evaluation.    These states consist of: 

Washington, Tennessee, Hawaii, New York, Kansas, Pennsylvania, Illinois, Oklahoma, 

Missouri, South Dakota, Florida, Iowa, Minnesota and Wisconsin. Only seven of the 

responding states: WA, NY, KA, OK, FL, WI and MN do consider redundancy for the 

safety assessment of their bridges.  Most have used the load modifiers values in the 

AASHTO LRFD Specifications. MO, NY, FL, WI and MN have also used or plan on 

using the AASHTO LRFR Tables for system factors although Florida has developed its 

own tables and Minnesota uses some form of the system factors in some cases.  NY uses 

different safety factors while rating nonredundant bridge structures using the LFR 

methods and plans on using the AASHTO LRFR tables as it moves to applying the LRFR 

methods.  

 

Wisconsin is the only state known to have used the step-by-step procedure provided in 

the NCHRP Report 406.   The experience of HNTB in the implementation of the NCHRP 

406   methodology for Wisconsin Bridges is discussed in the next section.  However, it is 

noted that several other states have on occasion used similar approaches to evaluate the 

redundancy of their Fractural Critical Bridges (FCB).  For example, the state of 

Washington relates that it did undertake one “fracture” analysis of the tension members 

of the transverse floor trusses on the older Tacoma Narrows Suspension Bridge.  Fracture 

was modeled by deactivation of a critical truss member within a three-dimensional frame 

model of the floor truss and surrounding structure including deck slab.  Failure was 

defined as sufficient yielding in the remaining structure to indicate a probable collapse of 

the deck/floor system leading to potential vehicle loss.  The loads applied in the model 

were service (unfactored) dead and live loads. Forces in the remaining members were 
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compared to capacities.  The post-fracture analysis indicated probable collapse under 

service load and was not pursued further.   

 

Minnesota relates that redundancy is always considered when evaluating the safety of 

existing bridges.  The analysis procedure is selected by giving consideration to the level 

of redundancy that exists in the bridge, the location and ADT of the bridge, and the 

damage/condition that needs to be investigated.  Analysis procedures range from the use 

of general structural analysis software and hand calculations to the use of a 3D finite 

element analysis.  LFR criteria are typically used with the objective of a minimum 

operating rating of HS-20. When analyzing gusset plates on existing truss bridges, 

Mn/DOT uses a Condition Rating Factor (CRF) to account for any section loss or distress 

that may exist in the joint.  While this is more related to the condition of the joint, 

redundancy was considered in developing the MN/DOT procedures. Mn/DOT considers 

the redundancy of the substructure when doing rehabilitation/expansion work on or in the 

proximity of an existing bridge (such as bridge rehabilitation or roadway widenings 

below the bridge).  Superstructure continuity and number of piers are considered.  In 

general, if the bridge is being widened needing an additional pier, the pier is designed to 

conform to current standards.  

 

In 1993, the New York State Department of Transportation decided to retrofit two 2-

girder steel bridges in Albany, NY to improve redundancy.  The concept was to connect 

the two close by, parallel, and identical steel plate-girder bridges using trusses to form an 

essentially 4-girder bridge.  Finite element analyses were performed for a number of 

damage scenarios to confirm the design concept of system capacity increase and to 

reduce the probability of collapse when one girder is damaged.  The evaluation process 

applied the AAHTO LFD approach with the HS-20 load and impact with the 2.17 load 

factor.  A crack to one of the girders was introduced at mid span. No collapse was found 

as possible based on the analysis of the stresses and the design was accepted.  

 

Kansas reports that besides using the AASHTO LRFD load modifier factors when a 

bridge lacks redundancy they do perform a static analysis to remove a member from a 

Fracture Critical Bridge to determine if the adjacent members fail.   Failure is determined 

based on the elastic stress limits.  

 

Oklahoma uses the FHWA guidelines for the analysis of gusset plates (FHWA, 2009) 

which provides resistance factors and reduction factors for the safety analysis of different 

connection types and modes of failures.   

 

Perhaps the most comprehensive approach for evaluating bridge redundancy is provided 

in the Pennsylvania bridge design specifications.  According to the PA specifications 

three-girder bridges without floorbeams and stringers are considered as non-redundant 

and should be avoided if possible. A 3-D redundancy analysis is required for the 

evaluation all non-redundant structures to check whether the failure of any tension 

component or other critical component will not cause collapse.  To that effect two 

Extreme Limit states are defined.  These limit states require the analysis of the damaged 

bridge with the HL-93 design load along with reduced dead load factors equal to 1.05 and 
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live load factors of 1.30 and 1.15 for extreme events III and IV respectively when using 

the HL-93 live load in all the lanes.  When a Permit load is used in the governing lane 

and the HL-93 in other lanes, the live load factors on the permit load are 1.10 and 1.05 

for extreme event III and IV respectively.  Extreme event III is meant to check that the 

failure of one element of a component will not lead to the failure of the component.    

Extreme event IV is meant to check that the failure of one component will not lead to the 

failure of the structure.  Under this load combination, the structure could have large 

deformations but should not collapse.  The basis for these live load factors is not known. 

 

The DOT engineers in general recognize the importance of having bridges with high 

levels of redundancy so that bridges that sustain some limited damage would still be able 

to function albeit at a lower load level.  Examples of damage that should be sustained 

include localized damage to the bottom flange of a prestressed concrete girder that does 

not destroy prestressing strands, minor damage to the fascia girder of a multi-girder 

system from an over-height truck, damage to steel truss portals, minor impact damage 

(flood) to the bottom chord of a simple span truss, impact damage to a tension 

diagonal/vertical of a thru truss, collision into a column of multi-column bents, in fracture 

critical bridges it would be expect that the bridge does not collapse after significant 

damage to one girder up to complete severing of the girder, some level of 

corrosion/deterioration.   

 

It is also recognized that most bridges especially multi-girder bridges of precast, 

prestressed concrete I-girder, steel I-girder bridges with large numbers of girders and 

steel trusses and continuous bridges especially concrete slab bridges do possess 

considerable levels of redundancy enabling them to withstand a certain level of damage 

and overloading without collapsing.  Such redundancy is usually attributed to 3-D load 

redistribution, counter balancing dead loads from continuous bridges and the 

contributions of secondary members especially continuous well anchored barriers.  These 

factors are believed to be major contributors to the survival of several bridges after major 

damage. 

 

The cautious approach adopted by the U.S. DOT’s toward bridge redundancy and 

Fracture Critical Bridges is quite different from that followed in Europe.  FHWA 

scanning tours of European bridge agencies observed that two girder steel bridges were 

commonly used in Europe due to cost effectiveness. Conservative fatigue design criteria 

similar to those in the US, high welding quality and inspection, and higher toughness 

steels similar to the US HPS steels, provided EU bridge owners with confidence in two-

girder type bridges.  In Austria there are no regulations regarding redundancy or fracture-

criticality. Their position is that with the use of properly designed and constructed 

waterproofing membranes and detailing, superstructures would last the entire designated 

design life and replacement would not be an issue.  Similarly, two-girder bridges are 

routinely built in France.   The French feel that this type of bridge is very competitive in 

the 18-19 meter span range. 

 

In summary, the review of the state practices in evaluating bridge redundancy presented 

in this section shows large discrepancies in the approach taken with most states choosing 
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to avoid the construction of bridges with configurations known to be nonredundant and 

relying on using the appropriate fatigue detailing guidelines.  Most states do not use the 

AASHTO LRFD load modifiers and only a few states have reported their intentions to 

use the AASHTO LRFR tables when the LRFR procedures will be implemented.  A few 

states have on occasion used 3-D analyses to evaluate the safety of Fracture Critical 

Bridges but these have used widely varying methods in terms of what loads and what 

load factors to apply and what criteria determine acceptability.    

 

 

C.12 Practical Implementation of NCHRP 406 
Methodology 
 

Although there are no AASHTO sponsored guidelines on how to approach the evaluation 

of the Redundancy of Fracture Critical Bridges in the case of failure of a main member, 

several state DOT’s have sponsored their own projects trying to ensure that these types of 

structures are designed to be safely redundant as well as to evaluate such structures 

already in service and potentially removing them from the Fracture Critical list. 

 

Several such projects have been sponsored by the Wisconsin DOT with the first one 

implemented for the twin tub girder flyover ramps part of the Marquette Interchange 

Reconstruction. An approach based on the NCHRP 406 principles was developed by 

HNTB engineers to evaluate analytically, through structural modeling, the redundancy of 

the proposed designs. In addition, acceptability criteria were proposed for such structures 

to be classified as redundant, and thus not have to be inspected as fracture critical during 

their life cycle. The approach was developed in close collaboration with Wisconsin DOT 

and was reviewed and accepted by Wisconsin DOT as well as the Federal Highway 

Administration Headquarters. 

 

This same approach has also been successfully used to design new structures in a few 

other projects around Wisconsin. HNTB and CH2M Hill engineers applied the approach 

to two curved twin steel tub girder bridges on the ramps at 27
th

 street over I-43 on I-94 in 

Milwaukee. Also, URS engineers implemented the same approach to design curved twin 

steel tub girder flyover ramps on US 29 & I-43 Interchange project as redundant 

structures in Green Bay Wisconsin. 

 

To decide on what loads to apply after removing a member, the HNTB team referred to 

the guidelines available in the Post-Tensioning Institute’s (PTI) “Recommendations for 

Stay Cable Design Testing and Installation”. These guidelines recognize that while the 

superstructure of cable stayed bridges is considered inherently redundant as a whole, 

local failure/snapping of a stayed cable could result in the local failure of one of the main 

structural members of the superstructure which consists usually of edge girders.  In article 

5.5 of the 5
th

 Edition, the guidelines state:  “All cable stayed bridges shall be capable of 

withstanding the loss of any one cable without the occurrence of structural instability”.  It 

is further recommended that: “The impact dynamic force resulting from the sudden 

rupture of a cable shall be 2.0 times the static force in the cable, or the force as 
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determined by non-linear dynamic analysis of a sudden cable rupture, but in no case less 

than 1.5 times the static force in the cable. This force shall be applied at both the top and 

bottom anchorage locations”. 

 

An approach similar to that of the PTI was implemented in the Redundancy approach 

developed and used in Wisconsin. Basically, a most critical section (most likely to fail 

due to fatigue – maximum tension stress range) was identified in the positive moment 

region of the end span. Moments at this critical section due to all dead loads and NCHRP 

406 recommended live loads were calculated in static mode. A dynamic magnification 

factor, for an impact load that is applied suddenly to the bridge based on a one degree of 

freedom system analysis with an equivalent damping ratio of 3%, was then calculated. In 

that instance the dynamic magnification factor was found to be 1.85.  This value was 

adopted as a conservative bound given that more advanced nonlinear time history 

analyses have shown this dynamic factor to be in the range of 1.35-1.5. 

 

The PTI guidelines further recommend in section C.5.5 of the commentary that for the 

extreme event of loss of one cable, the following load factors be used for the remaining 

structure:  

 

1.1 DC + 1.35 DW + 0.75 (LL + IM) + 1.1 CLDF     (C.25) 

 

Where CLDF = Cable Loss Dynamic Forces 

 

The 1.1 load factor on the Cable Loss Dynamic Force is to account for a variation of final 

cable force in construction relative to the force assumed in design. 

 

Similar rationale has been used in the Wisconsin approach. Based on NCHRP 406 

principles Group I loading has been used combined with a Dynamic Force calculated as 

explained previously with a 1.85 dynamic magnification factor.  In the PTI approach, this 

extreme event is considered part of design and the structure has to meet it with the 

stresses in all members being below the specified resistance multiplied by a resistance 

factor phi = 0.95. 

 

In the Wisconsin approach used in the Marquette Interchange, the acceptance criteria was 

based on the NCHRP 406 Damage limit state based on which the structure could be 

considered acceptably redundant if the remaining capacity of the system in the damaged 

state is equal or better than the 50% of the designed capacity in the original state. 

 

For new structures, if these criteria are not met during design, further iterations of design 

have to be performed in order to meet the criteria. Steps taken would include: 

 

 Making the structure continuous over at least one support, (when simple span 

 Thickening of existing sizes 

 Improving the framing of the structure 

 Improving the deck design 
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 Making the main members redundant by building them up through mechanical 

connections such as splices or angles with bolts instead of the welded 

members.  

 

 

C.13 Experience with NCHRP 406 Approach 
 

Some of the questions raised by HNTB engineers following their experience with the 

implementation of the NCHRP 406 approach to Wisconsin bridges are commonly raised 

by engineers who have reviewed the NCHRP 406 report.  These questions are generally 

the results of confusion with the goals of the NCHRP 406 direct analysis approach which 

aims to evaluate the redundancy of the bridge through a nonlinear analysis process and is 

not aimed at checking whether the strengths of the members satisfy a particular set of 

specifications.  The NCHRP 406 methodology involves a two-step process where in the 

first step, the level of redundancy of a particular bridge is assessed based on the direct 

nonlinear analysis.  The second step is subsequently used to apply a safety factor that 

reflects the redundancy level to decide on the acceptability of the bridge being analyzed.  

The acceptability criteria should be based on the design or load rating specifications that 

are applicable for the particular bridge and jurisdiction.  The determination of the 

redundancy level and the system factors are independent of the acceptability criteria.  In 

this section, the issues that often arise are discussed.  

 

Impulsive Loading 

 

The HNTB engineers resorted to the PTI method to decide on a dynamic amplification 

factor that they applied during the analysis of the bridge fracture process.  It was not the 

intent of the NCHRP 406 approach to take into account the dynamic nature of the failure 

of a component.  Unlike the PTI concept, the assumption in NCHRP 406 is that the 

damage to the bridge occurs in a non-impulsive manner. The object of the NCHRP 406 

direct analysis approach of the damaged bridge scenario is to evaluate whether a bridge 

that has already been damaged will still be able to carry vehicular load until the bridge is 

closed or repairs are undertaken.  The redundancy criteria provided in NCHRP 406 were 

calibrated for that scenario.  The NCHRP 406 approach is not intended to study the 

response of the bridge to an impulsive load.  The implementation by HNTB of a dynamic 

factor equal to 1.85 during the evaluation of the Wisconsin bridges implies that a sudden 

drop on the bridge of a load equivalent to the design truck was the cause of the damage 

being investigated.  The adjustment made by HNTB to account for the release of energy 

during the fracture of the box girder may be considered as a conservative extrapolation of 

the NCHRP 406 approach.  Extending the NCHRP 406 approach to cover impulsive 

loading is currently under investigation by the PI in an independent study.   

 

Damage Scenario     

 

The system factor tables and the redundancy criteria proposed in NCHRP 406 for the 

damaged bridge scenario are based on the assumption that a bridge with four parallel 
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girders will be able to survive the damage to an entire beam and still be able to carry a 

sufficient level of traffic load until repairs are made.  The process can then be followed 

for any damage scenario that the bridge evaluator considers as a likely event.  For 

example, as done in the Wisconsin project for the evaluation of box girders, the evaluator 

can assume that the whole trapezoidal section will fail, which many times that may 

represent about 50% of the main structural system.  NCHRP 406 does not recommend 

that the damage scenario it selected in the illustrative examples or calibration process be 

exclusively used.  The approach adopted by HNTB engineers to develop their own 

damage scenario is consistent with the NCHRP 406 recommendations.   

 

Functionality Limit State 

 

The functionality limit state has been proposed in NCHRP 406 to complement the 

collapse limit state.  This was done because in many cases bridges do not collapse but 

exhibit such large deformations that they become essentially nonfunctional and may need 

major repairs or replacement to restore them for use by regular truck traffic.  A deflection 

equal to span length/100 is recommended as the functionality limit state based on 

observations that such large deformations are noticeable by the travelling public and may 

cause traffic safety problems. 

 

Service Life for Damaged Bridges 

 

The calibration of the NCHRP 406 damage case scenario was based on the ability of the 

damaged bridge to still carry some load until the damage is repaired.  To obtain a 

conservative estimate of the maximum load that the bridge may be exposed to until 

closure or repair are undertaken, the NCHRP report used a two-year maximum load 

rather than the 75-year design load.  This implies that as a worst case scenario the 

damaged bridge may have to carry the maximum load between two inspection cycles.  

But, this should not imply that the damaged bridge should be kept in service for that 

period of time. 

 

Live Load during the Direct Analysis 

   

The proposed approach for checking the redundancy of bridge systems consists of 

applying the dead load, then applying the design live load and incrementing the live load 

to find the live load at which the first member fails and then continue incrementing to 

find the value of the live load at which the system collapses.  Redundancy is defined in 

terms of the ratio of the collapse load to the load at which the first member fails.  In 

NCHRP 406, two HS-20 design trucks in adjacent lanes have been used and were 

suggested for the step by step analysis because the AASHTO LRFD has found that this 

loading scenario is most critical.  The NCHRP 406 approach has the flexibility to allow 

the evaluator to consider appropriate loading conditions and combinations.  It is noted 

that since redundancy is defined as the ratio of the load that causes collapse to the load 

that causes first member failure, the actual configuration of the truck used in the analysis 

does not affect the results in a significant manner.   This is confirmed by Eq. 2.15 and 

2.16 where the configuration of the load used during the analysis process will not 
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significantly alter the results.  However, the placement of the vehicle should be made for 

obtain the most critical failure mode.  The analysis process will provide an assessment of 

the bridge redundancy, the actual checking of the safety of the bridge members should 

use the appropriate design or rating loads.   

 

Considerations of Over-designed and Deficient Bridge Members 

 

The goal of the direct analysis procedure proposed in NCHRP 406 is to evaluate the 

redundancy of the bridge system and not to check whether the members meet the design 

or bridge rating criteria.  The analysis process requires that the bridge structural model 

accounts for the current conditions of the bridge members.   The analysis then compares 

the capacity of the bridge system to the capacity of the first member to fail.   Checking 

the adequacy of the members should follow the appropriate design or rating codes.  The 

system factors will then give an additional allowance for the members if the bridge is 

redundant or make stricter requirements if the bridge is nonredundant.  The approach can 

thus accommodate overdesigned members or deficient members whether these 

deficiencies are due to the ageing of the bridge, the use of older materials, or design and 

construction errors. 

 

C.14 Conclusions 
 

The work performed in NCHRP 406 and 458 provided robust and quantifiable measures 

of superstructure and substructure redundancy.  These measures were supplemented with 

specific criteria to determine whether the existing levels of redundancy are satisfactory.  

NCHRP 406 and 458 then proceeded to calibrate a set of system factors that can be used 

during the design and safety analysis of bridge superstructures and substructures that 

have typical configurations.  The definitions and criteria proposed in NCHRP 406 and 

458 are found to be very similar to those applied in the analysis of offshore platforms.  

The ISO for offshore platforms seems to be the only code that has established clear and 

implementable structural system safety and redundancy criteria.  

 

The development of the system factors in NCHRP 406 and 458 was focused on the most 

common types of bridges and an extreme damage scenario whereby a whole beam or 

column are assumed to be totally damaged. To evaluate the redundancy of superstructure 

and substructure systems not covered in the tables, a set of redundancy criteria have also 

been calibrated.   These criteria should be used in association with a direct analysis 

approach to obtain specific system factors that reflect a particular bridge’s geometry or 

specific damage scenario.   

 

The reliability calibration process used a simplified reliability model which was found to 

be sufficiently accurate when compared to more advanced methods.  The analysis of the 

superstructures and substructures models the bridge members as beam elements whereby 

the nonlinear behavior is concentrated at the beam’s joints through the development of 

plastic hinges.  The validity of the nonlinear grillage model used to analyze the 

superstructures was verified by comparing the results of the analysis to those of 
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experimental full-scale and laboratory scale tests.   The validity of the model used for the 

substructure analysis was verified by comparing the results of the hinged beam-column 

model to those of more advanced finite element programs.    

 

Although the framework developed in NCHRP 406/458 is applicable to all types of 

structural systems and subsystems, past efforts have concentrated on analyzing 

superstructure and substructure redundancy independently.  Traditional bridge 

configurations lent themselves to the independent analysis of superstructures and 

substructures since the load transfer mechanism between the two subsystems depended 

on the ability of the bearings to transfer loads vertically.  The relatively recent adoption 

by many states of integral bridge designs that offer continuity between the two 

subsystems requires the extension of previous NCHRP research efforts to analyze 

combined systems and account for superstructure and substructure interaction where 

relevant.  The ability of integral bridges to better resist extreme events has been well 

documented and their ability to provide improved levels of redundancy needs to be 

quantified.    

 

Because of their improved esthetics, the design of single cell and multi-cell box girder 

bridges has been increasing in the U.S. following similar trends in Europe.  NCHRP 406 

did not analyze typical single cell and multi-cell box girder bridge configurations to 

investigate the possibility of developing system factors for such configurations.  The 

recent wide spread adoption of single and multi-cell configurations highlights the need to 

investigate the possibility of providing tabulated system factors for these bridge types or 

the development of simplified direct analysis methods for easy implementation of 

redundancy criteria during their design and safety evaluation.  

 

In NCHRP Report 406 and following the recommendation of the Project Panel, the 

damage scenario consisted of assuming that one complete girder of an I-beam bridge was 

no longer capable of carrying any load. However, the ability of the diaphragm to stiffen 

the response of damaged and undamaged box girders was not considered.  Neither did the 

study account for the capacity of bracings and diaphragms to help provide alternate 

longitudinal load paths for partially damaged members through the cantilever action of 

the remaining segments of the beam.   

 

While NCHRP 458 did not study foundation redundancy, NCHRP Report 507 developed 

LRFD Specifications for deep foundations, and recognized that different pile 

configurations provided different levels of system safety and suggested that different 

safety factors be applied depending on the number of piles in a pile group.  However, 

these recommendations were based on a subjective evaluation of pile redundancy and did 

not address the analysis of pile systems or quantify the levels of pile redundancy implicit 

in different configurations.  The approach of NCHRP 406 for analyzing superstructures 

which was subsequently applied in NCHRP 458 to analyze substructures can be applied 

to any subsystem including pile foundations.  

  

The object of this NCHRP12-86 project is to resolve some of the omissions in the work 

of NCHRP 406 and 458 to study the redundancy of box girder bridges and the combined 
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superstructure-substructure systems for both integral and non-integral systems and 

investigate the possibility of modifying the system factor tables developed for 

substructure systems to account for the effect of the superstructure when applicable.    



C-42 

 

REFERENCES 
 
AASHTO (2007) Load & Resistance Factor Design (LRFD) Bridge Design Specifications. 4

th
 

Edition. Washington, DC. 

AASHTO, (2002). Standard Specifications for Highway Bridges. 17th edition. Washington, DC. 

AASHTO, (2008) AASHTO MBE-1-M, Manual for Bridge Evaluation, 1st Edition, Washington, 

DC. 

ASCE-7 (2010). "Minimum design loads for buildings and other structures." ASCE/SEI 7-10, 

American Society of Civil Engineers. 

ASCE-AASHTO Task Committee, (1985). “State of the Art Report on Redundant Bridge 

Systems”, Journal of Structural Engineering, ASCE, Vol. 111, No. 12. 

Baker, J.W., Schubert, M., and Faber, M.H., (2008) On the assessment of Robustness, Journal of 

Structural Safety, Vol. 30, pp. 253-267. 

Biondini, F., Frangopol, D. M., and Restelli, S. (2008) "On structural robustness, redundancy and 

static indeterminacy." Structural Congress 2008, ASCE. 

Björnsson, I., (2010) Robust design of Bridges, M.S. Thesis, Lund Institute of Technology Lund 

University, Lund, Sweden 

Chen, K., and Zhang, S. (1996). "Semi-probabilistic Method for Evaluating System Redundancy 

of Existing Offshore Structures." Ocean Engineering, 23(6), 455-464. 

Crampton, D. D., McGormley, J C, and Hill, H J, (2007), Improving Redundancy of Two-Girder 

Bridges, Design of Structures 2007, Transportation Research Record: Journal of the 

Transportation Research Board , Issue Number: 2028. 

Dexter, R J, Connor, R J, Mahmoud, H (2005), Inspection and Management of Bridges with 

Fracture Critical details,  NCHRP Synthesis Report 354,  Transportation Research Board, 

Washington DC. 

DOD. (2002). Unified facilities criteria (UFC), DoD minimum antiterrorism standards for 

buildings, Department of Defense, UFC 4-010-01, U.S. Army Corps of Engineering, 

Washington, D.C. 

Ellingwood, B. R. (2006). "Mitigating Risk from Abnormal Loads and Progressive Collapse." 

Journal of Performance of Constructed Facilities, ASCE, November, 315-323. 

Ellingwood, B. R. (2009). "Abnormal loads and disproportionate collaspe: risk mitigation 

strategies." Structural Congress 2009, ASCE. 

http://tris.trb.org/results.aspx?q=&serial=%22Transportation%20Research%20Record%3A%20Journal%20of%20the%20Transportation%20Research%20Board%22
http://tris.trb.org/results.aspx?q=&serial=%22Transportation%20Research%20Record%3A%20Journal%20of%20the%20Transportation%20Research%20Board%22
http://tris.trb.org/results.aspx?q=&serial=%22Transportation%20Research%20Record%3A%20Journal%20of%20the%20Transportation%20Research%20Board%22


C-43 

 

Ersdal, G., (2005) Assessment of Existing Offshore Structures for Life Extension, Ph.D. 

Dissertation, University of Stavanger, Norway.  

Estes, A.C., and Frangopol, D.M. (1999). “Repair optimization of highway bridges using system 

reliability approach,” Journal of Structural Engineering, ASCE, 125(7), 766-775, 

Eurocode8. (1994). Design Provisions for structures, European Committee for Standardization. 

Faber, M.H. (2008), Robustness of Structures, Proceedings of the 1
st
 Workshop, COST Action 

TU0610, Feb. 4-5, 2008, Zurich, Switzerland  

FEMA. (1997). NEHRP guidelines for the seismic rehabilitation of buildings, FEMA-273, 

Washington, D.C. 

Frangopol, D.M. (1990). “System reliability in structural analysis, design, and optimization,” 

Structural Safety (Special Issue), Elsevier, D. M. Frangopol, guest ed., 7(2-4), 83-309. 

Frangopol, D.M. and Curley, J.P. (1987), “Effects of damage and redundancy on structural 

reliability”, Journal of Structural Engineering, ASCE, 113 (7), 1533-1549. 

Frangopol, D.M. with many others (1990). “Research needs in structural system reliability,” 

Structural Safety, D.M. Frangopol, and R.B. Corotis, eds., Elsevier, Amsterdam, 7(2-4), 299-

309. 

Frangopol, D.M., and Corotis, R.B. (1994). “Reliability-based structural system assessment, 

design and optimization,” Structural Safety (Special Issue), D.M. Frangopol, and R.B. Corotis, 

guest eds., Elsevier, 16(1+2), 1-174. 

Frangopol, D.M., and Hearn, G. (1998). “Bridge reliability,” Engineering Structures (Special 

Issue), D. M. Frangopol and G. Hearn, guest eds., Elsevier, 20(11), 931-1026. 

Frangopol, D.M., and Nakib, R. (1991), “Redundancy in highway bridges”, Engineering Journal, 

American Institute of Steel Construction, 28(1), 45-50.  

Frangopol, D.M., and Nakib, R. (1991), “Redundancy in highway bridges”, Engineering Journal, 

American Institute of Steel Construction, 28(1), 45-50.  

Frangopol, D.M., ed. (1987). Effects of Damage and Redundancy on Structural Performance, 

ASCE (ISBN 0-87262-587-7), New York, 85 pages. 

Frangopol, D.M., ed. (1989). New Directions in Structural System Reliability, D.M. Frangopol, 

ed., University of Colorado Press (Library of Congress Catalog Card Number: 89-50015), 

Boulder, Colorado, 394 pages. 

Frangopol, D.M., ed. (1989). New Directions in Structural System Reliability, D.M. Frangopol, 

ed., University of Colorado Press (Library of Congress Catalog Card Number: 89-50015), 

Boulder, Colorado, 394 pages. 



C-44 

 

Frangopol, D.M., Iizuka, M., and Yoshida, K. (1992). “Redundancy measures for design and 

evaluation of structural systems,” Journal of Offshore Mechanics and Arctic Engineering, 

ASME, 114(4), New York, 285-290. 

Fu, G., and Frangopol, D.M. (1990). "Balancing weight, system reliability and redundancy in a 

multiobjective optimization framework," Structural Safety, 7(2-4), 165-175. 

Fu, G., Frangopol, D.M. (1990) Balancing Weight. System reliability and redundancy in a multi-

objective optimization framework, Structural Safety, 7(2-4), 166-175 

Garrick, B. J., James E. Hallb, Max Kilgerc, J., ohn C. McDonaldd, Tara O'Toolee, Peter S. 

Probstf, Elizabeth Rindskopf Parkerg, Robert Rosenthalh, Alvin W. Trivelpiecei, Arsdalej, L. 

A. V., and Zebroskik, E. L. (2004). "Confronting the risks of terrorism: making the right 

decisions." Reliability Engineering & System Safety, 86, 129-176. 

Gharaibeh, E.S., Frangopol, D.M., and Onoufriou, T. (2002). “Reliability-based importance 

assessment of structural members with applications to complex structures,” Computers & 

Structures, Pergamon, 80(12), 1111-1131. 

Ghosn, M., and Moses, F., (1998). Redundancy in Highway Bridge Superstructures. National 

Cooperative Highway Research Program, NCHRP Report 406, Transportation Research 

Board, Washington DC: National Academy Press.  

Ghosn, M., Moses F. and Frangopol, D.M. (2010) “Redundancy and Robustness of Highway 

Bridge Superstructures and Substructures”, Journal of Structural and Infrastructure 

Engineering, Vol. 6, Nos. 1, 2010. 

Ghosn, M., Sivakumar, B. and F. Miao (2010) Load and Resistance Factor Rating for NYSDOT, 

Ongoing study, The City College of New York.  

GSA. (2000). Progressive Collapse analysis and design guidelines for new federal office 

buildings and major modernization projects, Office of Chief Architect, Washington, D.C. 

Hendawi, S., and Frangopol, D.M., 1994. “System reliability and redundancy in structural design 

and evaluation,” Structural Safety, Elsevier, 16(1+2), 47-71. 

Hubbard, F., Shkurti, T., and Price, K., D., (2004). “Marquette Interchange Reconstruction: HPS 

Twin Box Girder Ramps, International Bridge Conference, Pittsburgh, PA 

Hunley, T. and Harik, I., (2007) “Redundancy of Twin Steel Box Girder Bridges”, World Steel 

Bridge Symposium, National Steel Bridge Alliance, New Orleans, LA 

ISO 13824 – Bases for design of structures – General principles on risk assessment of systems 

involving structures – ISO Committee TC98 SC2 WG 11 chaired by Prof. Takada  

ISO 19902:2007 Petroleum and Natural Gas Industries, - Fixed Steel Offshore Structures.  

http://www.aisc.org/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=20564


C-45 

 

Japan Society of Civil Engineers, Technical Committee 331 (JSCE-331) Structural Performance 

of Deteriorated Concrete Structures. 

Karamchandani, A. and Cornell, C.A., 1989. “Study of Redundancy of Near-ideal Parallel 

Structural Systems, Proceedings of ICOSSAR’89, San Francisco, CA. 

Kohler, J., Narasimhan, H., and Faber, M.H., (2009)  Robustness of Structures and Modelling of 

the Performance of Timber Structures, Proceedings of the Joint Workshop, of COST Actions 

TU0610 and E55, Sept. 21-22, 2009, Ljubljana, Slovenia. 

Liu, D., Ghosn, M., Moses, F., and Neuenhoffer, A., (2001). Redundancy in Highway Bridge 

Substructures. National Cooperative Highway Research Program, NCHRP Report 458, 

Transportation Research Board, Washington, DC: National Academy Press. 

Marjanishvili, S. M. (2004). "Progressive Analysis Procedure for Progressive Collapse." Journal 

of Performance of Constructed Facilities, ASCE, May, 79-85. 

Melchers, R.E., 1999. Structural reliability Analysis and Prediction, 2
nd

 Edition. New York: 

Wiley. 

Mertz D. (2006), LRFR: FDOT Rating Policies & Procedures, Presentation at Summer 2006 

FDOT, Design Conference. 

Mertz, D., R. (2008) Load Modifier for Ductility, Redundancy, and Operational, Importance, 

Aspire Magazine, Issue 08, Fall 08. 

Nowak. A.S. (1999), Calibration of LRFD Bridge Design Code, NCHRP Report 368. 

Washington, DC. 

Okasha, M. N., and Frangopol, D.M. (2010). “Redundancy of structural systems with and without 

maintenance: An approach based on lifetime functions,” Reliability Engineering & System 

Safety, Elsevier, 95(5), 520-533. 

Paliou, C., Shinozuka, M., and Chen, Y.-N. (1990). "Reliability and Redundancy of Offshore 

Structures." J. Engrg. Mech, 116, 359-378. 

PTI Recommendations for Stay Cable Design, Testing and Installation, (2008) 5
th
 edition, 

Phoenix Arizona. 

Robustness of Structures: COST Action TU0601 http://www.cost-tu0601.ethz.ch  

Sivakumar, B., Ghosn, M. and Moses, F. (2008) “Protocols for Collecting and Using Traffic Data 

in Bridge Design”, NCHRP 12-76, Final Report, Transportation Research Board, Washington, 

DC. 

Sorensen, J.O., Rizzuto, E., Faber, M.H., (2009), Robustness: Theoretical Framework, 

Proceedings of the Joint Workshop, of COST Actions TU0610 and E55, Sept. 21-22, 2009, 

Ljubljana, Slovenia. 



C-46 

 

Stewart, M. G., and Netherton, M. D. (2006). "Security risks and probabilistic risk assessment of 

glazing subject to explosive blast loading." Reliability Engineering & System Safety, 93(4), 

627-638. 

Thoft-Christensen, P., and Baker, M.J., 1982. Structural Reliability and its Applications. New 

York: Springer-Verlag. 

 

 


