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FOREWORD 

Fracture critical members (FCMs) are defined in the AASHTO LRFD Bridge Design Specifications (AASHTO, 
2017) (referred to as LRFD Design hereafter) as steel primary members, or portions thereof, subject to tension whose 
failure would probably cause a portion of or the entire bridge to collapse. The decision to designate members as 
FCMs has often been made without considering actual system redundancy or performance of the structure 
following failure of an FCM. Prior to the development of the specifications contained herein, no standards existed 
on how to best perform a system analysis to determine performance and response in the event an FCM is assumed 
to have failed. NCHRP Report 883 (Connor et al., 2018) details the research conducted for NCHRP Project 
12-87a, which was conceived and completed to address all of the important issues related to performing a credible 
system analysis to identify members in steel bridge structures that should truly be designated as FCMs. Members 
satisfying the provisions of this Guide Specification may be re-designated as System Redundant Members (SRMs) 
as defined in LRFD Design and in a FHWA Technical Memorandum dated June 20, 2012 (M. Myint Lwin, 
2012). While the FHWA Memorandum states that system analysis shall only be applied to bridges that are 
fabricated to the Fracture Control Plan specified in Clause 12 of the AASHTO/AWS D1.5M/D1.5 Bridge Welding 
Code (AASHTO/AWS, 2015), the provisions contained herein may be applied to any steel bridge that satisfies the 
specified screening criteria. However, at present, special permission would need to be granted by the FHWA to 
designate members in such bridges as SRMs.

Clearly, the decision to designate members as fracture critical should not be made solely on the basis of the 
results from 3-D finite element system analysis. The decision also requires a thorough assessment of the overall 
fracture vulnerability of the bridge, including details, history, materials, condition, and other factors. Thus, 
while finite element analysis (FEA) may demonstrate that a given structure (new or existing) meets the 
performance criteria contained in these Guide Specifications, any future inspection strategy should depend on an 
overall assessment of the structure. The assessment would inherently include factors that are difficult to reliably 
incorporate in a FEA, such as material toughness, presence of fatigue cracks, detailing, residual stresses, age, traffic 
history, current condition, inspection history, etc. For example, a bridge with members traditionally designated as 
FCMs that possesses poor details and a history of fatigue cracking probably should not be exempted from in-depth 
inspection requirements for the entire life of the bridge based solely on system analysis. Alternately, it may be 
wasteful to perform fracture critical member inspections on a relatively new bridge that is constructed with high 
quality fabrication using high quality materials, and that is in good condition with details that are designed for 
infinite life. Thus, the user of this Guide Specification should consider future inspection strategies even when the 
structure is shown to satisfy the requirements of this Guide Specification. While this Guide Specification does not 
provide any direction on how to set any sort of future inspection strategies, research by Parr et al. (2010) and 
NCHRP Report 782 (Washer et al. 2014) provide useful guidance.  

Throughout this Guide Specification, the condition during which an FCM is assumed to have failed is referred to 
as the “faulted state”. It is in this condition that these Guide Specifications are intended to apply. These 
specifications are not applicable to rating or other evaluations when all members are intact. These Guide 
Specifications provide direction on overall modeling, element selection, and material models suitable for 
nonlinear FEA. Further, two reliability-based load combinations referred to as Redundancy I and Redundancy II 
have been developed to achieve target reliability indices in the faulted state. These load combinations were 
developed using the same procedures previously used to create the various load combinations utilized in the 
current LRFD Design. To determine if the bridge demonstrates sufficient performance in the faulted state, criteria 
for the strength and service limit states have been developed for comparison to the results of the FEA.  

The assessment procedures included herein apply to typical steel bridges, such as simple span and continuous I-
girder and tub girder bridges, through-girder bridges, truss bridges, and tied arch bridges. The Owner’s/Engineer’s 
discretion may be used to determine other bridge types to which these assessment procedures may or may not 
apply. It is noted that these assessment procedures were not developed for atypical structures, such as suspension 
bridges or cable-stayed bridges. It must be taken into account that the specified analysis procedures involve 
complex nonlinear FEA, which must only be performed by individuals experienced in such finite element modeling.  

The commentary directs attention to other documents that provide suggestions for carrying out the requirements 
and the intent of this Guide Specification. The commentary is not intended to provide every detail as to the 
development of this Guide Specification, nor is it intended to provide a detailed summary of the studies and 

© 2018 by the American Association of State Highway and Transportation Officials. 
All rights reserved. Duplication is a violation of applicable law.Full document details: AASHTO GSFCM-1-2018

http://www.avadocuments.com/doc/aashto-gsfcm-1-2018
http://www.avadocuments.com/doc/aashto-gsfcm-1-2018


ii 

research data reviewed in formulating the provisions of this Guide Specification. The reader is encouraged to 
review NCHRP Report 883 (Connor et al., 2018), and the Interim Reports for NCHRP Project 12-87a, which 
include more complete details and background related to the development of these Guide Specifications.  
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1 
 

SECTION 1 
GENERAL INFORMATION 

 
1.1—SCOPE 
 
  The provisions contained herein shall be used to 
evaluate system-level redundancy of a bridge after the 
failure of a member traditionally designated as an FCM. 
The results of the evaluation shall place such members 
into one of two categories: 
 

• Fracture Critical Member (FCM) 
 

• System Redundant Member (SRM) 
 
  An FCM may be re-designated as a SRM depending on 
the outcome of the evaluation using the performance 
criteria specified in Article 8.1. The primary tension 
members undergoing evaluation shall be identified on the 
contract plans as either SRMs or FCMs on new bridges, 
or as such in the bridge record file for existing bridges.  
 
  In the case of newly designed yet to be constructed 
bridges, both FCMs and SRMs shall be fabricated to 
satisfy the provisions of Clause 12 of the AASHTO/AWS 
D1.5M/D1.5 Bridge Welding Code. The provisions of 
Article 9.1 shall also apply. For members which are 
entirely built-up from components attached using 
mechanical fasteners, the load-carrying components shall 
satisfy the Fracture-Critical Tension Component Impact 
Test Requirements specified in AASHTO M 270M/M 
270 (ASTM A709/A709M).  
 
  Unless otherwise specified by the Owner, the 
assessment procedures included herein shall only be 
considered applicable to straddle beams and integral cap 
beams, and to the following steel-bridge structure types: 
 

• Simple-span and continuous-span I-girder (rolled or 
fabricated plate sections) and tub-girder bridges 
(including curved and/or skewed bridges); 

 

• Through-girder bridges; 
 

• Truss bridges; and 
 

• Tied-arch bridges. 
 
   

 C1.1 
 
  The provisions described herein are applicable to 
existing or newly designed but yet to be constructed steel 
bridges that are classified as non-redundant and that 
possess members that are traditionally classified as 
Fracture Critical Members (FCMs). Traditionally, simple 
static structural analysis models, experience, and/or 
engineering judgement have been the typical tools used 
to identify FCMs. However, it has been shown that steel 
bridges with members traditionally classified as fracture 
critical may possess significant reserve strength after the 
failure of such a member (Cha et al., 2014; Connor et al., 
2005; Connor et al., 2018; and Neuman, 2009).  
 
  These provisions are primarily based on the work 
reported in NCHRP Report 883 (Connor et al., 2018), in 
which a finite element methodology was developed to 
assess whether the failure of a member traditionally 
classified as fracture critical would result in excessive 
strain in the remaining members, collapse, or loss of 
serviceability. 
 
  The objective of these provisions is to provide guidance 
on how to best perform FEA to evaluate the redundancy 
of an existing bridge or a bridge under design after the 
assumed failure of a member traditionally designated as 
an FCM. Members satisfying these provisions may be re-
designated as System Redundant Members (SRMs) as 
defined in LRFD Design (AASHTO, 2017), and in an 
FHWA Technical Memorandum dated June 20, 2012 (M. 
Myint Lwin, 2012) SRMs need not be subject to the 
inspection protocols for FCMs as described in 23 CFR 
650.305(FHWA/DOT, 2017).  
 
  In the majority of cases, research and in-service 
performance have demonstrated that conventional bridge 
designs have provided sufficient redundant capacity after 
the failure of a member traditionally designated as an 
FCM. Therefore, while adjustments to a new design may 
need to be made to satisfy the performance criteria 
specified herein, these provisions are not intended to be 
used as the primary basis for the design of a new 
structure. 
 
  While the analysis may indicate adequate system 
redundancy, the special fabrication requirements 
associated with the provisions of the Fracture Control 
Plan (FCP) specified in Clause 12 of the AASHTO/AWS 
D1.5M/D1.5 Bridge Welding Code (AASHTO/AWS, 

© 2018 by the American Association of State Highway and Transportation Officials. 
All rights reserved. Duplication is a violation of applicable law.Full document details: AASHTO GSFCM-1-2018

http://www.avadocuments.com/doc/aashto-gsfcm-1-2018
http://www.avadocuments.com/doc/aashto-gsfcm-1-2018


 AASHTO GUIDE SPECIFICATIONS FOR ANALYSIS AND IDENTIFICATION OF 

2 FRACTURE CRITICAL MEMBERS AND SYSTEM REDUNDANT MEMBERS 

 

 

2015) will decrease the likelihood of future fatigue and 

fracture issues in the members under evaluation. 

 

  These provisions are intended to be used in conjunction 

with other governing AASHTO Specifications, as 

applicable. 

 

  The limitations of these provisions are based on the 

range of structure types and span configurations 

considered in NCHRP Project 12-87a and detailed in 

NCHRP Report 883 (Connor et al., 2018). Application of 

these provisions to “atypical” structures, such as 

suspension bridges or cable-stayed bridges, may require 

additional research and benchmarking efforts. 

 

  The term “shall” denotes a requirement for compliance 

with these Guide Specifications. The term “should” 

indicates a strong preference for a given criterion. The 

term “may” indicates a criterion that is usable, but other 

local and suitably documented, verified, and approved 

criterion may also be used in a manner consistent with the 

approaches described in the current Guide Specification.  

   

1.2—APPROACH 

 

  The following steps shall be completed to perform a 

system analysis: 
 

 Perform a screening according to the provisions 

specified in Section 2. 
 

 If the bridge passes the screening specified in Section 

2, perform system modeling as specified in Sections 

3 through 8 and illustrated in the flow chart in Figure 

1.2-1. 
 

 If the bridge being evaluated is a newly designed, yet 

to be constructed bridge, the Engineer shall follow 

the detailing requirements for new bridges specified 

in Section 9 in the design of the bridge. 

 

 C1.2 

 

   The Engineer may choose to follow the provisions 

described in Sections 3 through 8 in a different order than 

that shown in Figure 1.2-1. However, the process shown 

in Figure 1.2-1 is usually the most efficient.  
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1.3—DEFINITIONS 

Body Force = Force that acts throughout the volume of a body; in the context of this Guide 

Specification, this force represents the self-weights of the geometries 

modeled.  

 

Collapse  = Inability of a structure, or part of a structure, to satisfy static equilibrium 

under some predetermined load combination. In the AASHTO Manual for 

Bridge Evaluation (AASHTO, 2018), collapse is defined as “a major 

change in the geometry of the bridge rendering the bridge unfit for use”, 

which herein falls under the definition of Loss of Serviceability.  

 

Component  

(of a primary member)  

= A portion of a (primary) member with a specific design function; for 

example, the flange of a girder, the web of a girder, a plate in an axial 

member.  

 

Fracture Critical Member  

(FCM)  

= A steel primary member or portion thereof subject to tension whose failure 

would probably cause a portion of or the entire bridge to collapse.  

 

Fracture Critical Member 

Inspection  

= A hands-on inspection of a fracture critical member or member component 

that may include visual and other nondestructive evaluation as defined in 

23 CFR 650.305 – Definitions (FHWA/DOT, 2017).  

 

Member Failure  

(Failed Member)  

= Inability of a particular cross-section of an FCM to carry any load. In these 

provisions, this state is introduced via element deletion or material 

softening. This results in the faulted state.  

 

Faulted State  = State of the bridge with an assumed failed FCM, as opposed to the unfaulted 

state. 

 

Hourglassing  = Spurious deformation mode of a finite element mesh, resulting from the 

excitation of zero-energy degrees of freedom. This mode typically 

manifests as a patchwork of zig-zag or hourglass-like element shapes, 

where individual elements are severely deformed, while the overall mesh 

section is not deformed. This happens on 3D and 2D reduced integration 

elements, particularly when subjected to point loads.  

 

HL-93 Vehicular Live Load 

Model 

= Vehicular live load model composed of the HL-93 truck load and a 

distributed lane load of 0.64 klf over a width of 10 ft, as defined in LRFD 

Design (AASHTO, 2017).  

 

Integral Cap Beam = Pier cap integral with the girders it supports, typically supported on a single 

column.  

 

Loss of Serviceability  = Inability of a structure, or part of a structure, to provide the function that it 

is designed for. In the case of a bridge, an example of design function is 

safe passage of vehicles and/or pedestrians.  

 

Primary (Steel) Member  = A steel member or component that transmits gravity loads through a 

necessary as-designed load path. These members are therefore subjected to 

more stringent fabrication and testing requirements; considered 

synonymous with the term “main member”.  

 

Redundancy  = Ability of a structure to provide an alternate resistance mechanism after the 

failure of a primary member. 
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Shear Locking  = Overstiffening of quadrilateral and hexahedral elements in calculations by 

finite element methods, typically occurring when slender geometries are 

coarsely meshed and subjected to flexure. This happens on 3D and 2D full 

integration elements, particularly when the element geometry has a large 

aspect ratio.  

 

Straddle Beam  = Beam supporting the planned bridge resting on two or more support 

columns. A straddle beam may be integral or not with the girders it supports, 

or with the columns it rests on.  

 

System Redundant Member  

(SRM)  

= A steel primary member subject to tension for which the redundancy is not 

known by engineering judgment, but which is demonstrated to have 

redundancy through a refined analysis. SRMs must be designated on the 

contract documents to be fabricated according to Clause 12 of the 

AASHTO/AWS D1.5M/D1.5 Bridge Welding Code (AASHTO/AWS, 

2015). An SRM need not be subject to the inspection protocols for an FCM 

as described in 23 CFR 650.305 (FHWA/DOT, 2017).  

 

1.4—NOTATION 

𝑨𝒃𝒓𝒈  = Under-head cross-sectional net area of a single stud (in.2).  

 

𝑨𝒔𝒆,𝑵  = Effective cross-sectional area of a single stud (in.2).  

 

𝒄𝟏  = Effective edge distance (in.).  

 

𝑫𝑨𝑹  = Dynamic amplification factor for Redundancy I load combination.  

 

𝑫𝑪  = Dead load of structural components and nonstructural attachments, as defined in LRFD Design 

(AASHTO, 2017).  

 

𝑫𝑾  = Dead load of wearing surfaces and utilities, as defined in LRFD Design (AASHTO, 2017).  

 

𝒅𝒉  = Shear stud head diameter (in.).  

 

𝒅𝒔  = Shear stud shaft diameter (in.).  

 

𝑬𝒄  = Modulus of elasticity of concrete (ksi).  

 

𝑬𝒔  = Modulus of elasticity of steel (ksi).  

 

𝒇𝒄
′   = Specified compressive strength of concrete for use in design (ksi).  

 

𝒇𝒕  = Tensile strength of concrete used in material definition (ksi).  

 

𝒇𝒖𝒂  = Nominal ultimate strength of the stud (ksi).  

 

𝒇𝒚𝒂  = Nominal yield strength of the stud (ksi).  

 

𝒇(𝜺)  = Uniaxial compressive stress of concrete as a function of uniaxial compressive strain (ksi).  

 

𝑮𝒕  = Fracture energy of concrete used in material definition (ksi-in.).  

 

𝒉𝒆𝒇  = Shear stud effective height, taken as the height of the shear stud shaft, measured from the bottom of 

the shear stud head to the outer face of the top flange of the member (in.).  
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𝑰𝑴  = Vehicular dynamic load allowance, as defined in LRFD Design (AASHTO, 2017). In this Guide 

Specification, the dynamic load allowance is 15 percent of the factored truck load portion of the HL-

93 live load model.  

 

𝑲𝟏  = Single stud cumulative stiffness neglecting effect of flange flexibility (kip/in.).  

 

𝑲𝒄𝟏  = Single stud concrete stiffness (kip/in.).  

 

𝑲𝒑𝟏  = Flange bending stiffness (kip/in.).  

 

𝑲𝒔𝟏  = Single stud steel stiffness (kip/in.).  

 

𝑲𝒈  = Total shear stiffness of transversely grouped shear studs (kip/in.).  

 

𝑳𝑳  = Vehicular live load, as defined in LRFD Design (AASHTO, 2017).  

 

𝒍𝒔  = Longitudinal spacing between shear studs (in.).  

 

𝑵𝒃  = Non-modified concrete break-out strength of a single shear stud (kip).  

 

𝑵𝒄𝒃  = Concrete break-out strength of transversely grouped shear studs (kip).  

 

𝑵𝒈,𝒏  = Nominal tensile strength of transversely grouped shear studs (kip).  

 

𝑵𝒈(𝜹𝑵)  = Tension force as a function of axial displacement for a shear stud group embedded in concrete (kip).  

 

𝑵𝒑𝒏  = Pullout strength of transversely grouped shear studs (kip).  

 

𝑵𝒔  = Number of transversely grouped shear studs.  

 

𝑵𝒔𝒂  = Tensile rupture strength of transversely grouped shear studs (kip).  

 

𝑵𝒚𝒂  = Tensile yield strength of transversely grouped shear studs (kip).  

 

𝒏  = Power fit value used in Popovics’ compressive stress-strain relationship for concrete.  

 

𝑸𝒏  = Nominal shear resistance of one shear stud embedded in a concrete slab calculated in accordance 

with LRFD Design Article 6.10.10.4.3 (kip) (AASHTO, 2017).  

 

𝑸𝒈,𝒏  = Nominal shear resistance of a group of shear studs embedded in a concrete slab (kip).  

 

𝑸𝒈(𝜹𝑸)  = Shear as a function of shear displacement for a shear stud group embedded in concrete (kip).  

 

𝑹𝒄  = Shear stud group stiffness coefficient.  

 

𝑺𝑵  = Distribution factor for shear stud groups.  

 

𝒔𝟎  = Distance from the center of the flange to the outermost stud (in.). For a transverse group consisting 

of one shear stud, 𝒔𝟎 shall be taken as zero.  

 

𝒕𝒇  = Flange thickness (in.).  

 

𝒕𝒉  = Net haunch thickness measured from top of top flange to underside of slab (in.).  

 

𝒘𝒄  = Density of concrete (kcf).  
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SECTION 1: GENERAL 7 

 

   
 

 

𝒘𝒉  = Haunch width (in.). 

 

𝜹𝑵  = Tensile displacement of a shear stud (in.).  

 

𝜹𝑵,𝒇  = Tensile displacement of a shear stud group at failure for shear stud pullout or concrete break-out 

failure modes (in.).  

 

𝜹𝑸  = Shear displacement of a shear stud (in.).  

 

𝜺  = Uniaxial compressive strain of concrete.  

 

𝜺𝒄  = Compressive strain of concrete at a uniaxial compressive stress equal to 𝑓𝑐
′.  

 

𝜺𝒑𝒍𝒂𝒔𝒕𝒊𝒄  = Plastic strain of concrete.  

 

𝜸𝑫𝑪  = Load factor for structural components and nonstructural attachments.  

 

𝜸𝑫𝑾  = Load factor for wearing surfaces and utilities.  

 

𝜸𝑳𝑳  = Load factor for vehicular live load.  

 

𝜸𝑸𝒏  = Total factored load.  

 

𝝍𝒄,𝑵  = Cracking modification factor for calculation of break-out strength of transversely grouped shear 

studs.  

 

𝝍𝒄,𝑷  = Cracking modification factor for calculation of pullout strength of transversely grouped shear studs.  

 

𝝍𝒆𝒅,𝑵  = Edge modification factor for calculation of concrete break-out strength of transversely grouped 

shear studs.  
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 AASHTO GUIDE SPECIFICATIONS FOR ANALYSIS AND IDENTIFICATION OF 

8 FRACTURE CRITICAL MEMBERS AND SYSTEM REDUNDANT MEMBERS 
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