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Concentrically braced frame (CBF) structural systems resist lateral loads using braces framed diagonally 

between frame work points defined at the intersection of beam, column, and brace centerlines.   In the 

past few decades, research on CBFs has primarily focused on improving seismic detailing requirements 

for new construction.  Braced frames designed prior to 1988, termed non-seismic concentrically braced 

frames (NCBFs), had much less stringent design requirements the consequences of which include high 

variability in the beam-to-connection detail, an inability to develop the yield capacity of the brace, and 

unknown controlling failure modes.  Evaluation and retrofit of existing NCBF systems can be challenging 

in part due to the lack of experimental research evaluating the variety of connection details and 

deficiencies present in existing NCBF infrastructure.  

 

As part of a large NSF supported effort to provide guidance on the seismic evaluation and retrofit of 

NCBFs, five NCBF frames focusing on bolted beam-to-column connections were designed and tested at 

the University of Washington Structural Research Laboratory.  The results are compared to the results of 

nine previous NCBF tests using measured response parameters and observed performance. It was found 

that the brace type along with the continuity, flexibility, and deficiencies of the connection could 

dramatically impact the deformation capacity, failure mode, and yielding hierarchy observed in an NCBF.  

Backbone curves developed for all fourteen experiments provide modeling parameters to be used in the 

development of modified procedures for evaluation and retrofit of braced frames. 
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Chapter 1:   Introduction  

1.1 Behavior of Concentrically Braced Frames  

Concentrically braced frames (CBFs) are stiff, strong lateral force resisting systems that feature steel 

braces aligned with the intersections of the beam, column, and brace centerlines that occur in the 

corner connections or the center of the beam.  Over the last several decades, CBFs have been popular 

throughout the United States to resist lateral forces from wind and earthquake because they are 

relatively inexpensive to construct.  

 

Special concentrically braced frames (SCBFs) are a modern form of CBF construction used in regions of 

high seismicity.  The components of SCBFs (connections, beams, and columns) are designed for the 

expected capacity of the braces to ensure that the braces can buckle and yield prior to the connection or 

frame members reaching any limit states. This philosophy along with other detailing requirements work 

to promote system ductility and to control the failure mode.  

 

The design requirements for SCBFs have evolved over the last several decades thanks to a significant 

amount of research.  However, only limited research has been done on existing CBFs that do not meet 

these requirements.  CBFs designed prior to 1988, termed non-seismic concentrically braced frames 

(NCBFs) were designed prior to the introduction of capacity based design and could exhibit poor 

performance relative to an SCBF in the event of an earthquake as shown in Figure 1-1.  The prediction of 

NCBF performance is difficult due to the wide variety of connection types and system configurations 

that stem from the lack of detailing requirements.    

 

  
a. Example NCBF (Hsiao et. all 2012) b. Example SCBF (Herman 2007) 

Figure 1-1: Example of SCBF and NCBF Performance 
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1.2 Research Program 

The engineering community recognizes that many of the existing structures on the west coast having 

NCBFs do not meet modern SCBF seismic design requirements and may be in need of retrofit.  

Evaluation and retrofit of existing braced frames is guided by ASCE 41 (2013).  However, little 

ŜȄǇŜǊƛƳŜƴǘŀƭ ŜǾƛŘŜƴŎŜ ƻƴ b/.C ōŜƘŀǾƛƻǊ ǿŀǎ ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ ŜŀǊƭȅ мффлΩǎ ǿƘŜƴ ǘƘŜ !{/9 пм ǇǊƻǾƛǎƛƻƴǎ 

were first developed.   

 

In an NSF funded collaborative effort to understand the seismic performance of NCBFs and to establish 

economical retrofit strategies for these systems, a series of experiments at the University of Washington 

(UW), the University of California, Berkeley, and the National Center for Research on Earthquake 

Engineering (NCREE) in Taipei Taiwan were developed as shown in Figure 1-2. These tests were designed 

to represent existing infrastructure identified in an infrastructure review conducted by Sloat (2014) and 

evaluate both NCBF component and system levels behaviors.  

 

 
Figure 1-2: Experimental Setup at Various NCBF Testing Locations (Sen 2014) 

 

1.3 Research Objectives 

The research presented in this thesis builds off of tests by Sloat (2014) and Johnson (2014) at UW SRL. 

These tests were based off of an infrastructure review and looked at a subset of connection details and 

deficiencies common to NCBF infrastructure.  The research objectives for this particular thesis are 

outlined below. 

 

- Conduct experiments on additional braced frame specimens at the UW SRL with a focus on 

connection type and brace retrofit options including:  

o Bolted end plate connections; 

o Integrated gusset-shear plate connections; 

o Retrofit with buckling restrained braces. 
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- Compare the performance of NCBF tests to date to draw conclusions about the impact of 

connection type, and brace type on the performance of NCBFs.  

 

- Determine the yielding hierarchy and failure modes in NCBFs with bolted end plate and 

integrated gusset shear plate connections and correlate that hierarchy to calculated 

deficiencies.  

 

- Develop backbone curves for all UW NCBF experiments and provide recommendations for the 

modification and improvement of current evaluation and retrofit procedures in ASCE 41. 

 

- Provide recommendations for future experimental and analytical work to provide a more 

complete picture of NCBF performance. 

 

1.4 Report Overview  

This report is divided into nine chapters and represents the work done to achieve the research 

objectives. Chapter 2  provides an in depth review of the project background including a review of 

braced frame design approaches used in the last several decades, a summary of an infrastructure review 

conducted by Sloat (2014), and a summary of all NCBF tests conducted by Sloat (2014) and Johnson 

(2014).  This information provides context for the development the five NCBF experiments presented in 

this thesis. Design of the experimental specimens is described in Chapter 3.   

 

Chapter 4 describes the experimental setup used to test the specimens designed in Chapter 3 and 

provides general instrumentation layout for each experiment.  Chapter 5 contains all of the 

experimental observations and categorizes observed damage into performance states.  The 

performance states in chapter 5 are used to develop performance state summary tables that highlight 

the progression of damage at increasing levels of drift and are also used throughout individual test 

narratives.  

 

Chapter 6 analyzes the test data collected for each experiment and is used to support conclusions about 

individual specimen performance.  Chapter 7 compares the performance and response of the five tested 

specimens with other NCBF specimens with similar characteristics and draws conclusions about the 

impact of brace and connection on frame ductility.  Chapter 8 looks at all of the NCBF tests prior to June 

2015 and tabulates backbone parameters relevant for ASCE 41 retrofit.  The backbone curves are used 

to compare specimens with similar deficiencies and failure modes to guide the recommendations for 

future work.  Chapter 9 summarizes the findings of this research project and presents overall 

conclusions and recommendations for future work.   

 

Appendix A contains detailed instrumentation plans for each experiment.  Appendix B contains 

connection specific design expressions and force distributions used to evaluate each connection. 

Appendix C contains a detailed report about the material coupon testing done for all NCBF tests to date.  
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Appendix D contains supplemental data analysis plots that provide additional information about the 

performance of each specimen beyond what is presented in the main body of the document.  Appendix 

E contains background information on BRB testing as well as BRB details, design, and past experimental 

research.  
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Chapter 2:   Project Background  

2.1 Intr oduction  

This chapter discusses the evolution of braced frame design and details previous NCBF research 

conducted at UW to provide context and motivation for the research presented in this thesis. Section 

2.2 reviews the design approaches currently employed in practice for the design and retrofit of braced 

frame structures and compares them to the design requirements for braced frames designed prior to 

1988.  Section 2.3 introduces a demand capacity ratio (DCR) evaluation used to assess existing 

infrastructure and summarizes findings from an infrastructure review conducted by Sloat (2014). Section 

2.4 summarizes the findings of 9 past NCBF experiments conducted by Hsiao et. all (2012), Sloat (2014), 

and Johnson (2014).  Each summary contains the goal of each experiment along with the connection 

detail, connection DCRs, and a summary of the performance including a base shear vs. drift hysteresis, 

yield hierarchy, and photos of observed damage.  These summaries serve as reference for Chapters 7 

and 8 which compare the performance of the past NCBF experiments with the tests presented in this 

thesis.  

 

2.2 Review of Past and Present Design Approaches 

2.2.1 Current AISC SCBF Design Requirements  

Seismic design of steel structures is guided by AISC 341 (2010), Seismic Provisions for Structural Steel 

Buildings.  AISC 341 provides numerous detailing requirements for SCBFs.  These requirements were 

developed over decades of observation of damage incurred by earthquakes and numerous laboratory 

tests of braced frames. Table 2-1 summarizes some of the requirements for SCBF construction and the 

rationale behind each requirement.  
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Table 2-1: Detailing Requirements for SCBF Components 

 Requirement Reason 

Brace 
Slenderness 

KL/r < 200 

Tension only bracing expressly prohibited.  Slender braces 
that meet required compactness limits tolerate relatively 
large inelastic post-buckling deformation.  However, 
extremely slender braces have much smaller compressive 
resistance than tensile resistance, and they sustain large 
dynamic loads on impact from load reversal.    

Brace 
Compactness 

Seismically 
Compact 

Delay brace fracture from severe local buckling and high 
strain concentrations at the brace plastic hinge.  

Framing Member 
Compactness 

Seismically 
Compact 

Beams and columns may develop significant flexural 
demands at large drifts.  These demands are neglected in 
design but compactness requirements ensure that the 
framing members can develop stable plastic hinges. 

Brace End 
Rotation 

Required1 
Reduce the strain concentration on gusset plates and gusset 
plate welds induced by brace buckling and connection 
rotation. 

Brace Connection 
Design 

Design for 
Expected Brace 
Capacity 

The brace must be able to buckle and yield to develop 
adequate system ductility.  Connection and framing elements 
not designed to develop the expected brace force could 
significantly limit the ductility of the overall system. 

Framing Member 
Design 

Welds 
Must be Demand 
Critical Welds 

Reduce risk of brittle weld fractures and facilitate stable crack 
propagation in weld filler metal. 

1 ς Can do fixed ends if the connections are designed for the plastic moment capacity of the brace. 

 

As shown in Table 2-1, the brace connection must be designed for the expected capacity of the brace.  

Specific limit states for the brace connection are shown in Table 2-2 and are based on equations from 

the steel design manual (AISC 2010) and the Balanced Design Procedure (BDP) (Roeder et. all 2011).  

Variables for each of the design equations are shown in Table 2-3.  Demands on each component are 

based on one of two equilibrium approaches depending on the connection type and are described in 

more detail in Section 2.3.2. 

 

Table 2-2: Limit States and Corresponding Resistance Expressions for AISC and BDP approaches (Roeder et. all 
2011) 
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Table 2-3: Variable Definitions for Limit State Equations 

 ɲ
AISC design procedure resistance 
factor 

 ὄ  Whitmore width  
ὃ  

Net shear area of the gusset plate 
block shear pathway 

‍ 
BDP design procedure resistance 
factor 

 ὸ Thickness of the gusset plate  Ὗ  Stress uniformity factor 

Ὂ Yield capacity of the gusset plate 
 Ὗ Shear Lag Factor  ὃ  Net tension area of the gusset 

plate block shear pathway 

Ὂ 
Ultimate capacity of the gusset 
plate 

 ὃ  Net tension area of the brace  ὃ  Gross tension area of the gusset 
plate block shear pathway 

Ὂ  Ultimate capacity of the brace 
 ὃ  Gross area of the net section 

reinforcement plates 
 ‎ Angle of resultant stress on gusset 

plate weld group 

Ὂ  
Ultimate capacity of net section 
reinforcement 

 ὔ  Number of welds  ὒ  Length of gusset plate weld group 

Ὂ  
Critical buckling capacity of gusset 
plate 

 ὒ Length of the splice weld 
connection 

 ύ  Thickness of single gusset plate 
fillet weld 

Ὂ  
Ultimate strength of the weld filler 
metal. 

 ύ  Thickness of the beam-to-
gusset plate weld 

 ὟὊὓ Uniform Force Method demands 
on gusset plate interface welds 

Ὑ  
Ratio of nominal and expected 
yield capacity gusset plate  

 ὔ Number of shear planes of 
shear yielding surface 

 

Ὑ  
Ratio of nominal and expected 
ultimate capacity of brace  

 ὸ Thickness of base metal 
connecting brace-gusset 

 

 

The BDP was developed as an alternate approach to AISC braced frame design and promotes a yielding 

hierarchy in braced frame connections to achieve higher levels of overall frame ductility while at the 

same time limiting undesirable failure modes.  The primary differences between the AISC and BDP 

approaches include the substitution of balance factors for resistance factors, the use of expected gusset 

plate and brace material properties instead of nominal material properties, and a different approach to 

gusset plate interface weld design that requires the capacity of the weld be larger than the expected 

capacity of the gusset plate.   
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2.2.2 Braced Frame Design Prior to 1988  

The SCBF design requirements in use today have evolved over the past 25 years.  Prior to that there 

were few requirements.  Table 2-4 shows the design requirement of braced frames designed prior to 

1988 compared to the design requirements of SCBFs.   As shown, many of the detailing requirements 

were not considered prior to 1988, and many braced frames in existing infrastructure could be 

vulnerable in the event of an earthquake due to the lack of these requirements.   

 

Table 2-4: Differences in NCBF and SCBF detailing requirements (Sloat 2014) 

Component Pre-1988 Braced Frames SCBFs 

Brace Slenderness No Limit KL/r <200 

Brace Compactness No Limit Seismically Compact 

Framing Member Compactness No Limit Seismically Compact 

Brace End Rotation Clearance No Limit Required 

Brace Connection Design Design for Seismic Loads Design for Expected Brace Capacity 

Framing Member Design Design for Seismic Loads Design for Expected Brace Capacity 

 

Since braced frames designed prior to 1988 were only designed for the seismic loads, connections and 

frame members may reach failure mode limit states prior to brace buckling or yielding which usually 

occur at less than 0.5% drift range. Controlling failure limit states in these braced frames are often 

unknown due to the lack of detailing requirements and high variability in connection type and 

connection deficiencies.  All of this makes it difficult to predict the behavior or failure mode of any given 

braced frame designed prior to 1988 and can in some cases require extensive retrofit strategies to 

address the uncertainties.  
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2.2.3 ASCE 41 Braced Frame Evaluation and Retrofit  

ASCE41 (2013) is the U.S. standard for seismic evaluation and retrofit of existing structures.  There are 

three tiers of building evaluation described in ASCE41 ranging from general screening, to full system 

analysis.  The evaluation tier chosen by the engineer is based on the level of component/ systematic 

ŘŜŦƛŎƛŜƴŎƛŜǎ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǘƘŜ ŎƭƛŜƴǘΩǎ ƛƴŘƛǾƛŘǳŀƭ ǇǊŜŦŜǊŜƴŎŜǎΦ For each tier, ASCE 41 describes 

defines how to evaluate building conditions and proposed retrofits for a variety of structural systems 

including concentrically braced frame structures.  ASCE 41 evaluation is performance-based, i.e., the 

owner and structural engineer must define desired building seismic performance for different seismic 

hazard levels. 

 

The purpose of the tier 1 evaluation is to quickly identify any potential deficiencies in a building using a 

prescribed checklist, and enable the engineer/ client to determine the best course of action.  For a 

braced frame structure the checklist is selected based on the level of seismicity in the area, the level of 

performance required (immediate occupancy or life safety), and the rigidity of the diaphragms among 

other things. 

 

In order for a building to be successfully retrofitted in tier 2 analysis, all of the checklist items marked as 

non-compliant or unknown during tier 1 analysis must be addressed.  Additionally the building must 

meet a base shear calculation where the lateral capacity of each frame component is multiplied by an 

άƳ-ŦŀŎǘƻǊέ ŀƴŘ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ŎƻƳǇǳǘŜŘ ŜŀǊǘƘǉǳŀƪŜ ŘŜƳŀƴŘǎΦ  ¢ƘŜ άƳ-ŦŀŎǘƻǊέ ƛǎ ōŀǎŜŘ ƻƴ ŀ 

primary deformation-controlled component. All other components (termed force-controlled) of the 

frame must be designed to meet the demands of the deformation controlled elements.  For braced 

frames: 

ά!Ȅƛŀƭ ǘŜƴǎƛƻƴ ŀƴŘ ŎƻƳǇǊŜǎǎƛƻƴ ƛƴ ōǊŀŎŜǎ ǎƘŀƭƭ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŘŜŦƻǊƳŀǘƛƻƴ ŎƻƴǘǊƻƭƭŜŘΦ  !Ŏǘƛƻƴǎ ƻƴ 
beams and columns with axial load that exceeds 10% of the axial strength shall be considered 
force or deformation controlled as determined for fully restrained frame columns in section 
9.4.2.4.  Compression, tension shear, and bending actions on brace connection, including gusset 
plates bolts, welds, and other connectors shall be considered force controlled, unless connections 
are explicitly modeled, and experimental evidence suggests that stable, desirable ductility can be 
ŀŎƘƛŜǾŜŘ ƛƴ ŀ ǇŀǊǘƛŎǳƭŀǊ ŎƻƴƴŜŎǘƛƻƴ ŜƭŜƳŜƴǘΦέ (ASCE 2014 section 9.5.2.4) 

 

This means that if a connection element cannot develop the brace capacity if must be retrofitted for the 

ōǳƛƭŘƛƴƎ ǘƻ ƳŜŜǘ !{/9 пм ǊŜǉǳƛǊŜƳŜƴǘǎΦ  CƻǊ ōǊŀŎŜǎ ǘƘŜ άƳ-ŦŀŎǘƻǊǎέ ŀǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ ǎƭŜƴŘŜǊƴŜǎǎ ƻŦ ǘƘŜ 

brace, the type of brace, loading direction (tension or compression), and are subject to a number of 

reduction factors for consideration such as brace compactness. Figure 2-1 shows the m-factors for steel 

braces. 
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m-factors for linear procedures 

  
Primary Secondary 

Component/ Action IO LS CP LS CP 

Braces in Compression (except EBF braces) 
    

a. Slender      τȢς  

     1. W, I, 2L in-plane 1.25 6 8 7 9 

2. 2L out-of-plane 2C out-of-plane 1.25 5 7 6 8 

3. HSS, pipes, tubes, L 1.25 5 7 6 8 

      
b. Stocky         ςȢρ  

     1. W, I, 2L in-plane 1.25 5 7 6 8 

2. 2L out-of-plane 2C out-of-plane 1.25 4 6 5 7 

3. HSS, pipes, tubes, L 1.25 4 6 5 7 

Interpolate for Intermediate 
     

      Braces in Tension (except EBF braces)   
    1. 2L, HSS, L braces 1.25 4 5.6 5.6 7 

2. Other 1.25 5 7 8 10 

      4. Buckling Restrained Braces 2.3 5.6 7.5 7.5 10 

 

multiply m by 0.8 for deficient connections (DCR >1.0) 

multiply m by 0.5 for non-compact braces (stocky braces) 

multiply by 0.5 for stiches that do not meet requirements 

 

Figure 2-1: Acceptance Criteria for Linear Procedures (Table 9-4 ASCE 41 2014) 

 

Tier 3 systematic evaluation requires extensive data collection from a building and a comprehensive 

nonlinear analysis of the entire structure to demonstrate a specified level of performance.  Tier 3 

analysis may be done if the building system is complicated, has severe irregularities, or significant cost 

savings can be achieved through a tier 3 analysis.  For steel structures, component behaviors are defined 

by backbone curves and their associated modeling parameters.  A generalized force-deformation 

backbone curve for steel components is shown in Figure 2-2.  The values Q and Qy are generalized 

ŎƻƳǇƻƴŜƴǘ ƭƻŀŘǎ ŀƴŘ ŜȄǇŜŎǘŜŘ ǎǘǊŜƴƎǘƘǎ ǿƘƛƭŜ ʻ ŀƴŘ ɲ ǊŜǇǊŜsent the rotations and displacements of 

the component.  The parameters a, b, and c and the points A, B, C, D, and E define the capacities that 

the component can achieve at a given level of deformation. 

 

The modeling parameters for braced frames are shown in Figure 2-3 along with associated reduction 

factors.  The modeling parameters are generally based on frames that have been detailed for regions of 

high seismicity and are applied to the models of the brace. 

 

Modeling of braced frame connections ƛǎ ƭŜŦǘ ǘƻ ǘƘŜ ŜƴƎƛƴŜŜǊΩǎ ƧǳŘƎƳŜƴǘΣ ǿƘƛƭŜ ƳƻŘŜƭƛƴƎ ƻŦ ǘƘŜ ŦǊŀƳƛƴƎ 

components is based on the non-linear modeling of the members from the moment frame section.   

 

 



 
 

11 
 

 

 

ὗȾὗ  Normalized Capacity 

— or Ў Component Deformation 

A Origin 

B Yield Capacity 

C Ultimate Capacity 

D Residual Capacity 

E Complete Failure 

a Inelastic Deformation Capacity 

b Inelastic Deformation Capacity 

c Residual Strength Ratio 
Figure 2-2: Generalized Force-Deformation Relation for Steel Elements or Components (Fig. 9-1 ASCE 2014) 

 

 

 
Modeling Parameters 

 
Acceptance Criteria 

 
Plastic Deformation Residual  

 
Plastic Deformation 

Component/ Action a b c 
 

IO LS CP 

Braces in Compression (except EBF braces) 
       

a. Slender   τȢς  

       1. W, I, 2L in-plane лΦрɲc лΦрɲc 0.3 
 

лΦрɲc уɲc млɲc 

2. 2L out-of-plane 2C out-of-plane лΦрɲc лΦрɲc 0.3 
 

лΦрɲc тɲc фɲc 

3. HSS, pipes, tubes, L лΦрɲc лΦрɲc 0.3 
 

лΦрɲc тɲc фɲc 

4. Single angle лΦрɲc лΦрɲc 0.3 
 

лΦрɲc фɲc мнɲc 

        
b. Stocky    ςȢρ  

       1. W, I, 2L in-plane мɲc 5 0.5 
 

лΦрɲc тɲc уɲc 

2. 2L out-of-plane 2C out-of-plane мɲc 4 0.5 
 

лΦрɲc сɲc тɲc 

3. HSS, pipes, tubes, L мɲc 4 0.5 
 

лΦрɲc сɲc тɲc 

        c. intermediate Linear interpolation between the values for slender and stocky braces (after 
application of all applicable modifiers) shall be used. 

 Braces in Tension (except EBF braces)   
      1. W млɲT моɲT 0.6 

 
лΦрɲT млɲT моɲT 

2.  L фɲT мнɲT 0.6 
 

0.рɲT фɲT мнɲT 

3.  HSS фɲT ммɲT 0.6 
 

лΦрɲT уɲT ммɲT 

4.  Pipe уɲT фɲT 0.6 
 

лΦрɲT тɲT фɲT 

5.  Single Angle млɲT ммɲT 0.6 
 

лΦрɲT уɲT млɲT 

        Beams, columns in tension (except EBF beams, 
columns) рɲT тɲT 1 

 
лΦрɲT сɲT тɲT 

        Buckling Restrained Braces моΦоɲy моΦоɲy 1   оΦлɲy млɲy моΦоɲy 

ɲŎ ƛǎ ǘƘŜ ŀȄƛŀƭ ŘŜŦƻǊƳŀǘƛƻƴ ŀǘ ŜȄǇŜŎǘŜŘ ōǳŎƪƭƛƴƎ ƭƻŀŘΣ ɲǘ ƛǎ ǘƘŜ ȅƛŜƭŘ ŘŜŦƻǊƳŀǘƛƻƴ 

multiply m by 0.8 for deficient connections (DCR >1.0) 

multiply m by 0.5 for non-compact braces (stocky braces) 

multiply by 0.5 for stiches that do not meet requirements 

Figure 2-3: Modeling Parameters and Acceptance Criteria for Braces (Table 9-7, ASCE 41 2014)  
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2.3 Evaluation of Exiting Infrastructure  

2.3.1 Infrastructure  Review 

Sloat (2014) conducted an infrastructure review of 12 CBF buildings designed prior to 1988 to better 

understand existing infrastructure in regions of high seismicity.  Building information including the type 

of building, number of stories, brace configuration, and connection type was identified from existing 

structural drawings provided by various companies and building authorities.   

 

General classifications of the buildings from the infrastructure review are shown in Table 2-5.  Overall 

there was a wide variety of building types, brace configurations, and connection types amongst the 

example structures.  The most prevalent brace type was HSS (70% of building used) while the most 

prevalent configuration was Chevron bracing (also known as inverted-V) used in 70% of the buildings.  

Brace connection types varied from building to building and a total of eight unique connection 

configurations were identified as shown in Figure 2-4. 

 

Table 2-5: Existing Infrastructure Survey - Building type, Brace Configuration, and Connection Type (Sloat 2014) 

Building Date State 
Building 

Use 

Number 
of 

Stories 

Brace 
Type 

Brace Configuration Connection Type 

83CA3A Oct-83 CA 
Corporate 

HQ 
3 HSS, W 

Single Diagonal, 
Chevron 

(e) Integrated Gusset-Shear Plate 

82TN4A Nov-82 TN 
Corporate 

HQ 
3,5 

HSS, 
Pipe 

Single Diagonal, 
Chevron 

(b) Bolted Continuous Shear Tab 

88CA3A Jan-88 CA Research 2,3 
HSS, 
Pipe 

Single Diagonal, 
Chevron 

(e) Integrated Gusset-Shear Plate 

80CA4A Sep-80 CA Office 4 HSS, W 
Chevron, Single 

Diagonal 
(g) Gusset-to-Beam Only 

80WA8A Jun-80 WA Hospital 8 Angles 
X-Bracing, Single 

Diagonal 
(e) Integrated Gusset-Shear Plate, (c) Bolted 
Split Shear Plate, (d) Bolted End Plate 

86WA3A Apr-86 WA Hospital 3 HSS 
Chevron, Single 

Diagonal 
(a) Welded Continuous Shear Plate 

88UT1A Oct-88 UT Retail 1 Angles 
X-Bracing, Single 

Diagonal 
(d) Bolted End Plate 

83CA2A 
May-
83 

CA Office 2 HSS 
Chevron, Single 

Diagonal 
(e) Integrated Gusset-Shear Plate 

74CA6A Jul-74 CA Hospital 6 W 
X-Bracing, Single 

Diagonal 
(f) Double Integrated Gusset-Shear Plate 

82OR9A Jun-82 OR Hospital 9 W 
Single Diagonal, Multi-

Story X 
(f) Double Integrated Gusset-Shear Plate 

92WA2A Feb-92 WA School 2,3 HSS Chevron (a) Welded Continuous Shear Plate 

86CA4A Aug-86 CA Office 4 HSS Chevron (h) Bolted Split Double Angles 

 



 
 

13 
 

 
Figure 2-4: Connection Types Identified in the Infrastructure Review 

 

After identifying and classifying the buildings Sloat (2014) conducted a demand to capacity ratio 

evaluation on a subset of connections from each building.  The demand capacity ratio was similar to the 

procedure presented in Section 2.3.2 and was used to guide the design of nine experiments evaluating 

the bolted and welded shear plate connections presented in Section 2.4. 

 

Common deficiencies found in the evaluation include brace net section fracture, brace splice weld 

fracture, Whitmore Yielding, and beam-to-gusset plate weld fracture.  These frames were also typically 

detailed with non-compact braces, inadequate brace end rotation clearance, and non-ductile welds.  

System level deficiencies such as weak beams and vertical discontinuities were also observed but are 

not within the scope of this thesis.   
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2.3.2 Demand to Capacity Ratio Evaluation  

Demand to capacity ratio evaluation is used to determine the level of deficiency in a connection for 

specific yielding mechanism and failure mode limit states.  When the demand on a specific connection 

component is greater than its associated capacity, that component is considered to be deficient.  To 

consistently calculate the capacities and demands on the various connections identified in the 

infrastructure review several assumptions (listed below) are made. The limit state equations used to 

estimate the capacity of braced frame connection components are presented in Sections 2.2.1. 

 

1. Demands on the connection are based upon the expected brace capacity in tension and 

compression, because yielding and buckling of the brace are the primary yield mechanisms in 

CBFs.  The expected brace capacity in tension is calculated using measured material strengths 

(documented in Appendix C).  Compression capacity of the brace is calculated assuming a K of 

1.0 and ὒ measured from brace end to brace end as done for SCBF connection details. 

 

2. The distribution of the forces and moments through the connections are determined by 

equilibrium.  The Uniform Force Method (UFM) is often used for this equilibrium evaluation.  

However, the connections studied in this research project are not always well suited to the 

UFM.  In these cases, equilibrium at the interface between the connection element and the face 

of the column is considered as shown in Table 2-6.  This method is termed the continuous 

vertical method (CVM) and is used for connections with a continuous element that extend over 

both the gusset and beam (e.g. bolted end plate).  Application of the CVM for the connection 

types utilizing a continuous connection element at the column interface (listed in Table 2-6) are 

detailed in Appendix B.   

 

3. The BDP is used as an alternative method to evaluate gusset plate interface welds where the 

gusset plate weld capacities are evaluated relative to tension yield strength of the gusset plates 

using the measured material properties of the gusset plate.   

 

4. For the CVM, the horizontal component of the brace force is transferred to the beam while the 

vertical component of the brace force is transferred to the column for all evaluated connections.  

This is a good assumption for the specimens tested at UW because the actuator force is 

delivered to the connection and brace directly through the beam (see Section 4.2). 

 

5. Flexural deformation and moments in the frame are neglected in the connection evaluation. 

 

6. Resistance factors (ɲ factors for AISC and ‍ factors for BDP) are set as 1.0 for all limit states to 

more accurately represent the actual capacities. 

 

7. Where measured material properties are not available to compute demands or capacities, the 

expected material properties (ὙὊ  are used.  This is necessary for the evaluation of reference 
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connections from the infrastructure review and provides a better comparison (as opposed to 

using nominal material strengths) to DCRs computed using measured material properties. 

 

8. The DCR evaluation method for connection specific limit states is identified using an abbreviated 

code indicated in the pretenses after applicable limit states wherever DCRs are presented. The 

ŎƻŘŜǎ ά.w-/±aέ ŀƴŘ ά.w-¦Caέ ƳŜŀƴ ǘƘŀǘ ǘƘŜ ƭƛƳƛǘ ǎǘŀǘŜ ǿŀǎ ŜǾŀƭǳŀǘŜd considering the 

expected brace capacity using the force distribution calculated from the CVM and UFM 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ  ¢ƘŜ ŎƻŘŜ άDtέ ƛǎ ǳǎŜŘ ŦƻǊ ǿŜƭŘ ƭƛƳƛǘ ǎǘŀǘŜǎ ŀƴŘ ƳŜŀƴǎ ǘƘŜ ŎŀǇŀŎƛǘȅ ƻŦ ǘƘŜ ǿŜƭŘ 

was checked against the yield capacity of the gusset plate as done for the BDP.  Any limit states 

without a code are considered to be directly in the line of the brace force and are not influenced 

by the assumed force distribution.  

 

9. Welds evaluating using the BR-CVM or BR-UFM were assumed to have linear elastic stress 

distributions and were checked at the extreme edge of the weld group.  

 

Table 2-6: Force Distribution on Connection Elements 

Method Continuous Vertical Method (CVM) Uniform Force Method (UFM) 

Example Free 
Body Diagram 

  

General 
Description 

Consider equilibrium about a 
continuous vertical cut at the interface 
between the column and beam/gusset 
plate connection to determine shear, 
ὠ ὖÓÉÎ— , and moment, 
 ὓ ὖὩÃÏÓ—, acting at the connection 
centroid. 

Consider equilibrium about the gusset 
plate and distribute forces based on 
minimized eccentricities as described in 
part 13 of the AISC (2010) manual. 

Applicable 
Connections1 

Welded Continuous Shear Plate 
Bolted Continuous Shear Plate 
Bolted End Plate 
Integrated Gusset-Shear Plate 

Split Bolted Shear Plate 
Bolted Split Double Angles 

1- More specific force distributions for individual connection components for the continuous vertical 

method are shown in appendix B.  
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2.4 Previous NCBF Tests 

2.4.1 Overview of Testing Program  

A series of experiments were developed to evaluate common deficiencies and connection details found 

in the infrastructure review Sloat (2014).  There were nine single bay tests that evaluated a variety NCBF 

connection configurations (Hsiao 2012, Sloat 2014, and Johnson 2014) as well as four two story tests 

(Sen 2014) that evaluated the weak beam found in many chevron CBFs. 

 

Results from all 9 UW single bay tests are summarized in Table 2-7 through Table 2-15 in Section 2.4.4.  

Each summary contains a connection detail, connection DCRs, and an overview of the specimen 

performance including base shear vs. interstory drift hysteresis, yield hierarchy, failure mode, and 

photographs of important performance states. All of the UW tests were carried out using a similar setup 

to Johnson (2005) and Powell (2009). DCRs, force drift hysteresis, and connection details that are 

presented in this section are adapted from the original thesis to be consistent with the specimens tested 

in this thesis. 

 

Sections 2.4.2 and 2.4.3 look specifically at the tests conducted by Sloat (2014) and Johnson (2014) and 

discuss the connection types tested as well as the conclusion made. 

 

2.4.2  Welded Shear Plates - Sloat (2014)  

Sloat (2014) designed and tested six experiments (Table 2-8 through Table 2-12) examining the 

performance of NCBFs with welded continuous shear plate details.  Reference connections for the 

welded continuous shear plate are shown in Figure 2-5.  Deficiencies for the reference connections  

included brace net section fracture, brace-gusset plate weld fracture, gusset plate Whitmore yielding, 

beam-to-gusset plate weld fracture, and shear tab to gusset plate/ beam weld fracture.  The reference 

connections also had non-compact braces that did not meet current seismic compaction requirements.   

 

     
Figure 2-5: Reference Connections for Welded Shear Tab Sloat (2014) 
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After conducting a prototype test (NCBF1, Table 2-8) Sloat designed a few retrofit options to improve 

the inelastic deformation capacity of the original prototype connection detail.  These retrofit options 

targeted specific deficiencies from the original prototype connection detail listed above. 

The research conducted by Sloat (2014) had the following conclusions. 

 

- The inelastic deformation capacity of a deficient NCBF connection can be greatly increased 

without addressing all of the deficient demand to capacity ratios. 

 

- Severe brace local slenderness directly affects the inelastic deformation capacity of the system.  

Filling a non-compact section with concrete can increase the fracture life of a non-compact 

brace. 

 

- Brace net section fracture, gusset plate Whitmore yielding, and shear yielding had little negative 

impact on the overall inelastic deformation capacity of the frame.  This most likely occurred 

because the failure mode was ductile. 

 

- The gusset plate-to-beam weld can be protected from deformation demands by an in plane 

buckling retrofit.  

 

2.4.3 Bolted Shear Plates - Johnson (2014)  

Johnson (2014) evaluated NCBF connections using split (2 tests, Table 2-14 and Table 2-15) and 

continuous bolted shear plates (1 test, Table 2-13).  Reference connections for the test specimen design 

are shown in Figure 2-6.  Deficiencies for the reference connection included brace net section, brace 

block shear, brace-to-gusset plate splice weld, column-to-gusset plate bolt shear, column-to-beam bolt 

shear and column-to-beam bolt bearing.  Specimen Names from the original thesis (Johnson 2014) have 

been adapted to fit the naming convention used by Sloat (2014) and the experiments presented in this 

document. 
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a. Bolted Continuous Shear Plate b. Bolted Split Shear Plate 

Figure 2-6: Reference Connections for Bolted Shear Plate Design Johnson (2014) 

 

The research conducted by Johnson (2014) had the following conclusions. 

 

- Bolt shear does not appear to greatly reduce the inelastic deformation capacity of the 

connections provided that bolt hole elongation is allowed to develop.   

 

- Bolt hole elongation greatly increases the inelastic deformation capacity of the frame and 

reduces demands on other components of the connection and the frame. 

   

- The beam-to-gusset plate weld of NCBF connections can prematurely fracture if is not designed 

to develop the yield capacity of the gusset plate.  This is especially true when there is out-of-

plane deformation of the brace and gusset plate yielding. 

 

- The bolted continuous shear plate performed better than the bolted split shear plate.  

 

2.4.4 Previous NCBF Test Summaries 

 

  



 
 

19 
 

Table 2-7: NCBF0 Test Summary 

Goal: Pilot NCBF test.  Test a typical NCBF connection detail designed using braced frame design 
procedures from before 1988. 

Connection Detail and DCRs 

 

 

  Limit State  DCR 

Yielding 
Mechanisms 

Gusset Plate Whitmore Yielding 0.97 

Bolt Bearing Gusset Plate Angles  (BR-UFM) 0.36 

Bolt Bearing Beam Web Angles (BR-UFM) 0.32 

Failure 
Modes 

Brace Net Section Fracture 1.17 

Brace Splice Fracture 1.72 

Brace Block Shear 0.95 

Gusset Plate Whitmore Fracture 0.75 

Gusset Plate Block Shear 0.73 

Gusset Plate-to-Beam Weld Fracture (GP) 1.26 

Gusset Plate-to-Beam Weld Fracture (BR-UFM) 0.62 

Bolt Rupture Gusset Plate Angles  (BR-UFM) 2.41 

Bolt Rupture Beam Web Angles (BR-UFM) 1.40 

Geometric 
Limits 

.ǊŀŎŜ /ƻƳǇŀŎǘƴŜǎǎ wŀǘƛƻ όōκǘύκ˂ƘŘ 1.76 

Slenderness Ratio (KL/r)max 90 
 

Specimen Performance Summary 

 

 
Yield Hierarchy:  Brace O  Bolted Angles 

 

Failure Mode:  Brace Splice Weld Fracture 

 

1. Brace begins to buckle out-of-plane 
2. Brace splice weld fractures. 
3. Bolted angles connecting gusset plate and column 

fracture. 

(2) Brace Splice Weld Fracture  

 

(3) Bolted Angle Fracture  

 
 

Drift Range: 1.3% 

Max. Tension: 200 

Max. Comp.: 134 
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Table 2-8: NCBF1 Test Summary (Adapted from Sloat 2014) 

Goal: Baseline evaluation of a typical welded continuous shear plate detail identified in the 
infrastructure review using a non-compact brace.   

Connection Detail and DCRs 

 

 
 

Type Limit State DCR 

Yielding 
Mechanisms 

Gusset Plate Whitmore Yielding 1.21 

Shear Plate Yielding 0.61 

Failure 
Modes 

Brace Net Section Fracture 1.19 

Brace Splice Fracture 0.85 

Brace Block Shear 1.00 

Gusset Plate Whitmore Fracture 0.87 

Gusset Plate Block Shear 1.02 

Beam-to-Gusset Plate Weld Fracture (GP) 0.67 

Beam-to-Gusset Plate Weld Fracture (BR-CVM) 0.65 

Shear Plate Weld Fracture (GP) 1.35 

Shear Plate Weld Fracture (BR-CVM) 1.28 

Geometric 
Limits 

.ǊŀŎŜ /ƻƳǇŀŎǘƴŜǎǎ wŀǘƛƻ όōκǘύκ˂ƘŘ 2.31 

Slenderness Ratio (KL/r)max 61 
 

Specimen Performance Summary 

 

 
Yield Hierarchy:  Yielding could not be observed during test.   

 

Failure Mode:  Brace Fracture 

 

Damage Progression 

1. Brace begins to buckle out-of-plane. 
2. Brace begins hinging at mid-span. 
3. Brace fractures. 

(2) Brace Hinging  

 

(3) Brace Fracture 

 

Drift Range: 1.5% 

Max. Tension: 275 

Max. Comp.: 200 

 




















































































































































































































































































































































































































































































































