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ABSTRACT 
 
The cast steel Yielding Brace System is a non-buckling concentric bracing system that dissipates 
earthquake energy through the flexural yielding of elements of a specially designed Yielding 
Connector. The Yielding Connector’s hysteretic response is characterized by an increase in 
stiffness at large (inelastic) displacements due to a second-order geometric effect. Results of a 
numerical study on building structures designed using Yielding Connectors are presented. A 
twelve-story sample structure designed with both buckling restrained braces and Yielding 
Connector-equipped braces was subjected to time-history analyses in an effort to examine the 
effect of post-yield stiffening on the collapse performance of buildings. The building designs 
were modeled with OpenSees and the Yielding Connectors were simulated with an 
experimentally validated phenomenological material model. The non-linear time-history 
analyses were performed with a suite of seven ground motions scaled to the Design Earthquake 
and Maximum Considered Earthquake seismic hazard levels. The effect of increased brace and 
brace connection strengths on collapse performance is also explored. The study confirmed that, 
when included in the capacity design of the braces and brace connections, post-yield stiffening 
and strengthening can decrease the likelihood of a structural collapse during a significant 
earthquake. 
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ABSTRACT 
 
 The cast steel Yielding Brace System is a non-buckling concentric bracing system that dissipates 

earthquake energy through the flexural yielding of elements of a specially designed Yielding 
Connector. The Yielding Connector’s hysteretic response is characterized by an increase in 
stiffness at large (inelastic) displacements due to a second-order geometric effect. Results of a 
numerical study on building structures designed using Yielding Connectors are presented. A 
twelve-story sample structure designed with both buckling restrained braces and Yielding 
Connector-equipped braces was subjected to time-history analyses in an effort to examine the 
effect of post-yield stiffening on the collapse performance of buildings. The building designs were 
modeled with OpenSees and the Yielding Connectors were simulated with an experimentally 
validated phenomenological material model. The non-linear time-history analyses were performed 
with a suite of seven ground motions scaled to the Design Earthquake and Maximum Considered 
Earthquake seismic hazard levels. The effect of increased brace and brace connection strengths on 
collapse performance is also explored. The study confirmed that, when included in the capacity 
design of the braces and brace connections, post-yield stiffening and strengthening can decrease 
the likelihood of a structural collapse during a significant earthquake. 

 
 

Introduction 
 

The cast steel Yielding Brace System (YBS) is a new, non-buckling concentric bracing 
system that dissipates seismic energy through hysteretic yielding within ductile Yielding 
Connectors. Each connector has a series of triangular fingers that yield in flexure under seismic 
loading. The concept has been demonstrated through full-scale testing of a prototype connector 
(Gray et. al, 2013). The hysteretic response of a Yielding Connector-equipped brace (YC-brace) 
is similar to that of a buckling restrained brace (BRB). The primary difference between the 
hysteretic responses of a BRB and a YC-Brace is that the latter is characterized by a post-yield 
increase in stiffness and strength at large displacements. This is caused by a second-order effect 
resulting from the deformed shape of the Yielding Connector’s fingers at large inelastic 
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deformations.  This paper presents an exploratory study of the effect of this post-yielding 
response on the global performance of a sample twelve-story building structure designed with 
BRBs and YC-braces. 
  

Design of Sample Building Structures 
 

The sample structure is illustrated in Fig. 1. and is an office building selected to have an 
identical geometry and loading as a buckling restrained braced frame (BRBF) building that was 
studied in a National Institute of Standards and Technology (NIST) project (NIST, 2010). 

 

 
Figure 1.    Sample building layout. 

 
 

The design acceleration spectrum for the sample structure is defined by the following 
parameters: SDS = 1g, SD1 = 0.6g.  The Seismic Force Resisting System (SFRS) was designed 
twice: once using BRBs and once with YC-braces. The designs were conducted with a response 
spectrum analysis, according to the provisions of ASCE 7-10 (ASCE, 2010). The design base 
shear of a single braced frame was determined in accordance with clauses 12.8.1 and 12.9.4 of 
ASCE 7-10 based on an approximate fundamental period of 1.4Ta = 1.227s and was calculated as 
0.85V = 146.6 kips. 
 

The SFRS in the structure designed with BRBs was proportioned in accordance with the 
provisions of AISC 341-10 (AISC, 2010) using the methodology that is recommended by BRB 
manufacturers (Robinson and Black, 2011).This design methodology is based on a permissible 
range of steel core yield strength. The steel core of each brace was designed for the required 
strength assuming a nominal yield strength of 39 ksi and core area increments of 0.5 in2. The 
brace stiffness was estimated by multiplying the stiffness determined using the core area and the 
work-point-to-work-point length by a factor of 1.5. Beams and columns of the SFRS were 
capacity designed using the adjusted brace strengths. Adjusted brace strengths were determined 
with a maximum yield strength of 46 ksi, a strain hardening adjustment factor, ω, of 1.45, and a 
compression strength adjustment factor, β, of 1.1. 

 
The SFRS in the structure designed with YC-braces was proportioned using a methodology 

analogous to the requirements of the BRBF provisions of AISC 341-10. Yielding Connectors 



were selected based on strength requirements from a series of pre-engineered connectors 
available from the manufacturer and with nominal yield strengths ranging from 33 to 310 kips. 
Next, W-section brace members were selected based on a capacity design approach such that 
their compressive strength could resist the adjusted strength of the selected Yielding Connector. 
The adjusted strength of each connector includes the effects of cyclic strain hardening, post-yield 
stiffening of the connector, and a material over-strength, Ry, of  1.1.  Since the yielding behavior 
of the Yielding Connectors is symmetric, β = 1.0.  In general, the total over-strength for the 
connectors in this design was approximately 2.1.  As with the BRBF, beams and columns of the 
SFRS were capacity designed using the adjusted brace strengths.  The resulting member sizes of 
both the BRB and YC-brace frames are summarized in Tables 1. 
 

Table 1.     BRB and YC-brace frame designs. 
 

 
Story 

BRBF Yielding Connector 
Core 
Area 
[in2 ] 

Beams  Columns Nominal 
Yield 

Strength 
[kips] 

Braces Beams Columns Braces 
for 25% 

Increased 
Design 
Forces 

Braces 
for 50% 

Increased 
Design 
Forces 

12th 1.5 W14x30 W10x33 50 W8x35 W14x30 W10x33 W8x35 W8x40 
11th 2.0 W18x35 W10x33 90 W10x49 W18x35 W10x33 W10x49 W10x49 
10th 2.5 W18x35 W12x65 90 W10x49 W18x35 W12x65 W10x49 W10x49 
9th 2.5 W18x35 W12x65 100 W10x49 W18x35 W12x65 W10x49 W10x49 
8th 3.0 W18x35 W14x90 120 W10x49 W18x35 W14x99 W10x49 W10x60 
7th 3.0 W18x35 W14x90 120 W10x49 W18x35 W14x99 W10x49 W10x60 
6th 3.5 W18x35 W14x132 120 W10x49 W18x35 W14x145 W10x49 W10x60 
5th 3.5 W18x35 W14x132 150 W10x49 W18x35 W14x145 W10x60 W10x68 
4th 4.0 W18x35 W14x176 150 W10x49 W18x35 W14x193 W10x60 W10x68 
3rd 4.5 W18x35 W14x176 172 W12x58 W18x35 W14x193 W12x65 W12x65 
2nd 4.5 W18x35 W14x233 186 W12x58 W18x35 W14x257 W12x65 W12x65 
1st 5.0 W18x35 W14x233 215 W12x65 W18x35 W14x257 W12x65 W12x72 

 
Numerical Model Development 

 
Two-dimensional models were constructed for the two frames using the non-linear analysis 

program OpenSees. Masses that represented the assumed tributary dead load (1.0D) were 
assigned to each story and vertical forces were applied at each column node that represented the 
assumed dead load (1.0D) and 25% of the live load (0.25L) applied to each column based on its 
tributary beams.  Columns were oriented with their strong axis in the direction of the frame and 
were modeled with the “beamwithhinges” element. This element has axial, shear, and flexural 
stiffness and yielding of the columns was simulated by using fiber elements at the ends of each 
member to model combined non-linear axial and flexural behaviour. The fiber elements were 
assigned an OpenSees “Steel02” material model. This material was defined by an elastic 
modulus of 29 000 ksi, a yield strength of 50 ksi, and a post-yield stiffness of 2% of the elastic 
modulus. Beams were modeled with “true pins” at the beam column intersections. At the stories 
where braces intersected in the middle of the beam, the beam member model included fiber 
elements to simulate potential hinging in the center of the beam element. The fiber elements 



were assigned the same “Steel02” material as the columns.  All analyses included second-order 
effects, and thus a leaning column was added beside the frame elements and tied to each story of 
the frame. The leaning column was pinned at its base and at each story such that it contributed no 
lateral stiffness to the structure. Vertical forces were assigned to each of the nodes of the leaning 
column, which represented the assumed dead load (1.0D) and 25% of the live load (0.25L) that 
lies in the lateral tributary area of the frame but is not vertically applied to the frame columns. 
 

BRB elements were modeled with “corotTruss” elements. The cross-sectional areas of these 
elements were set equal to the core area of the BRB and each element was assigned a “Steel02” 
material. The yield strength of the material was set to the minimum that was used in the design 
of the braces, and the elastic modulus of the material was increased by a factor of 1.5 to ensure 
that the BRB elements exhibited more realistic elastic stiffnesses. In addition, the material 
included a post-yield stiffness and parameters that model cyclic strain hardening as the brace 
undergoes several inelastic cycles. These parameters were calibrated from brace tests conducted 
by Black et al. (2002) and are presented in Table 2. 
 

Table 2.     BRB OpenSees material model. 
 
Steel Material Properties Bauschinger Effect Parameters Cyclic Strain Hardening Parameters 
Fy 39 ksi b 0.025 a1 0.035 
E 29 000 ksi Ro 19 a2 1.0 
  cR1 0.9 a3 0.01 
  cR2 0.15 a4 1.0 

 
YC-braces were also modeled with “corotTruss” elements. These elements were assigned a 

unit area and the material parameters were calibrated such that the elastic stiffness, yield load, 
and post-yield response matched the response of each yielding connector. The elements were 
assigned the “Series” OpenSees material. This material references two other materials and treats 
them as if they were arranged in a series configuration. The first material referenced in the 
“Series” material was a material called “Cast” which was created to simulate the response of the 
Yielding Connector (Gray et. al, 2012). This material is a phenomenological material model that 
is based on the material “Steel02” but which also includes the post-yield stiffening that is a 
characteristic of the Yielding Connector. A unique “Cast” material was used for each of the 
different connector configurations and the parameters were determined based on a calibration 
with the full-scale test results of prototype connectors. Since “Cast” is a phenomenological 
material (it calculates load and displacement rather than stress and strain), the parameters that 
represent the length of the yielding element, L, the yield strength of the cast steel, Fy, and the 
elastic modulus of the cast steel, E, were calibrated to ensure that the material exhibited the 
correct load-displacement response when applied to the brace element, which was a unit area 
truss element with a non-zero length. As an example, the input parameters for the 215 kip 
connector model are presented in Table 3.  
 
The second material referenced by the “Series” material was a material called “MinMax”. 
“MinMax” is a material that references another material but includes a maximum and minimum 
strain. If the referenced material exceeds the strain limits, the “MinMax” material returns a 
tangent and stress of zero. In this case, the “MinMax” material referenced a “Steel02” material 
that was calibrated to simulate the response of the brace member when assigned to the unit area 



“corotTruss” element. The maximum and minimum strains were selected to simulate brace 
connection failure at the appropriate load (the adjusted brace strength).  
 

Table 3.     OpenSees material model for 215 kip Yielding Connector. 
 

Yielding Connector 
Geometric Parameters 

Cast Steel Material 
Properties 

Bauschinger Effect 
Parameters 

Cyclic Strain Hardening 
Parameters 

n 10 Fy 0.0464 MPa by 0 a1 0.035 
bo 203.2 mm E 5.0232x10-3 MPa Rb 20 a2 0.7 
h 36.3 mm   cR1 0.925 a3 0.035 
L 0.0324 mm   cR2 0.15 a4 0.7 

 
Global compressive buckling of columns was checked in a post-processor and the building was 
conservatively considered to have collapsed if any of the compressive strength of any column 
was exceeded.  In addition, brace connection failure due to the YC-brace load exceeding the 
adjusted brace strength was considered in the Yielding Connector frame models.  Inter-story 
drifts were also checked against a limit that was assumed to be the maximum drift that could be 
accommodated with this type of structural configuration. For BRBFs, there is an amount of inter-
story drift that would result in a failure of the brace connection due to the application of in-plane 
moments, yielding core instability due to extreme elongation (plastic hinging), instability due to 
the transition region butting against the grout, or some other failure. The tests conducted by 
Black et al (2002), Merritt et al (2003a), Merritt et al (2003b), Uriz (2005), Christopoulos (2005), 
and Palmer (2012) were reviewed in an effort to determine a reasonable drift limit for the sample 
building frames. The tests reported in Black et al (2002), Merritt et al (2003a), and Merritt et al 
(2003b) consisted of a total of 19 brace specimens. All of the specimens were loaded with a 
.combination of axial and lateral/rotational deformations but did not include beam or column 
elements. The peak core strains from each of these tests were 2.07%, 4.5%, and 3.4%, 
respectively. For reference, a 4.5% strain occurs at an inter-story drift ratio of 5.9% in the sample 
structure considered in this study. In the full-scale frame tests reported by Uriz (2005), 
Christopoulos (2005), and Palmer (2012), a total of nine full-scale frame tests of BRBs, the peak 
inter-story drift ratios achieved in each test program were 3.44%, 3.14%, and 4.20%, 
respectively. In all of the frame tests, the beam-column-brace connections exhibited significant 
damage at large drifts, leading to eventual brace failure at the peak drifts. Based on this body of 
work, a drift limit of 6% was imposed as an upper bound drift all sample buildings, after which a 
non-modeled failure was expected which was deemed to result in structural collapse. 
 
The two non-linear frame models were subject to a series of time-history analyses. The models 
included 2.5% Rayleigh damping in the first and fourth modes. A suite of seven records were 
used in this study and are presented in Table 4. Each record was scaled individually to minimize 
the error between the record’s acceleration spectrum and the design spectrum. The error was 
minimized for a period range of 0.5s to 4.0 s.  Additionally, all records were scaled by a factor to 
ensure that the average of the scaled records conformed to the requirement of ASCE7-10 for 
time history analyses.  The factors used to scale each record to the DBE and MCE spectra are 
also provided in Table 4. 
 
  



Table 4.     Ground Motion Record Suite. 
 

Earthquake Recording Station Component DBE Scaling 
Factor 

MCE Scaling 
Factor 

San Fernando (1971) LA – Hollywood Stor PEL090 3.39 5.08 
Imperial Valley (1979) El Centro Array #11 H-E11230 2.25 3.38 

Superstition Hills 
(1987) 

El Centro Imp. Co. 
Cent 

B-ICC000 2.08 3.11 

Landers (1992) Yermo Fire Station YER270 1.903 2.86 
Northridge (1994) Canyon Country-

WLC 
LOS270 1.789 2.68 

Kobe (1995) Shin-Osaka SHI000 2.31 3.46 
Hector Mine (1995) Hector HEC000 2.92 4.37 

 
Analysis Results 

 
The two braced frame models were subjected to the suite of records scaled to the DBE and MCE. 
The frame designed with BRBs exhibited one modeled collapse under the DBE suite of ground 
motions (Landers), while the YC-brace frame exhibited no modelled collapses.  As such, the six 
records in which neither frame collapsed were used to compare the two systems.  The peak and 
residual inter-story drift ratios are presented in Fig. 2 for all six DBE ground motions. 
 

 
Figure 2.    Peak and residual inter-story drift ratio envelopes. 

 
These graphs indicate that the two systems exhibited a very similar average response to the DBE 
suite of records.  In general, inelastic demand concentrated on the lower stories of both 
structures. The two structures also had similar acceleration responses.  The buildings designed 
with BRBs and YC-braces had mean peak accelerations of 0.66 g and 0.72g, respectively.  
Examining the hysteretic response of individual brace elements further confirmed that the two 
bracing types performed in a very similar manner.  To illustrate this, the responses of the second 
story braces from both sample structures are presented in Fig. 3 for the San Fernando DBE 
ground motion. 



 
Figure 3.    Hysteretic response of BRB and YC-brace elements. 

 
The responses to the MCE suite of records were also similar for both sample designs. The frame 
designed with BRBs exhibited four modelled collapses under the MCE suite of ground motions 
(Imperial Valley, Superstition Hills, Landers, and Kobe), while the frame designed with YC-
braces exhibited five modelled collapses (Northridge and Landers did not result in collapse). One 
key difference was the governing limit state that caused the collapses. In the frame with BRBs, 
the collapses were a result from excessive drifts (typically isolated within a few stories) and 
second-order effects, whereas the modeled collapses in the frame with YC-braces occurred when 
the brace force was sufficiently large (as a result of the post-yield stiffening and strengthening) 
to cause a connection failure. The similar responses of the two models seem to validate the 
choice to design the two bracing systems with the same seismic response parameters. 
 
To further examine the potentially beneficial effect of the post-yield stiffening and strengthening, 
the brace member sizes and connection resistances (but not the column sizes) of the YC-braces 
were increased. An increased brace and connection strength can accommodate more of the 
Yielding Connector’s characteristic post-yield stiffening and strengthening effect before 
triggering a failure mode, which could lead to collapse. Since the peak brace force in a YC-brace 
only occurs when the brace is at its peak deformation, and in a twelve-story braced frame it is 
unlikely that all braces are at peak deformation at the same instant, the column capacity design 
forces were not increased and thus the member sizes were not changed.  
 
Two new frames were designed with the brace and connection design forces increased by 25% 
and 50%, respectively. The redesigned brace sections are presented in the right-most columns of 
Table 1. Since only the brace members were increased in size, in these two new designs, they 
resulted only in 1732 lbs (for the 25% design) and 4068 lbs (for the 50% design) of increased 
steel weight per braced frame. Analysis of the two redesigned frames indicated that increasing 
the design strength of the braces and brace connections increased the collapse resistance of the 
frames. Increasing the brace and brace connection capacity design forces by 25% reduced the 
number modeled collapses to four when the design was subjected to the MCE suite of ground 
motions, while increasing the same strengths by 50% eliminated all but one (Kobe) of the 
modeled collapses. Column compressive strengths were checked for each story in each analysis 
and were never found to be exceeded. 



 Conclusions 
 
Time-history analysis of a twelve-story sample building designed with BRBs and YC-braces 
demonstrated that when designed with a similar design philosophy, the performance of both 
systems is very similar. Peak inter-story and residual inter-story drift ratios and accelerations 
were very similar when both frame designs were subjected to the same ground motions scaled to 
the DBE spectrum. Both systems also exhibited a similar number of collapses when subjected to 
the same ground motions scaled to the MCE spectrum. Increasing the brace and connection 
capacity design forces in the YC-brace frame had a positive effect on the collapse resistance of 
the structure by accommodating more of the Yielding Connector’s post-yield stiffening before 
the onset of a connection failure or brace buckle. This approach is possible because the collapse 
limit state in the YC-braced frames is primarily governed by a design decision – the connection 
and brace strengths rather than the deformation capacity of the yielding connectors. These results 
indicated that a very small increase in the overall tonnage of structural steel may have a 
significant effect on the collapse resistance of the building. In the case of the sample structure 
with YC-braced frames, an increase of 4068 lbs of steel per braced frame (representing an 
increase of approximately 1.5% in total steel tonnage) significantly reduced instances of collapse 
under the ground motions scaled to the MCE spectrum. 
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