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ABSTRACT 
 
The cast steel Yielding Brace System (YBS) is a new device for enhanced seismic 
performance of concentrically braced frames that is characterized by its full, 
symmetric stable and repeatable hysteretic response and its large ductility capacity. 
The YBS system is comprised of two specially designed cast steel connectors that are 
welded to one end of each diagonal brace in a building’s lateral force resisting 
system. The axial force in the brace is transferred to the lower beam-column joint 
through triangular-shaped flexural yielding fingers. 
 
In order to develop the YBS concept and successfully design and test a full-scale 
prototype several small scale tests were conducted on specimens similar to the 
yielding fingers of the YBS.  The result of this test series was an experimentally 
validated low-cycle fatigue prediction model using the Coffin-Manson relationship 
and Minor’s rule. 
 
This prediction model was used to design a full-scale YBS prototype with a nominal 
brace yield load of 250 kips (1110kN). The prototype was full-scale tested in a frame 
to simulate actual in-situ boundary conditions with a pseudo-dynamic test protocol 
derived from Appendix T of AISC 341. 
 
In addition, a non-linear cyclic model was developed to predicted the cyclic response 
of the YBS and enable the modeling of an entire building equipped with this device. 
This model was validated through comparison with the full-scale prototype tests. 
 
 
INTRODUCTION  
 
The Yielding Brace System (YBS) is an innovative new hysteretic device to be used 
in concentrically braced frames. The system (illustrated in Figure 1) consists of two 
castings which connect one end of a traditional wide flange brace member to a 
specially designed splice plate/gusset plate detail. The other end of the brace is 



connected to the opposite corner of the brace frame via a traditional gusset plate 
connection. 
 

 
Figure 1: Illustration of a single YBS-brace assembly in a typical frame 

 
Each of the cast connectors consists of an elastic arm and several yielding fingers. 
One end of the elastic arm is welded to the end of the brace member.  The yielding 
fingers are on the other end of the elastic arm and are bolted to the splice plate 
assembly. Seismic energy is dissipated by flexural yielding of the fingers, which 
provide a nearly perfectly symmetric hysteretic response in tension and compression. 
 
Similar to a TADAS system (Tsai et al., 1993), the yielding fingers were designed to 
have a similar shape to a triangular prism to match the moment diagram and promote 
the spread of plasticity along their entire length. Based on the simple geometry of the 
yielding fingers the following predictions of the elastic stiffness, k, and brace “yield” 
load (the axial brace force required to fully plastify the yielding fingers), Pp, first 
presented by Gray et al. (2010), are easily calculated from first principles. 
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Where n is the number of yielding fingers in the assembly, bo is the width of a 
yielding finger at its base, h is the thickness of a yielding finger, L is the length of a 
yielding finger, E is the Young’s modulus of the cast steel and Fy is the yield strength 
of the cast steel (see Figure 2 for an illustration of the geometric parameters). 
 



 
Figure 2: Geometric parameters of the yielding fingers of a YBS connector 

 
 
The end of each yielding finger receives a bolt that connects it to the splice plate. The 
splice plate receives the yielding finger bolts through holes that are slotted 
perpendicular to the brace axis. The long slotted holes are essential for reducing axial 
forces that develop in the yielding fingers as they undergo the severe flexural 
deformations that are expected in a design level seismic event. 
 
Although the slotted holes reduce the axial force in the yielding fingers and allow for 
the geometric change as the fingers undergo large deformations, axial forces do 
develop in the fingers at large displacements.  This gives the YBS a unique hysteresis 
that is characterized by a distinct increase in the post-yield stiffness at large 
displacements. The increase in strength at large displacements based on monotonic 
loading can be approximated by (Gray et al. 2010): 
 

)2cos(
L

P
P p

δ
=           (3) 

where δ is the displacement of the yielding fingers in the direction of the brace axis. 
Equations (1), (2) and (3) provide a good model for the behavior of the fuse based 
solely on the yielding finger geometry that matches well with the results from both 
finite element analysis and full-scale testing, as will be discussed subsequently. 
 
For the purpose of the design of a lateral frame utilizing the YBS, all elements 
including the brace to gusset connection, brace member, elastic arm to brace 
connection, elastic arm, yielding finger to splice plate connection and the splice plate 
itself, must be capacity designed for a force that includes the increased brace axial 
force at large displacements and cyclic strain hardening of the yielding fingers. 
 
CHARACTERIZATION OF THE LOW-CYCLE 
FATIGUE LIFE OF CAST STEEL 
 
Before designing a full-scale prototype YBS casting, the low-cycle fatigue life of the 
YBS cast steel material was investigated. Cyclic, constant displacement amplitude 
tests were conducted on a series of small-scale yielding finger specimens in an effort 



to determine a low-cycle fatigue prediction model to be used in the design of a YBS 
prototype. 
 
The basis for the low-cycle fatigue prediction model was the Coffin-Manson 
relationship (Coffin, 1954). This well-known model is an empirical logarithmic 
relationship between the total von Mises plastic strain range in a cycle (∆εep) and the 
number of cycles at that strain amplitude that would be required to reach failure (Nf). 
This equation is normally expressed in the form of Equation (4), where ε’f is the 
fatigue ductility coefficient and c is the fatigue ductility coefficient. 
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The small-scale specimens used in the low-cycle fatigue life characterization tests 
were approximately half the scale of the expected prototype’s yielding fingers. They 
were cast from the same low-carbon cast steel grade that was used in the production 
of the YBS prototype connectors. Key specimen dimensions are illustrated in Figure 
3. Each specimen had a square base that was bolted to the elastic arm of the lower rig, 
a triangular shaped yielding portion, and a long cylindrical portion at the end of the 
triangle that simulated the bolted connection of the YBS yielding fingers. 
 

 
Figure 3: Small-scale yielding finger test specimen (dimensions in mm) 

 
The setup used to test the small-scale yielding finger specimens was designed to test 
two specimens simultaneously and to simulate the boundary conditions of the 
yielding fingers of the YBS. The upper rig received the cylindrical ends of the test 
specimens in long slotted holes, similar to the slots in the splice plate assembly of the 
YBS. The lower rig simulates the elastic arms of the YBS connectors. The low-cycle 
fatigue test setup is illustrated in Figure 4, at the start of a test (left) and at an extreme 
compression deformation (right). 
 



 
Twenty four constant-displacement-amplitude tests were conducted at displacement 
amplitudes ranging from 20mm to 70mm. For each test specimen, the surface strain 
output from the gages on the test specimens was correlated to the results of a finite 
element model which was used to obtain a corresponding peak von Mises strain range 
for that given specimen. The number of cycles to failure, failure being defined as the 
cycle when the peak load was less than 80% of the maximum peak load reach at the 
same applied displacement, were counted for each test specimen. 
 
The peak strain half-range in a single cycle is plotted against the number of cycles 
required to reach failure at that amplitude in Figure 5. From that graph it is apparent 
that these test results followed the logarithmic trend first observed by Coffin (Coffin, 
1954). Using a linear regression the following low-cycle fatigue life prediction 
equation was determined: 
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This relationship is limited to use in loading cases with periodic, constant 
displacement amplitude loading.  However, it has been suggested (Suresh, 1998) that 
when used in conjunction with Miner’s rule, the Coffin-Manson relationship could be 
used to predict a specimen’s low-cycle fatigue life under periodic, variable amplitude 
displacement histories, such as the YBS qualification protocol discussed in the 
following section. 
 
DESIGN OF THE 250KIP YBS PROTOTYPE 
 
After developing a prediction model for the low-cycle fatigue life of cast steel 
yielding fingers, the model was put to use in the design of a full-scale prototype YBS 
connector. 
 

 

Figure 4: Small-scale low-cycle fatigue test setup at  the start of a test (right) 
and at a severe compression deformation



 
Figure 5: Coffin-Manson relationship for the small-scale 

yielding finger test specimens 
 
The prototype was designed for a six-story office building assumed to be located in 
Los Angeles. The building had a very regular plan, each floor was 929 m2 (10,000 
ft2), and all of the bays were 6096 mm (20 ft) wide. All of the story heights were 3658 
mm (12 ft) except the first story which was 4572 mm (15 ft). The design spectrum for 
this building was taken from Minimum Design Loads for Buildings and Other 
Structures ASCE/SEI 7-05 (ASCE, 2005) and seismic forces were estimated using an 
elastic modal response spectrum analysis with an assumed response modification 
factor, R, of 7. This factor and the other seismic response factors were taken to be 
equal to those of a Buckling Restrained Braced Frame. The YBS’s hysteresis is 
similar to a Buckling Restrained Brace (BRB) in that it displays a full hysteretic 
response and thus it was deemed a good starting point for the development of the 
prototype YBS. The design assumed that each YBS-brace assembly had an elastic 
stiffness that was equal to a BRB with the same brace length and nominal yield load. 
 
Upon completion of the initial design the second story brace, which was selected for 
testing as the YBS prototype, was determined to have a required yield force of 1113 
kN (250 kips) and a design level brace elongation, ∆bm, of 39.7 mm (1-9/16 in). The 
assumed elastic stiffness of the second story YBS-brace assembly was 140 kN/mm 
(800 kips/in). 
 
The first principles equations that were presented in a previous section were used to 
determine the geometry of the yielding fingers (see Figure 6 for connector geometry). 
The yield strength and Young’s modulus were taken from material tests conducted on 
untested small-scale finger samples from the low-cycle fatigue test series. The 
nominal yield load, Pp, and the elastic stiffness, k, of the connectors were obtained by: 
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Figure 6: YBS connector prototype geometry (dimensions in mm) 

 
 
The elastic arms of the connectors (see Figure 6 for prototype connector geometry), 
splice plate assembly, connections and brace member were all capacity designed for 
the expected brace force that would develop at the peak brace elongation expected 
under the maximum considered earthquake, plus the increased force that would result 
from strain hardening of the yielding fingers. Based on this force, the brace was 
designed to be a W12x106 (assumed yield strength to be 345 MPa). Combining the 
flexibility of the elastic brace member and the YBS connectors results in a brace axial 
stiffness of 158 kN/mm, which is quite close to the target brace stiffness. 
 
The final step in the design of the prototype was to analyze the proposed casting 
design using non-linear finite element analysis (with a mesh density sensitivity 
analysis to ensure adequate convergence). Figure 7 illustrates the monotonic 
backbone curve obtained from the finite element analysis and compares it with the 
first principles prediction model. Although the two models both predict a similar 



post-yield strength increase, the finite element analysis predicted higher loads at large 
displacements. This is because the finite element analysis used a material model that 
included monotonic strain hardening while the first principles equations assume an 
elastic perfectly plastic material model. 
 

 
Figure 7: Load-displacement backbone response 

for the Prototype YBS connector 
 
In addition to ensuring that the response obtained was similar to the first principles 
prediction, the finite element analysis was used to ensure that the prototype would not 
suffer from a low-cycle fatigue failure before completion of the qualification 
protocol, which was based on Appendix T- Qualifying Cyclic Tests of Buckling-
Restrained Braces of Seismic Provision for Steel Buildings of ANSI/AISC 341-05 
(AISC, 2005). Using the results from the finite element analysis, the Coffin-Manson 
relationship in Equation (5) and Miner’s rule the prototype had a damage ratio (the 
sum of the ratios of the number of cycles completed to the number of cycles to failure 
for each displacement amplitude) of 0.77. 
 
FULL-SCALE TESTING OF THE 1113kN (250KIPS) YBS PROTOTYPE 
 
The prototype YBS connector was tested in full-scale over a series of four tests. The 
first two tests, YBS-01 and YBS-02, were component tests of the connector only 
(pictured in Figure 8 left), while the third and fourth prototype YBS-brace assemblies, 
YBS-03 and YBS-04, were tested in a full-scale frame (pictured in Figure 8 right) 
intended to simulate the actual boundary conditions of a braced frame. 
 
The test protocols used for each test were based on the qualifying protocol in 
Appendix T- Qualifying Cyclic Tests of Buckling-Restrained Braces of Seismic 
Provision for Steel Buildings of ANSI/AISC 341-05 and the design level brace 
elongation determined by the elastic modal response spectrum analysis described in a 



previous section. More information regarding the testing protocol and experimental 
results was presented in Gray et al. (2012). 
 

  
Figure 8: YBS prototype component (left) and 

full-scale frame (right) test setups 
 
Some of the hysteretic responses from the full-scale tests are illustrated in Figure 9 
(YBS-01 and YBS-02) and Figure 10 (YBS-03). The system’s characteristic post-
yielding increase in strength is evident in all test results.  Figures 9 and 10 illustrate 
the full, symmetrical hysteresis that is obtained from the Yielding Brace System. Also 
plotted in Figure 9 are the finite element analysis and first principles predictions that 
were presented above. Both backbone curves match the experimental results very 
well.  The observed increase in force in later cycles is due to cyclic strain hardening 
of the yielding fingers, which neither the first principles (no strain hardening 
considered in the model) nor the finite element (only monotonic strain hardening 
considered in the model) analyses capture. Figure 10 illustrates the response obtained 
during the first full-scale frame test, specimenYBS-03. This test consisted of both 
quasi-static and dynamic (up to105 mm/s) displacement cycles. The results displayed 
in the figure indicate that, as expected, there is no velocity dependence in the YBS. 
 
DEVELOPMENT OF A NON-LINEAR MODEL OF THE YBS DEVICE 
 
In this section, the development of a non-linear model to capture the cyclic behavior 
of the YBS brace is discussed. A phenomenological model is developed that 
simulates the cyclic inelastic behavior of the YBS in terms of load–displacement. The 
constitutive relationships for the load-displacement relationships are based on the 
model proposed by Menegotto-Pinto (1973). The force, P, and displacement, δ, is 
first estimated by,  
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Figure 9: Hysteretic response from YBS prototype component tests 

 

 
Figure 10: Hysteretic response from YBS prototype full-scale frame test YBS-03 
 
The first equation represents a curved transition between the elastic region of the steel 
brace with slope Kp and the line with slope bKp, where b is the strain hardening of the 
steel brace, and Po and δο are force and displacement pairs at the point where the two 
asymptotes of the branch under consideration intersect. Similarly, Pr and δr are force-
displacement pairs where the last displacement reversal with load of equal sign took 
place. The parameter R influences the transition shape and allows for a satisfactory 
representation of the Bauschinger effect. This parameter is updated after a 
displacement reversal in order to account for cyclic hardening and it is computed 
based on the relationships discussed in Filippou et al. (1983). In order to account for 



the stiffening effect of the YBS brace at a given displacement δ, the third equation 
from (8) is modified such that, 
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Equations (9) and (3) for the cyclic and monotonic case, respectively, are similar but 
not identical. The difference is attributed to the fact that the cyclic model considers 
cyclic hardening with the number of cycles compared to the monotonic case. The 
experimental data discussed in the previous section have been utilized for analytical 
model calibration and verification. Part of the calibration required a change from the 
factor of 2 that is present in the denominator of the backbone post-yield prediction, 
Equation (3), to a factor of 1.5, which was determined to provide the best fit to the 
experimental data. Figure 11 illustrates a comparison between the experimental and 
simulated axial load – axial elongation of two steel braces that were tested at the 
University of Toronto, as part of this study, at various displacement amplitudes. This 
figure indicates a relatively good match between simulated and experimental results 
for the YBS brace. The model has also been implemented in the OpenSees simulation 
platform (McKenna 1997) and will allow for the seismic modeling of entire structures 
incorporating the YBS as a lateral force resisting system. 
 

 
Figure 11: Comparison between the experimental and simulated hysteretic 

response from YBS prototype full-scale tests 
 
CONCLUSION 
 
The Yielding Brace System is a new, highly ductile device for seismic enhancement 
of concentrically braced frames. In developing this system the low-cycle fatigue life 
of cast steel was studied, a prototype was designed and full-scale tested, and a model 
of the hysteretic response of the YBS was created and validated against the full-scale 
experimental results. The model will be used to evaluate the seismic performance of 
an entire building using the YBS.  
 



Future work will include cyclic material testing, cyclic non-linear finite element 
analysis and validation of the low-cycle fatigue life model. Further development of 
this technology will be focused on evaluating the seismic response factors of several 
sample buildings which utilize the YBS as a primary lateral force resisting system. 
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