
1 INTRODUCTION 
 
As reviewed by Herion et al. (2010), the use of steel 
castings in buildings has seen a revival in the last 
couple of decades. High quality steel castings have 
been a contributing factor to this trend, which has 
taken place in Europe, North America and Asia. The 
cast steel Yielding Brace System (YBS) is an inno-
vative, ductile bracing system for concentrically 
braced frames. This paper summarizes research con-
ducted at the University of Toronto on the develop-
ment of this concept. First the system is introduced 
followed by the presentation of results from a study 
of the low-cycle fatigue life of the system. After pre-
senting the low-cycle fatigue life model, the results 
from two full-scale YBS component tests are pre-
sented and discussed. Finally, full-scale frame tests 
are presented and compared to the results from the 
component tests. 

2 MECHANICS OF THE CAST STEEL 
YIELDING BRACE SYSTEM 

The YBS consists of two cast steel connectors 
welded to one end of a traditional bracing member 

(wide flange, as illustrated in Figure 1, or hollow 
structural section). Each connector has an “elastic 
arm” and several “yielding fingers”. The yielding 
fingers are bolted to a specially designed splice plate 
assembly at the beam-column joint. 

 
 
 
Under lateral forces, the brace is primarily axially 

loaded. This axial force is transmitted to the connec-
tors through the welds to the end of the brace, and to 
the splice plates by flexure in the fingers. The splice 
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ABSTRACT: The cast steel Yielding Brace System (YBS) is a new hysteretic damper that was developed at 
the University of Toronto to enhance the seismic performance of braced frames. In this system, a ductile, cast 
steel connector dissipates seismic energy through inelastic, flexural yielding of specially designed, triangular 
fingers. The cyclic, plastic bending of the yielding fingers replaces the tensile yielding and inelastic buckling 
of traditional ductile braces. This provides a symmetrical hysteresis with increased energy dissipation. This 
paper first presents the development stages of the new cast steel YBS system with an overview of the cast 
steel material characterization tests and prototype component tests. Results are then presented from a test pro-
gram in which two prototype YBS-brace assemblies were tested in a full-scale braced frame that simulates the 
in-situ boundary conditions that would be present in a steel braced frame that employed the YBS as its pri-
mary lateral force resisting system. The prototypes were designed for the second floor of a six storey sample 
structure. The prototypes were subjected to displacement protocols that consisted of large, inelastic, quasi-
static and pseudo dynamic cycles up to three times the design level brace elongation as calculated in the sam-
ple building design. The system exhibited a high initial stiffness, excellent ductility capacity with a very sta-
ble hysteretic response and a desirable large deformation stiffening effect. As such, the YBS represents a vi-
able new alternative to existing yielding brace systems. 

Figure 1. YBS in a braced frame configuration 



plates are connected to the beam-column joint by a 
traditional corner gusset plate.  

During a large earthquake, energy dissipation is 
provided by flexural yielding of the fingers. Each 
finger has a triangular shape, similar to a TADAS 
device (Tsai et al., 1993), to match the moment dia-
gram and provide nearly uniform curvature and 
therefore a spread of plasticity along its entire 
length, thereby enhancing the ductility capacity of 
the system. 

The splice plate detail is critical in achieving the 
desired performance of the YBS. The end of each 
yielding finger is bolted to the splice plate through 
long slotted holes that are perpendicular to the brace 
axis. These slots allow the end of each yielding fin-
ger to translate when it is severely deformed due to 
flexure, thus greatly reducing the axial force that de-
velops in the finger due to second-order effects. Al-
though the second-order effect is greatly reduced by 
the presence of the slotted holes, when the fingers 
are deformed further their axial stiffness begins to 
contribute to the overall stiffness of the YBS system. 
This behaviour gives the YBS a distinct post-yield 
increase in strength at large drifts. 

The simple geometry of the yielding fingers, the 
cross section of each  being essentially rectangular, 
allows for an accurate prediction of the brace axial 
force at which the yielding fingers become plasti-
fied, Pp, and the elastic stiffness of the YBS, kelastic, 
from the following set of first principles equations 
first presented in Gray et al. (2010): 
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where n is the number of yielding fingers in the 
YBS, bo is the width of an individual finger at its 
base, h is the thickness of an individual yielding fin-
ger, L is the length of an individual yielding finger, 
Fy is the yield stress of the cast steel and E is 
Young’s modulus of the cast steel. 

In addition, a good prediction of the post-yield 
stiffening behaviour is obtained by assuming that 
when severely deformed in flexure, the yielding fin-
ger still has a constant curvature and plasticity is 
maintained by keeping the component of the bearing 
force acting normal to the end of the finger equal to 
Pp /n (see Figure 2 which illustrates the deformed 
shape of a single yielding finger). Thus, the bearing 
force (and therefore the brace axial load) is the vec-
tor sum of Pp and the axial load in the yielding fin-
ger.  

This prediction is expressed in Equation (3) 
where the brace axial force P is a function of the 
brace displacement, Δ. 
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3 LOW-CYCLE FATIGUE LIFE PREDICTION 
MODEL 

 
An important aspect in the design of the YBS proto-
type was the low-cycle fatigue life of the yielding 
fingers. In order to ensure that the system could pro-
vide the required ductility, the fingers had to be de-
signed to survive the expected number of inelastic 
cycles. This required developing a low-cycle fatigue 
life model for the cast steel grade that was used for 
the system, ASTM A352 LBC, a weldable, low car-
bon, notch tough steel. 

A commonly used method for evaluating the low-
cycle fatigue life of a metal, the Coffin-Manson rela-
tionship (Coffin, 1954), was selected for this pur-
pose. This low-cycle fatigue life model is based on a 
logarithmic relationship between the peak strain in a 
specimen and the number of cycles that can be with-
stood before failure. 

Forty small-scale yielding finger specimens were 
cyclically tested at a variety of strain amplitudes to 
obtain the following Coffin-Manson relationship for 
the YBS: 
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where Δε is the strain range in a single cycle and Nf 
is the number of complete cycles until failure of the 
specimen. 

The above relationship was used with Minor’s 
rule while designing the YBS prototype to determine 
the low-cycle fatigue damage to the yielding fingers 
during the variable amplitude qualification protocol, 
and to set the geometry of the YBS prototype such 
that fracture due to low-cycle fatigue could be avert-
ed. 

 
 

 
Figure 2. Deformed shape of a yielding finger of the YBS. 



4 FULL-SCALE YBS COMPONENT TESTS 

The full-scale YBS prototype was designed for the 
second floor brace of a six storey sample office 
building. The prototype had ten yielding fingers, 
each 250 mm (10”) long, 250 mm (10”) wide at the 
base and 34 mm (1.34”) thick,  as illustrated in Fig-
ure 3. The nominal yield capacity of the brace was 
designed to be 1150 kN (250 kips). The elastic stiff-
ness of the prototype brace was 140 kN/mm (799 
kip/in.) and the design level brace elongation was 
39.7 mm (1.56”). A goal of the prototype design was 
that the test specimens should have a similar stiff-
ness to a buckling restrained brace designed for the 
same yield force and brace length. 

 
 

Two sets of prototypes were welded to brace 
stubs and tested with a splice plate in the primarily 
axial configuration illustrated in Figure 4 using a 
large, hydraulic testing frame.  

 
 
Each specimen was tested quasi-statically with a 

displacement protocol based on Appendix T of 
AISC 341-05, Qualifying Cyclic Test of Buckling-
Restrained Braces (AISC, 2005). The protocols used 
for each of the tests are presented in Table 1. 

Figure 5 illustrates the hystereses obtained from 
the two tests. The brace axial force was measured di-
rectly from the load cell in the test machine and the 
fuse axial elongation is the average measurement of 
two displacement transducers on each side of the 
prototype connectors. Each device measures the 
relative displacement of the brace end to the splice 
plate assembly in the direction of the brace axis. 

Both hystereses clearly illustrate that the YBS has 
a very symmetrical, ductile response and a distinct 
post-yield stiffening. The illustration also shows that 
Equations (1) to (3) (dashed line) predicted the re-
sponse of the system well. The difference in the pre-

Table 1. Displacement protocol used in full-scale YBS component tests.
YBS-01 YBS-02 

Number of cycles and 
amplitude of brace elon-

gation 

Cumulative 
plastic 

deformation 
Remarks 

Number of cycles and 
amplitude of brace 

elongation 

Cumulative 
plastic 

deformation 
Remarks 

1 @ 4mm 0 No Yielding 1 @ 4mm 0 No Yielding 
1 @ 8mm 0 No Yielding 1 @ 8mm 0 No Yielding 
2 @ 9 mm 0 Δy 2 @ 10mm 0 Δy 
2 @ 20mm 9.77 Δy 0.5Δbm 2 @ 20mm 9.77 Δy 0.5Δbm 
2 @ 40mm 37.33 Δy Δbm 2 @ 40mm 37.33 Δy Δbm 
2 @ 60mm 82.66 Δy 1.5Δbm 2 @ 60mm 82.66 Δy 1.5Δbm 
2 @ 80mm 145.77 Δy 2Δbm 2 @ 80mm 145.77 Δy 2Δbm 

2 @ 60mm 191.10 Δy 
Required to satisfy 
AISC 341-05 Ap-

pendix T 
1 @ 100 mm 186.21 Δy - 

10 @ 80mm until failure 506.66 Δy - 3.5 @ 120mm until 
failure 358.88 Δy - 

 

Figure 3. YBS full-scale prototype dimensions (dimensions in 
mm) 

 
Figure 4. YBS full-scale prototype component test setup 



dicted backbone curve and the experimentally 
achieved hysteresis is a result of isotropic strain 
hardening of the yielding fingers that is not ac-
counted for in the predictive equations.  

 
 
The test results indicate that the prototype YBS 

had excellent ductility. Both specimens exceeded the 
qualifying protocol’s requirement that the test braces 
survive a cumulative plastic displacement (see Table 
1) of more than 200 times the yield displacement. In 
fact, the second specimen, YBS-02, survived several 
cycles at a displacement of three times the design 
level drift after completing the majority of the buck-
ling restrained brace qualifying protocol. 

In addition, the response of YBS-02 indicates that 
there is inherent redundancy in this system. As the 
individual yielding fingers fail there is a gradual 
degradation in the overall strength of the system. 
Since the prototype has ten yielding fingers, the loss 
of a single yielding finger only reduces the strength 
by a tenth. Thus, if in practice a yielding finger was 
to prematurely fail it would not result in a catastro-

phic loss of lateral load resisting capacity of the 
brace. 

The full-scale component tests exhibited slack-
ness as the load-displacement response reached zero 
load. This is due to the tolerance in the slotted holes 
of the splice plates and the holes drilled into the 
YBS connector at the end of each yielding finger. 
Over-sizing these holes improved the ease of instal-
lation but produced the observed slackness. This 
characteristic is undesirable if the YBS is to be used 
as the primary lateral force resisting system under 
wind loading. The slackness was addressed by de-
creasing the tolerance on the holes of the second 
full-scale frame test specimen, YBS-04, and it is 
shown in the next section that this resolved the issue. 

5 FULL-SCALE YBS FRAME TESTS 

Upon successful completion of the two component 
tests discussed above, two additional YBS test spec-
imens were manufactured. These two specimens 
were tested in a full-scale test frame that simulated 
the actual boundary conditions that would be present 
in a building employing the YBS as a lateral force 
resisting system. The test frame storey height and 
bay width were 3657 mm (12’) and 6096 mm (20’) 
respectively. 

Figure 6 illustrates the test setup which was con-
structed horizontally on the University of Toronto 
Structural Testing Facility strong floor for ease of 
construction. Lateral forces were applied to the up-
per storey of the setup by a single, large capacity, 
long stroke, dynamic actuator while the bottom sto-
rey was fixed to the strong floor at the column base 
pins and the centre of the lower beam. 

Table 2. Displacement protocol used in full-scale YBS frame tests.
YBS-03 YBS-04 

Number of cycles 
and amplitude of 
brace elongation 

Cumulative 
 plastic  

deformation 
Remarks 

Number of cycles 
and amplitude of 
brace elongation 

Cumulative  
plastic 

 deformation 
Remarks 

1 @ 8mm 0 No Yielding 1 @ 8mm 0 No Yielding 
2 @ 9 mm 0 Δy 2 @ 9 mm 0 Δy 
2 @ 20mm 9.77 Δy 0.5Δbm 2 @ 20mm 9.77 Δy 0.5Δbm 
2 @ 40mm 37.33 Δy Δbm 2 @ 40mm 37.33 Δy Δbm 
2 @ 60mm 82.66 Δy 1.5Δbm 2 @ 60mm 82.66 Δy 1.5Δbm 
2 @ 80mm 145.77 Δy 2Δbm 2 @ 80mm 145.77 Δy 2Δbm 

1 @ 60mm 168.44 Δy T = 2.28s 2 @ 60mm 191.10 Δy 
Required to satisfy 
AISC 341-05 Ap-

pendix T 
4 @ 4mm 168.44 Δy T = 1.01s 2 @ 10 mm 191.10 Δy T = 1.01s 
4 @ 8mm 168.44 Δy T = 1.01s 2 @ 20mm 200.88 Δy T = 1.56s 

2 @ 40mm 196.00 Δy T = 2.00s 2 @ 40mm 228.44 Δy T = 2.00s 
1 @ 60mm 218.67 Δy T= 2.28s 2 @ 60mm 273.77 Δy T = 2.28s 
4 @ 8mm 218.67 Δy T = 1.01s 2 @ 80mm 336.88 Δy T = 2.49s 
4 @ 4mm 218.67 Δy T = 1.01s 3 @ 60mm 404.88 Δy T = 2.28s 

*Note: YBS-03 was terminated prior to failure 2 @ 120mm until 
failure 503.55 Δy 3Δbm 

 

Figure 5. Hysteretic response from full-scale YBS component 
tests YBS-01 and YBS-02. 



 
 
Like the component tests, the displacement pro-

tocols for these two tests were based on Appendix T 
of AISC 341-05 and the design level drift obtained 
during the design of the sample structure. The dis-
placement protocol used for the two full-scale frame 
tests is described in Table 2. 

The first full-scale YBS frame test, YBS-03, used 
a cyclic, quasi-static displacement protocol of in-
creasing amplitude up to twice the design level brace 
elongation followed by sinusoidal, dynamic cycles 
up to one-and-a-half times the design level brace 
elongation. 

The second frame test, YBS-04, was tested quasi-
statically with the same displacement protocol as the 
other tests. Since the component tests exhibited a 
tremendous ductility capacity, it was decided to sub-
ject the fourth specimen to the same protocol a sec-
ond time with dynamic displacement rates. The pe-
riods for each sinusoidal cycle, presented in Table 2, 
were determined by scaling the 1st mode period of 
the sample structure by the root of the ratio of the 
elastic stiffness of the YBS to the secant stiffness at 
the intended displacement. Finally, YBS-04 was 
quasi-statically cycled at an amplitude of three times 
the design level brace elongation until failure. Due 
to the post-yield stiffening of the YBS the required 
storey shear at three times the design level brace 
elongation exceeded the capacity of the test setup. 
Consequently, four of the ten yielding fingers were 
removed to reduce the strength of the brace at this 
large drift level to an acceptable load. 

The load-displacement response obtained from 
YBS-03 is illustrated in Figure 7. The brace axial 
force was determined by integrating the measure-
ments from six strain gauges that were located at a 
cross section in the centre of the brace member. The 
brace elongation was directly measured by a series 
of string potentiometers along the brace that re-
corded the deformation in the splice plate assembly, 
YBS connectors and the brace member. 

Much like the component tests, this response 
clearly exhibits the post-yield stiffening that is a re-
sult of the second-order geometric behaviour of the 
YBS. It is also evident from this plot that there is 

very little difference in the response of the system 
when loaded at a high velocity rather than quasi-
statically. It should be noted that although YBS-03 
did reach the required cumulative plastic displace-
ment of 200 times the yield displacement the test 
ended before the specimen failed due to low-cycle 
fatigue. 

Figure 8 illustrates the hysteresis obtained from 
the fourth test, YBS-04. The brace axial force and 
brace elongation were determined in the same man-
ner as in Figure 7. 

 As previously mentioned, the tolerance in the 
holes at the ends of the yielding fingers was de-
creased in YBS-04 in an effort to reduce the slack-
ness at zero force that was observed in the previous 
tests. Figure 8 clearly shows that the remedy was ef-
fective. By increasing the precision in machining, 
the slackness was eliminated. 

Finally, Figure 9 compares the hystereses ob-
tained from YBS-01 and YBS-04. Both presented 
results followed nearly identical displacement histo-
ries. 

Aside from the slackness at zero load that is pre-
sent in YBS-01 and absent in YBS-04, the two re-
sponses are very similar. This indicates that although 
the boundary conditions are not identical to those in 
a building frame, the axial component tests were an 
appropriate means of evaluating the performance of 
the YBS. 

Also, the YBS connectors used for the two tests 
came from separate heats and were cast nearly seven 
months apart. By examining the response of the two 
fuses, it is apparent that their yield strengths were 
very similar. Excellent repeatability in mechanical 
properties was achieved by closely controlling the 
chemistry and heat treatment of the castings. This is 
a very important issue in the design of castings for 
use as energy dissipating elements in seismic appli-
cations because designers must be able to rely on a 
minimum strength of the lateral force resisting sys-
tem while simultaneously limiting its maximum 
strength to ensure that the building remains eco-
nomical when capacity designed. 

Throughout this paper the post-yield stiffness of 
the YBS has been highlighted. It is believed that this 
post-yield stiffening will improve the seismic re-
sponse of buildings using the YBS. At large drifts, 
yielding structural systems can collect inelastic de-
mands in only a few storeys, leading to what is often 
referred to as a soft storey response. Systems that 
behave in this way are not utilizing the energy dissi-
pation capacity of all of the other storeys and can re-
sult in the premature failure or collapse of the floor 
where the deformations are concentrated. It is be-
lieved that the post-yield stiffness of the YBS will 
halt the formation of a soft storey and encourage the 
spread of plasticity to adjacent stories. Future work 
includes an investigation of the effect of this post-

 
Figure 6. YBS full-scale prototype frame test setup. 



yield behaviour on the seismic response through 
push-over and non-linear time-history analyses. 

 

 
 
 

6 CONCLUSIONS 

The research program that was highlighted in this 
paper resulted in the development of the YBS, the 
concept, characterization of the material and a con-
firmation of the full-scale behaviour of the system. 
Full-scale testing has shown that with good design 
and detailing the YBS can easily complete and 
greatly exceed the loading requirements of the pro-
tocol outlined in Appendix T of AISC 341-05. The 
YBS exhibited a ductile, symmetric response, char-
acterized by a post-yield increase in strength at large 
displacements. Also, testing of four YBS prototypes 
cast from two separate heats illustrated the repeat-
ability of the mechanical properties of the YBS cast-
ings.  
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Figure 7. Hysteretic response from full-scale frame test YBS-
03. 

 
 

Figure 8. Hysteretic response from full-scale frame test YBS-
04. 

 
 

Figure 9. A comparison of hysteretic responses from YBS-01 
and YBS-04. 


