
Quantifying length-effects on buckling-restrained 

braces that are considerably longer than the associated 

qualification tests 

 
2017 NZSEE 
Conference 

P.W. Richards 

Department of Civil and Environmental Engineering, Brigham Young 
University, Provo, Utah. 

B.W. Saxey 

CoreBrace, West Jordan, Utah.  

ABSTRACT: AISC 341 Seismic Provisions include acceptance criteria and extrapolation 

ranges for Buckling Restrained Braces (BRB). The purpose of these criteria is to ensure 

similar post-yielding performance of BRB in structures exposed to seismic events to those 

of the documented qualification testing upon which they were designed.  While criteria 

are provided for many physical properties of BRB, there are none relating to BRB length 

and no limitations are put on the length of BRB used in design relative to that of the 

associated qualification test specimen’s length.  It has been common practice to 

extrapolate results from the tests of braces that are around 6 meters in lengths to much 

longer braces without considering the effects of the increased length on the overstrength 

and casing demands. As length increases, BRBs may develop larger overstrength than 

expected compared to shorter braces due to length-dependent friction and bending effects.  

Additionally, the BRB casing which is typically designed to satisfy Euler-Buckling 

demands, may react differently than expected due to increased self-weight and the 

development of higher-than-expected overstrength. A series of experiments were 

performed on buckling-restrained braces about 13 meters in length, and braces with 

similar cores but only 6 meters in length, to investigate length effects on brace 

overstrength and casing demands. A proposed adjustment factor is recommended for 

extrapolating the qualification test results of short braces to longer ones. The experiments 

also provide helpful insights on casing performance when bending stresses are combined 

with axial forces.  

1 INTRODUCTION 

1.1 Background 

The AISC Seismic Provisions (AISC 341-10) include acceptance criteria and extrapolation ranges for 

buckling-restrained braces (BRB) which define the applicability of qualification test data for use in the 

design of BRB with capacities and physical makeup that are to some extent different from that of the 

test specimen.  The purpose of these criteria is to ensure similar performance of BRB in structures 

exposed to seismic events to those of the documented qualification testing upon which they were 

designed.  While criteria are provided for many physical properties of BRB, there are none relating to 

BRB length and no limitations are put on the length of prototype BRB relative to the length of the 

associated qualification test specimen.  This may be due, in part, to the difficulty in testing long braces 

in a laboratory environment, as well as to the large quantity of required qualification tests that could 

result from varying length in addition to both capacity and connection type.  

1.2 Scope of paper 

Many projects require BRB that are longer than those typically used for qualification testing, posing 

additional design challenges.  One design challenge with long braces is determining appropriate casing 

size.  BRB casings are typically designed to satisfy Euler buckling criteria, but data on the 

applicability of this approach to long braces is limited.  Another challenge is knowing how to relate 
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overstrength factors from short brace tests to longer braces used in design.  The contribution of length 

to the frictional component of total compressive overstrength in long braces may not be properly 

quantified by test results of short braces.  To investigate length-related casing and overstrength issues, 

experimental test results for three “long” braces (about 13 m long) were compared with test results 

from similar, but shorter, braces (about 6 m long).  

2 EXPERIMENTAL TESTING 

2.1 Test specimen geometry 

The experimental test results came from two series of tests, designated the Q-series and the P-series. 

Specimens Q4, Q5, and Q7 were long braces (about 13 m), while Q10 was a more typical length for a 

qualification test specimen (about 6 m).  The P-series braces were all about 6 m long; Specimen 3P of 

the P-series is emphasized in this paper since it had a cross-sectional area most similar to Q4, Q5, Q7, 

and Q10.  All of the BRB had bolted end connections, except Q7 which had welded end connections.   

Figure 2 defines some brace dimensions, with Lysc being the length of the yielding core.  The yielding 

cross-section was the same for the four Q-series braces, 15.24 cm by 3.175 cm, giving a yielding 

cross-sectional area of 48.4 cm2 for all the Q-series braces. The yielding cross-section for 3P was 18.3 

cm by 3.175 cm, giving a cross-section area of 58.1 cm2.  Lengths and casing thickness were different 

for the various specimens and are listed in Table 1. 
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Figure 1. Parameters that define brace and core lengths 

Table 1. Brace dimensions and casing sizes 

Specimen 

Asc 

(cm2) 

Lb  

(m) 

Lc  

(m) 

Lysc  

(m) Casing 

Q4 48.4 12.70 11.54 9.957 HSS12×12×5/8 

Q5 48.4 12.70 11.54 9.957 HSS12×12×3/8 

Q7* 48.4 12.70 11.63 10.00 HSS12×12×1/2 

Q10 48.4 6.195 5.039 4.115 HSS12×12×1/4 

3P 58.1 6.479 5.205 4.513 HSS10×10×1/4 

*Welded brace to gusset connection; all others bolted 

2.2 Test specimen material properties 

The brace core material was nominally identical for all the braces.  The long braces (Q4, Q5, Q7) had 

cores made from the same plate of A36 steel.  Coupon testing indicated yield and ultimate stresses of 

294 and 456 MPa for the long brace cores.  The core material for the short brace (Q10) was 

intentionally selected to have similar properties.  Coupon testing for Q10 core material indicated yield 

and ultimate stresses of 295 and 460 MPa.  Coupon testing for the 3P core material indicated yield and 

ultimate stresses of 288 and 461 MPa, which are; very similar to the other brace cores.  
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2.3 Test set-ups 

The Q-series braces were tested at Brigham Young University (Provo, Utah) in a self-reacting frame 

with two actuators.  Braces were installed in gusset receivers attached to end beams in the frame   The 

actuators pushed and pulled one end beam, while the other end remained essentially motionless.  

Greased slider plates minimized the friction at the moving end.   

The P-series braces were tested at the University of California, San Diego in the Seismic Response 

Modification Devices (SRMD) Testing System.  Gusset receivers (similar to those shown in Fig. 1) 

were mounted to the strong wall and to the shake table platen.  Movement of the shake table imposed 

both axial and transverse deformations to the specimens.     

2.4 Loading protocols 

The braces were subjected to increasing cyclic axial deformations following standard loading 

protocols.  The AISC loading protocol, in terms of Δby, was: 2 cycles at Δby, 2 cycles at 2.5Δby, 2 cycles 

at 5.0Δby, 2 cycles at 7.5Δby, 2 cycles at 10.0Δby, 2 cycles at 7.5Δby.  The second set of 7.5Δby cycles 

were omitted for Q5 and Q7 and the subsequent high-amplitude cycles were used to achieve the 

required cumulative inelastic ductility (CID) for these braces (as allowed by AISC 341-10) to avoid 

unnecessary cumulative strain build up at lower cycles.  It was difficult to know the precise brace 

deformations until after testing because of bolt slip at gusset connections and deformations of the self-

reacting frame.  After the AISC protocol was completed, a high-amplitude protocol was applied 

consisting of 2 cycles at 12.5 Δby, 15.0 Δby, 17.5 Δby and so forth, up to failure.   

2.5 Self-weight deflection and mid-span support 

When the long braces were installed in the test set-up, there was a noticeable sag at brace mid-span 

due to the brace self-weight and the long span.  For Q4, the sag was 2.0 cm prior to testing.  This mid-

span deflection increased during inelastic cycles and reached 3.8 cm by the end of the AISC protocol.  

Greater deflections occurred during high amplitude loading.  Braces Q5 and Q7 had thinner casing 

than Q4 (see Table 1) and had greater self-weight deflections prior to testing.  To mitigate the effects 

of the horizontal brace orientation in the laboratory set-up, some support was provided for Q5 and Q7 

to relieve self-weight deflections (braces in buildings, installed at an angle, would have less self-

weight deflection).  For Q5, straps attached to the laboratory’s overhead crane were used to remove 

mid-span self-weight deflection.  The mid-span support was provided up through the 10Δby cycles, but 

removed for the high amplitude protocol.  For Q7, with slightly thicker casing but an end connection 

that resulted in slightly eccentric load on the casing, similar support was also provided through the 

10Δby cycles, but removed for the high amplitude protocol.   

The short braces (Q10 and 3P) had no appreciable self-weight deflection and no mid-span support was 

provided during testing. 

3 RESULTS AND DISCUSSION 

3.1 Key Results and Casing Performance 

All of the braces completed 10Δby cycles and some higher amplitude cycles.  During the high-

amplitude loading, the three long braces had different failure modes and different maximum tension 

and compression forces, despite having the same core cross-section (see Table 2).    

The differences between the long braces were casing size, mid-span support condition, and connection 

type (see Tables 1 and 2).  Brace Q4, with the thickest casing and no mid-span support, experienced 

core fracture on the first tension excursion of the first 17.5Δby cycle.  Brace Q5, with the thinnest 

casing and mid-span support up to 10Δby, developed higher compressive forces and failed during the 

first compression excursion of the first 15Δby cycle when a plastic hinge formed outside the casing at 

one end of the brace.   Brace Q7, with mid-thickness casing and mid-span support up to 10Δby, 

experienced “weak axis” buckling and excessive casing bending during the 15Δby cycles.    
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Table 2. Brace dimensions and casing sizes 

Brace Failure Mode 

PUT 

(kN) 

PUC 

(kN) ωmax ωβmax* 

Failure 

Cycle 

(Δby) 

Max 

Strain 

T/C (%) 

Max 

Deform. 

T/C (cm) 

CID 

(Δby) 

Q4 Core Fracture 1961 3220 1.37 2.26 17.5 2.22/2.26 22.1/22.5 476 

Q5 Conn. Yielding 1966 3309 1.37 2.30 15.0 2.23/2.31 22.2/23.0 400 

Q7 Casing Bending 2006 3037 1.40 2.04 15.0 2.36/2.28 23.6/22.8 435 

Q10 Core Fracture 1988 2606 1.39 1.80 20.0 3.09/3.24 12.7/13.3 763 

3P Core Fracture 2424 3207 1.45 1.92 20.0 3.29/3.12 14.9/14.1 663 

*For last completed cycle 

Table 3. Casing Properties and Performance 

Brace Casing 

Pya 

(kN) 

PUC 

(kN) 

PUC/ 

Pya 

(ωβ) 

I* 

(cm4) 

I/Lc
3×106 

(cm) 

ϕPcr 

(kN) 

ϕPcr/ 

Pya 

ϕPcr/ 

Pua 

Q4 HSS12×12×5/8 1423 3220 2.26 22796 14.8 3042 2.14 0.97 

Q5 HSS12×12×3/8 1423 3309 2.32 14851 9.65 1979 1.39 0.60 

Q7 HSS12×12×1/2 1423 3037 2.13 19011 12.1 2495 1.75 0.85 

Q10 HSS12×12×1/4 1428 2606 1.83 10317 80.5 7215 5.05 2.79 

3P HSS10×10×1/4 1673 3207 1.92 5868 41.6 3844 2.30 1.43 

*Moment of inertia for the casing 

The shorter braces (Q10 and 3P), both experience core fracture during the 20Δby cycles.  They both 

fractured on the excursion towards the second tension peak at 20Δby (3P fractured before the brace 

reached zero displacement; Q10 fractured closer to the peak).  The High Amplitude Protocol was 

different for 3P such that the cumulative inelastic ductility (CID) was lower (see Table 2). 

Table 3 shows data relative to the casings used on the various braces as well as their performance.  

Specimen Q4 achieved the highest cumulative inelastic ductility (CID) and strain out of the long 

specimens as indicated in Table 2.  It also had the stiffest casing (I/Lc
3) of the three long specimens.  

Watanabe et al. (1988) compared core strengths with the Euler buckling of the casing and found that 

ratios above 1.0 relative to ultimate brace strength resulted in good performance. At yield, it is seen in 

Table 3 that Q4 had a “factor of safety” against Euler buckling of 2.14.  This specimen achieved an 

ultimate capacity in compression of 724 kips (3127kN) or a normalized compressive force, ωβ, of 

2.26, which is higher than the factor of safety of its casing, but only slightly.  The casing of this 

specimen, however, performed adequately. 

Specimen Q5 and Q7 experienced compressive loads that greatly exceeded their expected casing 

capacities.  Specimen Q5 and Q7 had initial factors of safety (at yield) of 1.39 and 1.75 respectively 

but experienced ωβ level loads of 2.32 and 2.13 respectively.  These force levels resulted in factors of 

safety considerably less than unity (last column in Table 3).  Additionally, as seen in Tables 2 and 3, 

specimens Q4 and Q5 had nearly identical peak compressive loads but Q5 experienced connection 

instability resulting in failure.  The more flexible casing of Q5 likely contributed to additional bending 

stresses on its connection.  Specimen Q10 and 3P, the control specimen, had ample casing capacity 

and did not approach critical levels.   

Results in Tables 2 and 3, suggest that long braces should be designed to maintain a factor of safety 
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against Euler Buckling of at least 1.0 at their ultimate force level.  Specimen Q4, which essentially had 

this level of casing capacity, was able to perform to the highest CID and ultimately achieve core 

fracture – similar to Q10 and 3P.  Specimen Q5, which had the most flexible casing, experienced 

higher compressive loads, greater casing deformations, and eventual connection instability that caused 

brace failure before core fracture could be reached.  Brace Q7, with a casing of intermediate stiffness 

also experienced excessive casing deformation resulting in termination of the testing protocol before 

fracture could be reached.  Braces Q5 and Q7 both experienced failures at a lower CID than Brace Q4.   

All specimen were tested horizontally and, as such, experienced their full self-weight (1.0g) acting 

perpendicular to the casing for at least some cycles.  Braces installed diagonally in standard BRBF 

configurations will have only a component of their self-weight acting perpendicular to the casing.  

However, lateral accelerations could also induce additional inertial forces perpendicular to the casing.   

3.2 Overstrength Factors 

Two important design parameters, ω and β, were determined from the BRB tests.  These parameters 

are necessary in design to compute the maximum tension force, PuT, and compression force, PuC, that 

will occur at the design-level drift: 

uT yP P   (1) 

uC yP P   (2) 

where ω is the strain hardening adjustment factor, β is the compression strength adjustment factor (or 

compression to tension ratio), and Py is the BRB yield strength.   

Rearrangement of Equations 1 and 2 shows that the strain hardening adjustment factor and the 

compression strength adjustment factor can be calculated as: 

uT yP P  (3) 

uC y uC uTP P P P     (4) 

The factors ω and β were determined from the BRB tests for each level of deformation.  The point 

pairs were selected from the second cycle at each deformation level, which is more symmetric than the 

first cycle, and correspond to the maximum deformations in tension and compression.  In testing, 

actuator displacements had the same magnitudes in tension and compression, but uneven bolt slipping 

resulted in imposed brace deformations that were different in tension and compression for some cases, 

causing slightly asymmetric cycles, making it difficult to accurately calculate the β factor.  The brace 

with the most deviation from symmetric cycles was Q10.   

Figure 2 shows plots of the overstrength factors versus the brace deformations. Figure 2(a) shows ω 

versus brace deformations.  It can be seen in Figure 2(a) that the strain hardening factor does not 

correlate well between long and short braces on the basis of deformation, since strains are much 

different for long and short braces for a given deformation.  Figure 2(b) shows β vesus the brace 

deformations.  Figure 2(b) shows that β values are similar for long and short braces for particular brace 

deformations, incidating that β values could be compared on the basis of brace deformation 

irrespective of brace length. However, data from short specimens is not available for the larger 

deformations expected for longer braces, since such deformations would impose strains well beyond 

the capacity of short braces.  This difficulty, and the difficulty of combining ω and β are resolved by 

relating both factors to the brace strains, as will be discussed in the remainder of the paper.   

Figure 3 shows plots of the strain hardening factor, ω, versus core strain, ε [computed as the brace 

deformation, Δ, divided by the yielding core length, Lysc (see Figure 1 and Table 1)], for the various 

braces and levels of deformations.  Figure 3(a) shows results for the long (13m) braces, Figure 3(b) 

shows the short braces (6m), with one long brace for reference. The line in Figure 3(b) for the average 

of the P-series is giving average values for the four P-series braces with different cross-sectional areas 

(19.3, 58.1, 116, and 174 cm2); emphasis is given in this paper to Specimen 3P since it has the most 
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similar core area to the Q-series braces.  Figure 4(a)-4(b) indicate similar values for ω for all of the 

braces being compared, as might be expected given the similar material properties for the braces. 

  
(a) (b) 

Figure 2. Over strength factors versus deformation: (a) ω; (b) β. 

  
(a) (b) 

Figure 3. Strain hardening factor, ω: (a) long (13m) braces; (b) short (6m) braces with one long brace 
for reference. 

  
(a) (b) 

Figure 4. Compression-to-tension ratio, β: (a) all braces; (b) long braces and βadj values calculated 
using short braces. 

Figure 4(a) shows the compression-to-tension ratio, β, versus core strain for the various BRB.  The β 

values were similar for the three long braces [Figure 4(a)] with a roughly linear relationship up to 

strain values 1.3%.  The long braces experienced casing bending at strains above 1.3% that caused the 

β values to increase above the linear trend.  There was a little more variation of β values for the shorter 

braces [Figure 4(a)].  Specimen Q10 had higher β values than Specimen 3P for all strains.  The 

average β values for the four P-series braces are between Q10 and 3P [Figure 4(b)] for strains between 

1 and 2%.  From Figure 4(a), the shape of the β curve for Q10 appears less regular than the β curves 

for 3P and the P-series average.  The less regular curve for Q10 may be related to brace deformations 



7 

that were less symmetric than the other specimens.    

Figure 4(a) suggests that β values from short brace tests cannot be directly extrapolated to longer 

braces.  For example, Figure 4(a) shows a β value of 1.2 for Q10 at a strain of 2%, whereas the longer 

braces had  values around 1.5 for the same strain.  Directly extrapolating β values from short-brace 

tests to longer braces is not conservative.   

It seems reasonable that the larger β values for longer braces are a direct result of the difference in the 

yielding core length.  The longer braces (Q4, Q5, Q7) had yielding core lengths that were 2.4 times 

that of Q10, and 2.2 times that of 3P.  When a yielding core experiences high-mode inelastic buckling, 

the wavelength is a function of plate thickness and the number of waves depends on the length of the 

yielding core.  All of the braces being discussed had the same core thickness (3.18 cm), so the number 

of waves (and contact points with the grout inside the brace) varied in direct proportion to the lengths 

of the yielding cores. The longer yielding cores for Q4, Q5, Q7 resulted in more contact points and 

correspondingly more friction.  

3.3 Extrapolating β from short brace tests to longer braces 

An adjustment factor is proposed, that would permit the β values obtained from short brace testing to 

be used to determine appropriate β values for longer braces.  The β value for the prototype brace 

(longer brace) is:  

 1 1adj TS adjf      (5)  

where βTS is the β value from the test specimen (shorter brace) and the adjustment factor fadj is defined 

as: 

_ _adj ysc P ysc TCf L L  (6) 

where Lysc_P and Lysc_TS are the yielding core length of the prototype and test specimen BRB 

respectively.  From Table 1 it can be seen that for the long braces in this study, relative to the Q10 test 

specimen, the adjustment factor from Equation 6 would be 2.4.  Similarly, the adjustment factor for 

extrapolating 3P to the long braces would be 2.2. 

Figure 4(b) shows plots that compare the experimentally determined β values for the long braces, 

compared with βadj values determined from Equation 5, extrapolated from short brace tests.  Figure 

4(b) show βadj values based on Q10, βadj values based on 3P, and βadj values based on the average P-

series results (computed using an average of the P-series Lysc_TS).  It can be seen from Figure 4(b) that 

βadj matches the long-brace results better than the unadjusted short brace β values.  The correlation is 

best for βadj based on 3P specimen, while the βadj based on Q10 conservatively envelopes the results 

for strains up to 2%.      

3.4 Combined overstrength factors 

In design, the maximum compression force that can develop in a brace is calculated by multiplying the 

yield strength by both ω and β.  Figure 5(a) shows plots similar to Figure 4(b) but ωβ (or ωβadj) values 

are shown rather than just β (or βadj) values.  In Figure 5(a) the adjusted data from Q10 and the average 

P-series agree more closely than Figure 4(b), and conservatively bound the long braces for strains up 

to about 2%.  As in Figure 4(b), the adjusted data for Specimen 3P corresponds quite closely with the 

long brace data.  Figure 5(a) suggests that data from short brace test specimens, when adjusted using 

Equations 5 and 6, can be used to reasonably estimate ωβ values for longer prototype braces.    

Accounting for Poisson’s effect would result in a modified version of Equation 5 and slightly lower 

values for βadj. Part of β is due to increased cross-sectional area because of Poisson’s effect, while the 

other part of β is due to friction between the core and restraining medium.  Applying the adjustment 

factor to all of β (as done in Eq. 5) is slightly conservative.  Figure 5(b) shows results if the adjustment 

factor (Eq. 6) is only applied to the part of β attributed to friction only [see Saxey and Daniels (2014)]. 
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(a) (b) 

Figure 5. Combined overstrength factors: (a) all braces; (b) accounting for poisons effects 

4 SUMMARY AND CONCLUSIONS 

Test results for long BRB (13m) were compared with test results for shorter BRB (6m) with similar 

core cross-sections.   

The tests confirmed that designing the casing of the long braces so that the Euler buckling load of the 

casing is similar to, or greater than, the ultimate strength of the brace core, resulted in good 

performance.  Additional consideration must also be given to inertial forces that could develop in 

seismic events. 

The compression overstrength for the long braces, as a function of strain, was not well represented by 

tests of shorter braces.  Using results from short test specimens would tend to under-predict the 

compression overstrength that would be generated in longer specimens due to the differences in total 

deformation that the braces undergo and the resulting differences in frictional engagement of the core 

against the restraining member.  Applying an adjustment to the β factor obtained from the test of a 

short brace resulted in adjusted β and ωβ factors that conservatively represented the compression 

strength generated in the longer braces. It is recommended that this adjustment factor be applied in the 

design of BRB and their connecting members when the BRB is longer than the qualification test 

specimen. 

5 REFERENCES 

AISC. (2010). Seismic Provisions for Structural Steel Buildings (AISC 341-10), American Institute of Steel 
Construction, Chicago, Illinois. 

Saxey, B. & Daniels, M. (2014).  Characterization of overstrength factors for buckling restrained braces. 
Proceedings of Australasian Structural Engineering Conference, Auckland, New Zealand.   

Watanabe, A., Hitomi, Y., Saeki, E., Wada, A. & Fujimoto, M. (1988). Properties of Brace Encased in Buckling-
Restraining Concrete and Steel Tube. Proceedings of Ninth World Conference on Earthquake Engineering. 
Tokyo-Hyoto, Japan. 

 

 


