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ABSTRACT: Finite element analysis of 30 experimentally tested gusset plates connected 

to braces was undertaken. The gusset plates were modelled with the experimental 

boundary conditions and in-plane monotonic loading was applied. It was shown that the 

model represented the observed failures well, although it tended to overestimate the 

experimental strength. Methods in current standards also significantly overestimated the 

actual strength of tested buckling restrained braced frames with gusset plates under in-

plane loading. It is shown that using a Whitmore width, an effective length factor of 2.0 

rather than 0.65, the average Thornton length, and the AISC column curve, as suggested 

by some researchers, the predicted strength may still be non-conservative in a number of 

cases. However, by using a Whitmore width, an effective length factor of 2.0, the 

maximum Thornton length, and the AISC column curve, the buckling capacity was 

underestimated for these particular gusset plates under monotonic compression with no 

out-of-plane loading.  

1 INTRODUCTION 

Buckling restrained braces (BRBs) are an attractive earthquake energy dissipation device in steel 

structures due to their stable hysteresis curve and cost effectiveness. They are becoming increasingly 

popular in New Zealand steel buildings. Most countries around the world have gusset plate design 

provisions which follow the AISC standard (AISC 2005). For gusset plate design, this standard uses a 

Whitmore width (Whitmore 1952), an effective length factor of 0.65 (Thornton 1984), and the average 

length from the Whitmore width to the beam/column, which is known as the Thornton length 

(Thornton 1984). It has been found that gusset plates in BRB frames can fail by out-of-plane sway 

buckling (Tsai & Hsiao 2008). It is well known from basic buckling concepts, that for sway members, 

the effective length should be greater than or equal to unity, and that the flexural stiffness of the brace 

itself affects the effective length of the gusset plate Westeneng et al. (2015). For these reasons, 

questions have been raised about the safety of the AISC procedures.   

In addition to the conceptual issues with the AISC approach, experimental testing conducted by both 

Tsai and Hsiao (2008) and Chou et al. (2012) observed that out-of-plane sway buckling of the gusset 

plates of AISC code compliant BRB frames occurred at lower forces than predicted, and before the 

braces reached their expected compression capacity. 

A number of methods have been suggested to address the issue above (MacRae and Clifton, 2015) 

including the following. However there is no consensus as to which of these, if any, is satisfactory.  

 Requiring design for a lateral force equal to 2.5 % of the maximum axial compressive force of 

the brace, as specified in of the New Zealand standard (NZS 3404 Clause 6.7.2).  This is a 

strength based method trying to address a stiffness issue. 

 Using an effective length factor of 2 instead of 0.65, as proposed by Tsai and Hsiao (2008) 

and Chou et al. (2012) and described by Westeneng et al. (2015). This method does not 

consider the brace stiffness and may be inappropriate for very long braces.  

 Consideration of the strength used to cause buckling as developed by Takeuchi et al. (2015).  

 Requiring additional stiffeners along the gusset plate edges as specified in Brace-on-Demand 

(Chuang et al. 2015). 
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Furthermore, tests on BRBs and their gusset plates have generally been in-plane, and may not 

represent the demands on realistic members in frames during earthquakes which undergo deformation 

in two horizontal directions.  

It may be seen from the discussions above that there is a need to determine appropriate rules for gusset 

plate design of BRBs to ensure that poor gusset plate does not compromise the BRB performance. 

This paper seeks to address this need by seeking answers to the following questions: 

1. How do gusset plate strengths from standards compare to strengths from actual tests? 

2. Can the performance of actual gusset plates be modelled?  

3. What design method best represents the behaviour of gusset plates in BRB frames? 

2 BUCKLING CAPACITY DESIGN METHODS 

2.1 Thornton Buckling Capacity Method 

Thornton (1984) developed a method to determine buckling capacity of a gusset plate that was 

considered to be a conservative estimation of allowable compressive strength by considering the 

gusset plate as an effective column strip with the AISC column curve. It is widely used in design 

standards worldwide including the AISC standard (AISC 2005). Equations 1 to 3 show the method, 
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where K = effective length factor; L = Thornton Length; r = radius of gyration; Fy = yield stress; 

E = Young’s modulus; be = Whitmore Width; and tg = gusset plate thickness 

When λc is equal to or less than 1.5, Equation 2 is used to consider inelastic buckling behaviour and 

residual stress effects. Equation 3 is used for λc greater than 1.5 to consider elastic buckling. Both 

equations account for various capacity reduction factors including initial imperfections and accidental 

eccentric loading. These capacity reductions were initially devised considering column members and 

their applicability to gusset plates has not been fully investigated. 

The Thornton length, L, is an approximation of the gusset plate as an equivalent column strip. 

Thornton proposed that the length, L1, should be measured from the centre of the Whitmore Width to 

the beam-column interface parallel to the line of action of the brace. This was considered conservative 

as it is generally the maximum unsupported length of the gusset plate. Thornton also proposed that a 

length, Lave, obtained by averaging the lengths L1, L2, and L3, as shown in Figure 1, be used. This 

length is most commonly used in design (Yam & Cheng 1993). 

 
Figure 1 - Gusset plate diagram indicating Whitmore width and Thornton Lengths (Tsai and Hsiao 2008) 

  



3 

Thornton (1984) does not provide any experimental evidence to prove the method’s validity and at the 

time of publication, no comprehensive study into compression of gusset plates had been undertaken to 

validate the method. The method has been found conservative in experimental tests by Yam and 

Cheng (1993) and Gross (1990). 

Chou et al. (2012) recommended the Thornton method is used with the Whitmore width, average 

Thornton length, AISC column curve, and a K = 2 instead of K = 0.65 to prevent out-of-plane sway 

buckling failure in BRB frames. 

2.2 Euler Buckling Capacity Method 

Euler derived a formula for the maximum axial load of an ideal slender column in 1757. This has been 

adapted for gusset plates in Equation 4 using the Whitmore width and Thornton length. The equation 

has also been rewritten as Equation 5 to more directly compare it with Equation 3. 

     
   

(
  

 
)
      (4) 

    (     
 ⁄ )       (5) 

The Euler method will produce a similar, but less conservative, capacity as Equation 3 for gusset 

plates which buckle elastically. However it may be significantly non-conservative for gusset plates 

that buckle inelastically. 

Tsai & Hsiao (2008) recommended that the buckling capacity of a gusset plate in a BRB frame be 

determined using a modification of the Euler buckling method, by considering the maximum Thornton 

length of the gusset plate and K = 2. 

2.3 Modified Thornton Method 

A common criticism of the Thornton Method for local gusset plate buckling is that is too conservative 

for a number of gusset plates that buckle inelastically (Yam & Cheng 2002). Yam and Cheng devised 

the modified Thornton method to try to more accurately estimate of a gusset plate’s buckling capacity. 

The method uses Equations 1-3 but modifies the dispersion angle used to calculate the Whitmore 

Width, be, from 30⁰ to 45⁰ as shown in Equation 6. Yam and Cheng also suggested that for relatively 

rigid splice plates connecting the brace and gusset plate, the Thornton Length is modified to be 

measured from the end of the splice plate to the beam-column interface.   

                  (6) 

where bb is the width between splice plate bolts and lb is the length between the outermost bolts. 

The method was developed on the basis of load redistribution after gusset plate yielding prior to 

buckling. The method is only applicable when the Thornton elastic buckling load (Eqn. 3) is more than 

two times larger than the Whitmore yield capacity. The method was based on experimental tests which 

constrained the attached brace with tension rods and so it may not be applicable all brace frames. 

It is unlikely that this method will be suitable in predicting out-of-plane sway buckling failure as the 

failure mechanism is generally elastic. 

2.4 New Zealand Code Requirements - NZS 3404 Method 

Gusset plate design for BRB frames is not codified in New Zealand. NZS 3404:1997 

(Standards New Zealand 2007) is applicable for gusset plates in general braced frames. Clause 9.1.9 

defines gusset plates as a connection component subject to Sections 5, 6, 7, 8, and the appropriate 

provisions of Section 12. In particular, Section 12.9.7 details the design of gusset plates. 

Clause 12.9.7.2 states that for buckling in compression the designer must check member capacity to 

Section 6.3 using an effective length of 0.7 times the clear length. Commentary clause C12.9.7 states 

that a comprehensive procedure for gusset plate design is presented in section 10.7.2 of HERA R4-80 

(Clifton 1994). HERA R4-80 recommends a K = 0.5 and the average Thornton length, adapted from 

Gross (1990). As NZS 3404 takes precedence, K = 0.7 will be used and it will be assumed the clear 

length is the maximum Thornton length. 
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NZS 3404 Clause 6.7.2 has also been suggested as applicable (MacRae and Clifton, 2015). The clause 

requires design for a lateral force equal to 2.5 % of the maximum axial compressive force of the brace. 

It is currently unclear to a designer where the lateral force should be applied on a gusset plate and no 

investigation has been made to determine if the method is conservative. 

2.5 Inelastic Plate Buckling Method 

Sheng et al. (2002) stated that both the Thornton Method and the Modified Thornton Method are too 

conservative for a number of large gusset plates. Both methods do not consider the effects 

post-buckling strength from plate action when the gusset plate buckles in-elastically. Sheng et al. 

proposed a method based on the theoretical inelastic plate buckling formula and a constant based on 

finite element modelling of gusset plates. 

As the method is dependent on finite element modelling of a limited number of gusset plates, it is 

difficult for a designer to universally apply the method to gusset plate design outside the range tested 

by Sheng et al. This method is only suitable for in-elastic buckling and will not be investigated further 

in this paper. 

2.6 Method Summary 

Table 1. Summary of gusset plate methods considered. 

Method Thornton Euler Modified Thornton NZS 3404 

Column Curve AISC Euler AISC NZS 3404 

b = 0.5, kf = 1.0 

Effective Width 
Whitmore 

θ = 30⁰ 
Whitmore 

θ = 30⁰ 
Whitmore 

θ = 45⁰ 
Whitmore 

θ = 30⁰ 

Length 
Average 

Thornton 

Maximum 

Thornton 

Splice plate end to 

beam/column 

Maximum 

Thornton 

K local (Section 5.1) 0.65 0.65 0.65 0.7 

K sway (Section 5.3) 2 2 2 2 

3 EXPERIMENTALLY TESTED GUSSET PLATES 

Thirty gusset plates from eight papers had sufficient data to enable modelling (Gross & Cheok 1988, 

Hu & Cheng 1987, Naghipour et al. 2013, Rabinovitch and Cheng 1994, Sheng et al. 2002, and 

Yam & Cheng 1994). 

4 FINITE ELEMENT MODELLING 

Finite element models of thirty gusset plates were developed in Abaqus FEA (Dassault Systems, 2005) 

as an approximation of those gusset plates tested experimentally. The models used shell S4R elements 

for the gusset plates and splice plate connections. Shell elements were chosen, instead of solid 

elements, due to their faster computational time and their suitability for accurately modelling thin plate 

members. Due to the tendency of shell elements to remain in plane, an initial imperfection, shaped to 

the first buckling mode, with a maximum deviation of 0.5 mm at the end of the gusset plate towards 

the brace was included in each model. Figure 2 shows an example geometry of the complete model. 

For the model used in Section 5.1, the boundary conditions were modelled to represent the 

experimental test conditions of each gusset plate. To consider out-of-plane sway buckling in 

Section 5.3, the beam-column interface of the gusset plate was fully fixed and the gusset-brace 

interface was rotationally and translationally free in all directions. This allowed modelling of the 

failure seen in the BRB frames tested by Tsai and Hsiao (2008) and Chou et al. (2012) where BRB end 

hinging accompanied gusset plate sway buckling.  
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Figure 2 - Gusset plate finite element model 

In order to accurately compare the assumptions made by Whitmore and Thornton, the splice plate to 

gusset plate interaction could not be simplified by fully constraining the splice plate and gusset plate 

surfaces together. Bolted connections between the two surfaces were modelled as rigid fasteners at the 

bolt locations. To account for the contact interaction between the two plates pressing against each 

other, rigid links in the direction perpendicular to the plate planes were modelled at the splice plate 

corners to act in addition to the bolts. This was found to be in good agreement with full contact 

modelling and reduced computational time. 

Force was applied to the splice plates in the direction of the brace. The force remained in the same 

direction even after movement at this location occurred. 

5 ANALYSIS AND DISCUSSION OF RESULTS 

5.1 Buckling Capacity Method Comparison 

The experimental buckling capacity of each gusset plate investigated was compared to the estimated 

buckling capacity found from the methods described in Section 2, excluding the inelastic plate 

buckling method. It can be seen in Table 2 that both the Thornton Method and NZS 3404 are, on 

average, conservative. The NZS 3404 method is significantly more conservative. 

When comparing experimental buckling capacity to buckling capacity estimation methods, the 

Thornton method is the best choice as it is conservative and more accurate than the NZS 3404 method 

under normal buckling conditions. However, the Thornton method was not conservative in three cases. 

This is because a number of the papers investigated contained experiments where the attached beam 

and column was able to translate out-of-plane to conservatively account for any frame movement. 

These boundary conditions correspond to a K = 1 effective length factor for the gusset plate’s 

equivalent column strip. Using a K = 1 in the Thornton method would result in the gusset plate’s 

estimated capacity being conservative however this was not recommended by the papers themselves.  

The modified Thornton method is more accurate than any other method investigated, however it is 

non-conservative in a large number of cases and so it cannot be relied upon. The Euler method cannot 

be relied upon as it is non-conservative in any case where the gusset plate buckles in-elastically.  
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Table 2. Buckling Capacity Method Comparison 

Gusset 

Plate* 

Experiment 

Capacity 

(kN) 

Thornton / 

Experiment 

Capacity 

Euler / 

Experiment 

Capacity 

Modified 

Thornton / 

Experiment 

Capacity 

NZS 3404 / 

Experiment 

Capacity 

Finite 

Element 

Capacity 

(kN) 

Finite 

Element 

Capacity / 

Experiment 

Capacity 

GC01 516 0.54 0.27 0.91 0.18 745 1.44 

HC01 914 0.47 0.32 0.49 0.24 1230 1.35 

HC02 141 0.81 0.27 1.14 0.22 199 1.42 

HC03 679 0.63 0.44 0.66 0.32 1058 1.56 

HC04 146 0.78 0.26 1.10 0.21 151 1.04 

HC05 442 0.97 0.67 1.01 0.49 864 1.96 

HC06 122 0.93 0.31 1.31 0.25 142 1.16 

HC07 380 1.13 0.78 1.18 0.57 628 1.65 

HC08 90 1.27 0.42 1.79 0.34 93 1.04 

N01 403 0.84 0.73 1.08 0.46 804 1.44 

N02 113 0.43 0.33 0.50 0.25 308 1.99 

RC01 1682 0.88 1.55 1.33 0.62 2114 1.26 

RC02 1128 0.75 0.67 1.06 0.38 937 0.83 

RC03 907 1.09 0.94 1.55 0.59 1161 1.28 

S01 1626 0.49 1.36 0.80 0.41 1818 1.12 

S02 2349 0.65 7.30 1.03 0.60 2494 1.06 

S03 1143 0.48 0.80 0.83 0.35 1166 1.02 

S04 1867 0.62 3.80 0.98 0.55 1818 0.97 

S05 1480 0.54 1.50 0.88 0.45 1591 1.08 

S06 1232 0.65 1.80 1.05 0.54 1257 1.02 

S07 878 0.63 1.04 1.09 0.45 837 0.95 

YC01 1956 0.59 3.20 0.93 0.53 2142 1.10 

YC02 1356 0.63 1.87 0.98 0.51 1484 1.09 

YC03 742 0.68 1.00 1.05 0.46 711 0.96 

YC04 1720 0.68 2.85 1.04 0.58 2139 1.24 

YC05 1210 0.71 1.64 1.06 0.54 1416 1.17 

YC06 728 0.71 0.80 0.99 0.41 712 0.98 

YC07 1606 0.85 1.11 1.30 0.56 2021 1.26 

YC08 1010 0.78 0.72 1.13 0.44 1061 1.05 

Average 0.73 1.34 1.04 0.43  1.22 

Standard Deviation 0.20 1.43 0.26 0.13  0.28 

*Labelled according to origin paper first authors’ initials. 

** Shaded boxes indicate value is not conservative. 

5.2 Accuracy of Finite Element Models 

The finite element models provided strengths to within 10% of the experimental capacity in only 14 of 

the 30 gusset plates modelled. The average capacity from the FEM was 1.22 times the experimental 

capacity. The overestimation of buckling capacity is likely to be a result of the finite element model 

idealising end conditions. The beam-column interface has been idealised as fully fixed and does not 

account for any bending in the attached beam and columns. In a number of the experimental tests, the 

beam and columns sat on top of rollers and this could have induced further rotations. 
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5.3 Out-of-plane Sway Buckling Capacity Method Comparison 

The 14 accurate gusset plate models were modelled with fixed-free boundary conditions to simulate 

out-of-plane sway buckling failure. That is, they were fixed at the beam and column but free to rotate 

or translate at the brace-end of the gusset plate. The buckling capacity of these models was then 

compared to the aforementioned buckling capacity methods, using a K = 2 instead of K = 0.65. Only 

the Thornton method and the NZS 3404 method were, on average, conservative as seen in Table 3. 

Every gusset plate model buckled elastically, however the Euler buckling method was 

non-conservative in almost all cases. As expected, the modified Thornton method was not 

conservative in most cases. 

Table 3. Out-of-plane Sway Buckling Capacity Method Comparison 

Gusset 

Plate 

FEM 

Capacity 

(kN) 

Thornton / 

FEM Capacity 

(Average Length) 

Thornton / 

FEM 

Capacity 

(Max Length) 

Euler / 

FEM 

Capacity 

Modified 

Thornton / 

FEM Capacity 

NZS3404 / 

FEM 

Capacity 

HC04 8 1.33 0.40 1.49 2.09 0.50 

S01 592 0.48 0.32 0.56 1.43 0.31 

S02 1114 1.25 0.93 8.39 1.88 0.81 

S03 263 0.44 0.29 0.52 1.63 0.31 

S04 627 1.59 0.90 6.09 2.23 0.77 

S05 422 0.66 0.45 0.79 2.01 0.44 

S06 295 0.92 0.62 1.09 2.88 0.63 

S07 130 0.83 0.56 0.99 3.30 0.63 

YC01 771 0.98 0.68 1.50 1.54 0.58 

YC02 371 1.03 0.57 1.25 1.59 0.56 

YC03 127 0.88 0.49 1.06 1.36 0.52 

YC06 186 0.21 0.22 0.25 0.68 0.29 

YC08 160 0.56 0.38 0.67 0.80 0.43 

Average 0.89 0.52 1.87 1.82 0.52 

Standard Deviation 0.38 0.21 2.27 0.68 0.15 

*FEM = Finite Element Model, considering out-of-plane sway buckling (K = 2) 

** Shaded boxes indicate value is not conservative. 

The Thornton method (average length) was the most accurate and on average, conservative. However 

a number of gusset plates capacity estimates were found to be non-conservative. It was found that 

using the Thornton method with a maximum Thornton length instead of the average length resulted in 

all gusset plate capacities being conservatively estimated. The estimate was, on average, 0.52 times the 

true capacity. This is quite an inaccurate estimation and could result in many gusset plates being 

overdesigned. It is clear that none of the methods available are both conservative and accurate and 

there is a need for a better method to be developed.  

6 BUCKLING CAPACITY METHOD RECOMMENDATION 

The recommendation to use the Euler method with a K = 2 and a maximum Thornton length for gusset 

plates in BRB frames by Tsai and Hsiao (2008) was found to be, on average, not conservative. The 

Thornton method with a K = 2 and an average Thornton length recommended by Chou et al. (2012) 

was also not conservative in a number of cases. As such both of these recommendations should not be 

used in the design of gusset plates in BRB frames.  

Two methods were found to be consistently conservative for each gusset plate tested, the Thornton 

method using a maximum Thornton length and the NZS 3404 method. The NZS 3404 method was 

found to be more accurate as it had a smaller standard deviation from the average capacity ratio. The 

method is also the most familiar and so it is the best available method for designers in New Zealand.  
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The NZS 3404 method should not be used without prejudice. Only 14 out of 30 gusset plates were 

suitable to be modelled for out-of-plane sway buckling, there may be some cases in which the method 

is not conservative. The experiments conducted were for in-plane loading only. When out-of-plane 

loading is significant, different recommendations may be required.  

7 CONCLUSION 

Finite element analysis of 30 experimentally tested gusset plates was undertaken. It was found that: 

1. When compared with provisions in commonly used standards which use a Whitmore width, an 

effective length factor, a Thornton length and a column curve, experimentally tested gusset 

plates can buckle at a lower strength than predicted. 
2. The finite element model represented the observed failures well, although it tended to 

overestimate the experimental strength.  
3. Using a Whitmore width, an effective length factor of 2.0, the maximum Thornton length, and 

the AISC column curve, the buckling capacity was conservatively estimated for the modelled 

gusset plates. While this approach may be considered for design it considers only monotonic 

compression, no consideration of brace length, and no out-of-plane deformation is considered. 

More conservative design requirements are therefore required for actual BRB gusset plates. 
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