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Abstract 7 

For a seismically designed concentrically braced frame with hollow structural sections as braces, 8 

the typical connection design consists of a slotted brace that is field welded to a gusset plate. 9 

During an earthquake, the brace is expected to buckle out-of-plane and the gusset plate is 10 

expected to yield. This makes it difficult to repair or replace the brace and connection, and the 11 

out-of-plane brace buckling caused by this connection can also damage surrounding walls and 12 

cladding, with potential life safety implications. In this paper, an alternative connection is 13 

proposed that is expected to result in reduced erection costs by avoiding site welding, and also to 14 

simplify structural repairs following a major earthquake by confining all damage to a replaceable 15 

brace module. Additionally, the new connection causes the brace to buckle in-plane during a 16 

seismic event, reducing the potential for damage to the surrounding walls and cladding. This 17 

paper discusses large-scale quasi-static cyclic testing of eight brace modules with two variations 18 

of the new connection, one with a single shear eccentric splice and the other with a double sided 19 

concentric splice. All of the tested specimens had the desired failure progression and buckled in-20 

plane, as intended. Bolt slip in the connection had very little effect on the overall force-deflection 21 

response after the brace compressive strength degraded to less than the slip load. The brace 22 

module was replaced after each test without observable damage outside the module. Although 23 
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both connection variations behaved in a desirable manner, the single shear eccentric splice was 24 

preferred because of the simpler constructability and improved performance. 25 

Introduction 26 

Concentrically braced frames (CBFs) are commonly used as steel lateral force resisting systems 27 

throughout North America, including in regions of high seismicity. CBFs have the high strength 28 

and stiffness that are necessary for them to be serviceable under wind loads and smaller 29 

earthquakes. During severe earthquakes, the energy dissipation to prevent collapse and ensure 30 

life safety is provided through tensile yielding and compression buckling of the braces. Hollow 31 

structural sections (HSSs) are desirable for braces because their high compressive resistance 32 

results in a well-balanced response between paired braces, their ease of transportation and 33 

because they suffer less degradation in their compressive strength and energy dissipation than 34 

other structural sections (Lee and Bruneau 2005). 35 

Although the brace is the primary member in the design, the brace end connections play an 36 

essential role in enabling the brace  to perform as intended. North American seismic design 37 

specifications require that that the connection must allow the brace end to rotate during buckling, 38 

or else the brace must be designed as fully restrained (CSA 2014, AISC 2010). Gusset plate 39 

connections with a linear or elliptical clearance rule are normally used to allow brace end 40 

rotations (Astaneh-Asl et al. 1985, Lehman et al. 2008). A typical detail for a connection using 41 

HSS braces is shown in Fig. 1(a). The brace is slotted and welded directly to the gusset plate 42 

requiring field welding that can increase costs and complicate quality control. Furthermore, if the 43 

brace and gusset plate are damaged during a major earthquake, replacing them would require 44 

cutting out the gusset plate, welding a new plate on site and welding a new brace to the gusset on 45 
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site. This would likely be an expensive and time consuming process, thus delaying the building’s 46 

return to safe occupancy. 47 

During a major earthquake, the typical gusset plate connection will cause the brace to buckle out-48 

of-plane. The out-of-plane displacement can be very large, with full-scale testing showing over 49 

400 mm of displacement before brace fracture occurs (Tsai et al. 2013). This out-of-plane 50 

deflection can cause damage to exterior cladding and could result in sections falling (Bruneau et 51 

al. 2011), endangering the lives of people evacuating the building and of other pedestrians. If the 52 

cladding has sufficient strength to restrict the buckling of the brace, the intended behavior of the 53 

system would be altered and could invalidate a number of design assumptions, causing the 54 

system to fail in a less ductile manner, such as gusset plate buckling due to the unexpectedly high 55 

compression force (Sen et al., 2013). 56 

Previous research on bolted connections for CBFs with HSS braces focussed on bolted splice 57 

plates to traditional gusset plates (Kotulka 2007, de Oliveira et al. 2008) and connections 58 

intersecting braces in single story X-bracing (Davaran et al. 2015). These connections are easier 59 

to install than traditional welded connections but may not be easier to replace because damage 60 

still occurs in the gusset plates during major earthquakes (de Oliveira et al. 2011). Additionally, 61 

previously tested bolted CBF connections exhibited failure in the connection prior to brace 62 

buckling or yielding due to multiple plastic hinges forming within the connection, preventing the 63 

desired ductile response of the brace (Kotulka 2007, Powell 2010, Davaran et al. 2015). Some 64 

research and testing has been done on a knife plate connection that allows brace buckling to 65 

occur in-plane (Tsai et al. 2013). This connection, shown in Fig. 1(b), consists of a rotated knife 66 

plate connected to a slotted gusset plate. This connection allows in-plane buckling but still 67 

requires field welding to install or replace. Recent testing has also shown that the connection 68 
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may still buckle out-of-plane due to hinging occurring in the gusset plate, negating the intended 69 

purpose of the in-plane buckling connection (Sen et al. 2016). To prevent this, Sen et al. (2016) 70 

suggest the use of brace shapes with a weak axis that promotes in-plane buckling, although this 71 

increases the imbalance between the expected tension and compression forces in the braces.  72 

This paper discusses the design and testing of a new connection that improves the 73 

constructability and replaceability of CBFs designed with HSS braces and that causes the brace 74 

to buckle in-plane. The new connection was designed to meet three criteria: (1) The new 75 

connection should be easy to install and to replace in the event of damage. Specifically, the 76 

connection should not require any field welding. If the brace is damaged in an earthquake, the 77 

damage should be confined to a module that can be unbolted and replaced as a unit. (2) The new 78 

connection should allow the brace to buckle in-plane to minimize damage to surrounding walls 79 

and cladding. (3) The new connection should provide comparable performance to current design 80 

practice. This includes similar yield and failure progression and similar energy dissipation 81 

behavior. 82 

Replaceable Connection Design 83 

As shown in Fig. 2, the new replaceable connection design consists of a hinge plate that is 84 

welded to a slotted HSS brace. The hinge plate is bolted to support plates that are welded directly 85 

to the beam flange during fabrication. The support plates are sufficiently stiff to confine plastic 86 

rotation to the hinge plate so that damage occurs only in components that may be easily replaced. 87 

The rotated hinge plate ensures that the brace will buckle in-plane, minimizing damage to the 88 

surrounding walls and cladding. 89 
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Two variations of this new connection design were developed. The single-shear variation (Type 90 

S), shown in Fig. 2(a), uses a single-sided splice connection to attach the hinge plate to the 91 

stiffened support plate. This type of connection is very easy to install and replace but introduces 92 

eccentricity to the hinge plate. The double-shear variation (Type D), shown in Fig. 2(b), uses a 93 

double-sided splice to connect the hinge plate and the support plate. There are three plates used 94 

as part of the splice: on one side, the splice plate extends the full width of the hinge plate, while 95 

two plates are used on the other side to accommodate the support plate stiffener. Relative to 96 

connection Type S, this connection eliminates the hinge plate eccentricity but is more difficult to 97 

erect and results in a longer connection for the same brace size. Further information about the 98 

conceptual development of these alternatives is provided elsewhere (Stevens and Wiebe, 2016).  99 

In addition to promoting in-plane buckling and improving constructability and replaceability, 100 

there are other potential benefits over traditional connections for CBFs because of the lack of a 101 

gusset plate connected to the beam and column. The omitted gusset plate means that the new 102 

connection is less susceptible to multiple plastic hinges forming within the connection, as has 103 

occurred in previous bolted splice tests (Kotulka 2007, Powell 2010, Davaran et al. 2015), and is 104 

also less susceptible to an unintended buckling direction that is possible with a knife plate 105 

connection (Sen et al. 2016). It also reduces the likelihood of inelastic deformation and damage 106 

in the beam and column that can occur  due to the forces that develop in the gusset plate at large 107 

deformations. 108 

Experimental Program 109 

To verify that the new connection design could satisfy the desired criteria, an experimental 110 

program was performed to assess the connection’s behavior under quasi-static, cyclic, uniaxial 111 

loading. The dimensions of the test represented a 3/4 scale of a reference structure designed to 112 
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resist the seismic demands in Vancouver, British Columbia. Fig. 3 shows the reference structure 113 

and Fig. 4 shows the scaled second story braced bay. The braces in this bay were designed to 114 

resist the forces resulting from an equivalent static force procedure of the reference structure 115 

following the Canadian code (NBCC-10). All linear dimensions of the design, including brace 116 

and plate dimensions, weld thickness and length, and bolt diameter, were scaled by 3/4 and 117 

resulted in the design of the base case specimen, S-1, from which the other test specimens varied. 118 

For this experiment, the tested region consisted of the brace and the new connection, with angled 119 

supports to represent the boundary condition of the beam. Fig. 5 shows a typical experiment 120 

setup for the HSS brace specimens that were tested. The angled supports at either end of the 121 

brace were designed to behave elastically throughout testing. The triangular section was built 122 

from 1” thick plates, a 2” thick plate was used to connect it to the actuator, and the support plate 123 

and stiffener that connect to the hinge plate were designed to be the same thickness as the 124 

associated hinge plate. Two different angled support details were fabricated, as seen in Fig. 5, 125 

and the same supports were reused for all tests of the same connection type.  126 

Load was applied to the specimen using an actuator with a 1060kN capacity that was bolted to 127 

one of the angled supports and secured to the strong floor. The loading was applied cyclically 128 

and quasi-statically following the ATC-24 testing protocol (ATC 1992). The displacement for 129 

each cycle was applied in increments of yield drift (y), defined as the expected drift at which 130 

first buckling occurs. If the brace did not fracture by the end of the protocol shown in Fig. 6, 131 

paired cycles at +1 y relative to the previous displacement were performed until failure. During 132 

two of the eight tests, several tension cycle displacements were limited by the force capacity of 133 

the actuator. 134 

Test Specimens 135 
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Eight cold-formed HSS braces were tested for this experimental program. Most braces were CSA 136 

G40.20 Class C members, while two braces were ASTM A500 Grade C. The distance between 137 

connection ends was kept constant between all specimens (3768 mm) and the brace lengths were 138 

adjusted according to the length of each connection. Five braces were tested with the Single-139 

Shear (Type S) connection and three braces were tested with the Double-Shear (Type D) 140 

connection. All specimens were designed to satisfy the requirements for moderately ductile 141 

concentrically braced frames in the CSA S16-14 seismic provisions (CSA 2014). The bolted 142 

connections of all specimens used ¾” ASTM A325 bolts that were pretensioned to 70% of their 143 

expected tensile loading using a torque wrench, but were not designed for a specified slip load. 144 

This was done because designing the connections as slip-critical would have required 145 

significantly more bolts, resulting in a much longer connection and shorter brace, thereby 146 

reducing the energy dissipation capacity of the brace. The weld and bolt bearing strengths in all 147 

connections were capacity designed to resist the full overstrength capacity of the braces using the 148 

equations given in CSA S16-14 (CSA 2014). 149 

Table 1 summarizes key parameters of the test specimen braces, including the brace shape, brace 150 

standard, the connection type, the brace yield (Fy) and ultimate stress (Fu), actual brace lengths, 151 

and the predicted tension (Tr) and compression (Cr) resistances of the brace. All wall thicknesses 152 

were within 5% of nominal values, including for braces designated as ASTM A500. The brace 153 

yield and ultimate stresses were taken from mill certificate values. The predicted tensile 154 

resistance, Tr, was calculated as AgFy where Ag is the gross area of the brace. The predicted 155 

compression resistance, Cr, was calculated using the flexural buckling equation from S16-14 156 

with n being 1.34 for a cold formed HSS and KL being the length between hinge zones (K=1), as 157 
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recommended in the CISC Commentary of S16-14 and previous research (CSA 2014, Tremblay 158 

et al. 2003). 159 

Table 2 summarizes key parameters of the test specimen connections, including the connection 160 

length, the hinge and splice plate thicknesses, the hinge length, plastic moment capacities of the 161 

brace, hinge plate and splice plates, and a theoretical effective length factor (Kt) based on the 162 

relative plastic moment capacities. The hinge plate thickness was designed to provide sufficient 163 

tensile resistance along the first line of bolts for the full overstrength capacity of the brace. In 164 

addition, the hinge plates of connection Type S were designed to account for the eccentricity 165 

present in the connection as recommended by AISC Design Guide 24 for the compressive 166 

strength of single sided shear splice connections for HSS members (Packer et al. 2010). In 167 

particular, the hinge plate thickness was selected to satisfy the constraint: 168 

 
𝑃

𝑃𝑢
+ (

8

9
) (

𝑀

𝑀𝑢
) < 1 (1) 169 

where Pr is the axial force in the connection caused by the brace compressive force including 170 

overstrength, Pc is the factored resistance in axial compression of the thinner splice plate with an 171 

effective length of 1.2 times the length of the hinge plate between the brace end and the last line 172 

of bolts, Mr is the moment in the connection, which is taken as Pr times half the connection 173 

eccentricity, and Mc is the factored plastic flexural capacity of the thinner plate. When designing 174 

the test specimens, the resistance factor of Pc and Mc was taken as 1.0. Designing for this 175 

constraint resulted in hinge plates that were 14%-24% thicker than if eccentricity had not been 176 

considered. The splice plates were designed to provide sufficient tensile resistance along the first 177 

line of bolts for the full overstrength capacity of the brace. Half of the tensile force was assumed 178 

to be transferred through the large splice plate and the other half was evenly distributed between 179 
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the two smaller splice plates, causing the small splice plate thickness to be the limiting factor in 180 

the design. 181 

The hinge length, defined as the distance between the brace end and the end of the support plate 182 

in connection Type S and the end of the splice plate in connection Type D, was typically 183 

designed to be two times the hinge plate thickness to align with previous recommendations for 184 

gusset plates (Astaneh-Asl et al. 1985). The plastic moment capacity of the brace, Mpb, was 185 

calculated using the actual yield strength of the braces. The plastic moment capacity of the hinge 186 

plate, Mph, was calculated using the specified yield strength of 350MPa. The plastic moment 187 

capacity of the splice plates, Mps, was calculated as the tension-compression couple formed when 188 

both splice plates reach their specified yield strengths. A theoretical effective length factor, Kt, 189 

was also calculated using the relative plastic moment capacities of the brace and hinge plates as 190 

seen in Equation 2 (Takeuchi & Matsui 2015):  191 

 𝐾𝑡 =
1

1+(
𝑀𝑝ℎ

𝑀𝑝𝑏
)

 (2)  192 

Specimens S-1, S-2 and S-3 were three different brace sizes with the single-shear connection. 193 

Specimens D-1, D-2 and D-3 were the same three brace sizes but with the double-shear 194 

connection instead. Specimen S-4 was the same as S-1 except that a larger hinge length of three 195 

times the hinge plate thickness was used. Specimen S-5 was not designed to account for the 196 

eccentricity in the connection and therefore had a hinge plate that was 24% thinner than the 197 

hinge plate of S-1. 198 

Experimental Results 199 
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The following sections discuss the experimental results in terms of the yield and failure 200 

progression, the measured drift and force capacities, and the bolt slip behavior. The load was 201 

measured using a load cell connected to the head of the actuator. The axial displacement was 202 

measured using a string potentiometer attached to just outside the support plates on either end of 203 

the test assemblage, as seen in Fig. 5. These locations  correspond to just inside the beam flanges 204 

of the reference frame. The axial displacement was converted to an equivalent story drift based 205 

on the scaled design building used to select the braces, with a 1% drift corresponding to a 23 mm 206 

axial displacement as measured by the potentiometer. Other instrumentation was used to verify 207 

the shown data and to record other data, including a string potentiometer to measure the brace 208 

axial displacement, string potentiometers along the length of the brace to measure lateral 209 

displacement and deflected shape, and an LVDT within the actuator that controlled the applied 210 

displacements. All instrumentation was calibrated for use within the testing range. 211 

Yield and Failure Behavior 212 

All eight tested specimens experienced yielding and failure only in the intended locations. The 213 

initial yield mechanism was brace buckling, followed by brace tensile yielding and hinge plate 214 

flexural yielding. Large compressive deformations caused local cupping to occur near midlength 215 

of the brace, which led to low-cycle fatigue failure in the corners of the HSS under tension 216 

loading. Eventually, the cracks propagated to cause complete fracture of the brace in tension, as 217 

seen in Fig. 7. This is consistent with the failure behavior observed with more conventional 218 

gusset plate connections (e.g. Roeder et al. 2011). 219 

For braces with the single-shear connection, the location of hinge plate flexural yielding varied 220 

depending on the end of the brace and the direction of buckling. Fig. 8 shows an example of this 221 

slightly asymmetrical hinge plate yielding, which was consistent for all specimens with the 222 
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single-shear connection and occurred because the support was on the opposite side at the top and 223 

bottom. The hinge plate at the top rotated towards the support plate, confining yielding to the 224 

region between the brace end and the support plate. Yielding in the bottom plate was spread over 225 

a larger area, with the most significant yielding occurring along the first row of bolts. Despite 226 

hinging occurring along the bolt line of the bottom hinge plate, no tears or unintended damage 227 

developed in the hinge plate of any of the single-shear brace specimens, including the thin hinge 228 

plate of specimen S-5.  229 

For the double-shear connection, the splice plates were designed to have a higher combined 230 

plastic moment capacity than the hinge plate, as shown in Table 2. As intended, the end rotation 231 

was confined to the hinge plate for Specimens D-1 and D-2, as shown in Fig. 9(a) and (c). 232 

However, in specimen D-3, rotation and yielding appeared first in the two smaller splice plates at 233 

one end (bottom of Fig. 9(b)), starting at 1% drift. No yielding was observed in the larger 234 

opposing splice plate at this drift level. As the brace end rotation increased, the opposing splice 235 

plate (right splice plate in Fig. 9(d)) was engaged, allowing yielding to develop in the hinge plate 236 

at 1.6% drift. At larger drifts, the rotation occurred primarily in the hinge plate. Although the 237 

overall response of the brace module in compression was still dominated by brace buckling, a 238 

similar early yielding in the splice plates at both ends might have led to inelastic deformation 239 

concentrating in the connections instead of the brace. 240 

Drift Capacity 241 

Fig. 10 shows the load-displacement curves of the eight specimens tested in the experimental 242 

program. All of the tested specimens reached at least the 18th load cycle shown in Fig. 6. The 243 

maximum drift ranges, shown in Table 3, varied from 3.3% to 6.4%, which was within the 244 

expected range of traditional gusset plate connections (Roeder et al. 2011). The drift range of 245 



 

12 

 

each test specimen was primarily influenced by the brace shape used. Specimens using the 246 

HSS102x102x6.4 section (S-1, S-4, S-5, D-1) all had drift ranges of 3.3% to 3.4%, the smallest 247 

among the shapes tested. The HSS 89x89x6.4 specimens S-3 and D-3 had drift ranges of 5.4% 248 

and 5.1%, respectively. The variation in drift range between different brace shapes was mostly 249 

related to how quickly local cupping occurred in the midlength plastic hinge of the brace, which 250 

is heavily influenced by the local slenderness of the brace, as seen in previous experiments (e.g. 251 

Han et al. 2007). Using a specified yield strength of 350 MPa, the limit for the width-to-252 

thickness ratio of an HSS is 17.6 in CSA S16-14 (CSA 2014) and 15.3 in AISC 341 (AISC 253 

2010). The HSS102x102x6.4 brace design width-to-thickness ratio of 14.1 only marginally 254 

meets these requirements, whereas the values for the other braces shapes (12.0 for 255 

HSS89x89x6.4 and 9.0 for HSS89x89x8.0) exceed the requirements by a greater margin. 256 

Very similar drift ranges were found between specimens with the same brace type but different 257 

connections (S-1, S-4, S-5 and D-1, S-2 and D-2, S-3 and D-3). Although the HSS 89x89x8 258 

specimens S-2 and D-2 had the largest drift ranges of 5.9% and 6.4% respectively, this may have 259 

been influenced by the tension load on these specimens being limited by the actuator capacity, as 260 

discussed below. 261 

Force Capacity 262 

The braces and connections of all specimens sustained at least the anticipated tension and 263 

compression forces before ultimate failure of the brace. The maximum predicted and measured 264 

tension and compression values for each test are shown in Table 3. The maximum tension forces 265 

in the experiment, Tmax, were typically within 10% of the expected yield values, except that 266 

specimens S-2 and D-2 were not able to be tested to their full expected yield because the 267 
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significant material overstrength relative to the nominal yield stress caused them to exceed the 268 

actuator capacity. 269 

The maximum recorded compression forces, Cmax, were 6%-40% larger than the estimated 270 

compressive resistance found when using KL equal to the length between hinge zones. An 271 

experimentally derived effective length factor, Ke, was calculated by reversing the flexural 272 

buckling equation from S16-14 and substituting Cmax to solve for K (CSA 2014). The 273 

experimentally derived effective length factors were all within 12% of the effective length 274 

calculated using equation 2 (Kt). This verifies that an effective length estimate that incorporates 275 

the relative moment capacities is more accurate than assuming the effective length is the distance 276 

between hinge zones (Takeuchi & Matsui 2015). This is especially important for the proposed 277 

connection because the hinge plates are typically thicker than a traditional gusset plate for the 278 

same brace shape, resulting in greater stiffness in the hinge region. 279 

All specimens with the double-shear connection (D-1, D-2 and D-3) had a lower compression 280 

force than the same brace size with the single-shear connection (S-1, S-2 and S-3), despite 281 

having a shorter brace length. The reduced compressive strength resulted from the increased 282 

connection flexibility caused by the longer connection, even in specimens D-1 and D-2, which 283 

had plastic rotation only in the hinge plate (Fig. 9(a)). This difference in connection stiffness is 284 

reflected in the effective length factors calculated using equation 2 (Kt in Table 3). Specimen D-285 

3 had a maximum compressive force 18% smaller than S-3 because the early flexural yielding of 286 

the pair of splice plates at one end (Fig. 9(b)) greatly increased the flexibility in the connection. 287 

As discussed previously, if this had occurred in the splice plates at both ends, brace buckling 288 

might not have occurred, with inelastic deformation concentrating in the connection instead. 289 
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Specimen S-5, which used a thin hinge plate, had a peak compressive load only slightly smaller 290 

than Specimen S-1 and did not have its compressive strength limited by the connection strength. 291 

The support plates provided sufficient fixity to the connection to prevent the connection failure 292 

modes found in standard lap splice connections in compression (Davaran et al. 2015). This 293 

indicates that  designing the hinge plate of the single-shear connection to resist the additional 294 

moment due to the eccentricity was unnecessarily conservative in this case.  295 

Bolt Slip 296 

Due to the bolted connections of the tested specimens being designed only for strength, bolt slip 297 

was observed during the testing of all specimens. Initial bolt slip typically occurred before initial 298 

brace buckling and at a load greater than the predicted slip load of the connection (see Table 3), 299 

which was calculated using the formula for bolt slip in S16-14 assuming clean mill scale surfaces 300 

(CSA 2014). Slip continued in pre-yield cycles but generally in smaller increments and at lower 301 

loads than the initial slip, the average load of which is shown in Table 3. However, bolt slip 302 

diminished, and eventually stopped, after the brace compressive strength degraded to less than 303 

the slip load after the first several post-buckling cycles (Fig. 11(a)). After this, the compressive 304 

load no longer exceeded the residual slip load and the connection remained fully slipped in the 305 

tensile direction. This meant that slip did not continue to affect the hysteretic response beyond 306 

0.2% to 0.4% drift, as seen in the full specimen hystereses in Fig. 10. Minor damage was present 307 

on the bolts, with a visible line apparent at the shear planes. However, no significant bolt 308 

deformation was observed. Additionally, despite multiple instances of slip occurring in each 309 

direction, the hinge and support plates were sufficiently thick to prevent noticeable deformation 310 

of the bolt hole, allowing the support plates to be reused for multiple tests. Bolt slip was larger in 311 

specimens with the double-shear connection because there was an additional bolted shear 312 
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transfer at each brace end. Fig. 11(b) is an example of this larger slip compared to the equivalent 313 

single-shear brace in Fig. 11(a). Nevertheless, even with this connection, the bolt slip did not 314 

affect the hysteretic response beyond the low drift levels.   315 

Conclusions 316 

A new replaceable connection for the seismic design of concentrically braced frames was 317 

proposed, and an experimental program studied the performance of eight different braces with 318 

the new connection under quasi-static axial loading. The study focused on the yielding and 319 

failure behavior of the brace and hinge plate of the new connection without considering frame 320 

effects. The study found that: 321 

1. All braces tested with the new connection failed in the intended manner, with significant 322 

yielding occurring at the center and ends of the replaceable brace module before ultimate 323 

failure in the brace. The brace performance was primarily influenced by the brace shape 324 

rather than connection parameters. Drift ranges were within expected values based on 325 

previous studies of more conventional gusset plate connections. 326 

2. Eccentricity in the brace connection did not result in any undesirable yielding or failure. 327 

Additionally, designing the hinge plate for extra forces due to eccentricity was 328 

unnecessarily conservative in the case that was tested, provided that the support plates 329 

had sufficient rotational restraint to prevent multiple plastic hinges from forming in the 330 

connection. 331 

3. Bolt slip had little effect on the brace hysteresis after the compressive strength of the 332 

brace decayed to less than the slip load. Bolt slip at low displacements was larger in the 333 

double-shear connection than in the single-shear connection.  334 
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4. Within this experimental program, the performance of the single-shear connection was 335 

equal to or better than that of the double-shear connection, with no observed negatives 336 

associated with the eccentricity in the connection, less risk of early connection failure and 337 

less bolt slip than the double-shear connection. For these reasons and the improved 338 

constructability of a single splice connection, the single-shear connection is the 339 

recommended choice for further development and experimentation as an alternative 340 

connection for concentrically braced frames. 341 

This study focused on specimens designed for a specific scaled brace bay, and the experiments 342 

were limited to testing of the brace and connection behavior without considering the interaction 343 

with the rest of the braced frame. Future experimental and numerical testing is needed to 344 

investigate how including the proposed connection within a frame affects the connection 345 

performance, to determine what design considerations are required for the beam and the beam-346 

column connections, and to assess the likelihood of residual drifts or other access issues 347 

interfering with replacement of the brace modules.  348 
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Fig. 1: CBF connections: (a) Typical connection; (b) Knife plate connection 410 

Fig. 2: Replaceable CBF connection variations: (a) Single-Shear (Type S) (b) Double-Shear 411 

(Type D) 412 

Fig. 3: Reference Structure in Vancouver, BC 413 

Fig. 4: Scaled frame dimensions for selecting brace size 414 

Fig. 5: Typical Experimental Setup 415 

Fig. 6: Loading Protocol 416 

Fig. 7: Specimen S-1: (a) Local cupping; (b) Tearing; (c) Fracture 417 

Fig. 8: Single-Shear hinge yield lines: (a) Buckled shape; (b) Top hinge; (c) Bottom hinge 418 

Fig 9: Double-Shear hinge behavior: (a) Single hinge line (D-1); (b) Multiple hinge lines (D-3); 419 

(c) Profile single hinge (D-1); (d) Profile multiple hinges (D-3) 420 

Fig. 10: Experimental load-displacement curves for all specimens 421 

Fig. 11: Bolt slip comparison: (a) Single-Shear connection S-1; (b) Double-Shear connection D-1 422 

  423 
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Table 1: Test Brace Details 424 

Specimen 
HSS Square 

Brace Shape 

Brace 

Standard 

Connection 

Type 

Fy 

(MPa) 

Fu 

(MPa) 

Brace 

Length 

(mm) 

Predicted 

Tension, 

Tr (kN) 

Predicted 

Compression, 

Cr, K=1 (kN) 

S-1 102x102x6.4 G40.20 Single-Shear 444 501 3082 1030 -494 

S-2 89x89x8.0 A500 Single-Shear 513 578 3096 1236 -420 

S-3 89x89x6.4 G40.20 Single-Shear 458 531 3200 911 -337 

S-4 102x102x6.4 G40.20 Single-Shear 444 501 3034 1030 -501 

S-5 102x102x6.4 G40.20 Single-Shear 444 501 3108 1030 -490 

D-1 102x102x6.4 G40.20 Double-Shear 444 501 2863 1030 -540 

D-2 89x89x8.0 A500 Double-Shear 513 578 2886 1236 -467 

D-3 89x89x6.4 G40.20 Double-Shear 458 531 3105 911 -349 

 425 

Table 2: Test Connection Details 426 

Specimen 

Connection 

Length 

(mm) 

Plate Thickness 

(mm) 
Hinge 

Length 

(mm) 

Plastic Moment Capacity 

(kNm) 
Theoretical 

Effective 

Length Factor, 

Kt 
Hinge Splice 

Brace, 

Mpb 

Hinge, 

Mph 

Splice, 

Mps 

S-1 686 25 - 50 36.1 10.9 - 0.77 

S-2 672 22 - 44 36.6 8.5 - 0.81 

S-3 568 19 - 38 27.7 6.3 - 0.81 

S-4 734 25 - 75 36.1 10.9 - 0.77 

S-5 660 19 - 38 36.1 6.3 - 0.85 

D-1 905 19 16 44 36.1 6.3 36.7 0.85 

D-2 882 19 16 38 36.6 6.3 36.7 0.85 

D-3 663 16 10 32 27.7 4.5 17.0 0.86 

 427 

Table 3: Summary of  Test Results 428 

 Drift (%) 
Peak Tension 

Forces (kN) 

Peak Compression Forces 

(kN) 
Slip Loads (kN) 

Specimen Min Max Range Tr Tmax 
Cr 

(K=1) 
Cmax Kt Ke Predicted Actuala 

S-1 -1.8 +1.6 3.4 1030 1047 -494 -605 0.77 0.84 374 370 

S-2 -3.1 +2.8 5.9 1236 1091b -420 -592 0.81 0.78 374 375 

S-3 -2.7 +2.4 5.1 911 1000 -337 -451 0.81 0.80 299 285 

S-4 -1.9 +1.5 3.4 1030 1052 -501 -590 0.77 0.86 374 445 

S-5 -1.8 +1.5 3.3 1030 1031 -490 -569 0.85 0.88 374 360 

D-1 -1.9 +1.4 3.3 1030 1011 -540 -572 0.85 0.94 449 340 

D-2 -3.4 +3.0 6.4 1236 1067b -467 -568 0.85 0.87 449 555 

D-3 -2.7 +2.2 4.9 911 975 -349 -371 0.86 0.95 299 260 
aAverage of slip loads after initial slip 429 
bLimited by actuator 430 
  431 
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 432 
Fig. 1: Concentrically braced frame connections: (a) Typical connection; (b) Knife plate 433 

connection 434 

 435 
Fig. 2: Replaceable concentrically braced frame connection variations: (a) Single-Shear (Type S) (b) 436 

Double-Shear (Type D) 437 
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 438 

 439 
 440 

Fig. 3: Reference Structure in Vancouver, BC 441 

 442 
Fig. 4: Scaled frame dimensions for selecting brace size 443 

5
@

8
.5

m
 =

 4
2
.5

m

5@8.5m = 42.5m

HSS 127x127x9.5

4
@

4
.2

5
m

 =
 1

7
m

HSS 127x127x9.5

HSS 114x114x9.5

HSS 102x102x8.0

37
68

 m
m

3
1

8
7

 m
m

6375 mm



 

23 

 

 444 
Fig. 5: Typical Experimental Setup 445 

 446 
Fig. 6: Loading Protocol 447 
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     448 
(a)    (b)    (c) 449 

 450 
Fig. 7: Specimen S-1: (a) Local cupping; (b) Tearing; (c) Fracture 451 

            452 
(a)                                (b)    (c) 453 

 454 

Fig. 8: Single-Shear hinge yield lines: (a) Buckled shape; (b) Top hinge; (c) Bottom hinge 455 
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   456 
(a)       (b) 457 

 458 

          459 
(c)       (d) 460 

 461 

Fig 9: Double-Shear hinge behavior: (a) Single hinge line (D-1); (b) Multiple hinge lines (D-3); 462 

(c) Profile with single hinge (D-1); (d) Profile with multiple hinges (D-3) 463 

 464 
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465 

466 

467 

 468 

Fig. 10: Experimental load-displacement curves for all specimens 469 

 470 
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 471 
(a)      (b) 472 

 473 

Fig. 11: Bolt slip comparison: (a) Single-Shear connection S-1; (b) Double-Shear connection D-1 474 

 475 
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