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8 
Abstract 9 
Buckling-restrained braces (BRBs) are widely adopted as supplementary energy dissipation devices in steel 10 
moment frames (MFs) in Asia to improve the energy dissipation capacity of the whole system. Such systems are 11 
referred to as buckling-restrained braced moment frames (BRB-MFs). Nevertheless, adopting BRBs does not 12 
guarantee desirable seismic performance of the whole system, as frame action may cause premature fracture or 13 
buckling of BRB corner gusset connections, and such frame-to-gusset interaction may limit the ductility of such 14 
system. In our previous studies, a sliding corner gusset connection was proposed and proved to be able to 15 
substantially reduce the detrimental frame action at the connection level. In this paper, study was extended to (1) 16 
damage-control design of BRB-MFs with such connections in pursuit of enhanced system ductility, and (2) 17 
experimental evaluation on seismic behavior of BRB-MFs with such connections at the system level. The damage-18 
control design method was first presented and a full-scale two-story BRB-MF designed by such procedure was 19 
experimentally studied under four levels of earthquake loading through hybrid tests, followed by a pseudo-static 20 
test to examine its failure mode. Test results showed that the sliding gusset connections effectively released the 21 
frame action at the system level. By adopting the damage-control design procedure, the test BRB-MF exhibited 22 
excellent seismic performance up to an inter-story drift ratio of ±3%, and plastic hinges of the MFs developed in 23 
the controlled positions without fracture or buckling under four levels of earthquake loading. With the improved 24 
ductility of MFs, BRBs achieved their full potential as energy dissipation devices. 25 

26 
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29 
1 Introduction 30 

Various techniques have been proposed and studied in recent years with the objective of achieving 31 

earthquake resistant structural systems (e.g., [1-13]). Among these techniques, buckling-restrained braces (BRBs) 32 

have been widely adopted owning to their stable behavior, superior energy dissipation capacity and excellent 33 

ductility under earthquake loading. Adopting BRBs in steel moment-resisting frames has been proven effective 34 

to improve the lateral stiffness and energy dissipation of the whole system. In this study, such systems are referred 35 

to as buckling-restrained braced moment frames (BRB-MFs). Compared to the relatively flexible pure moment 36 

frames, the lateral drifts of BRB-MFs under earthquake loadings can be easily controlled to be within a specified 37 

limit. As such, BRB-MFs have gained wide acceptance within the engineer community, especially in Asia (China, 38 
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Japan, etc.) where moment-resisting beam-to-column connections are typically required by design codes [14,15] 39 

to meet the minimum structural lateral stiffness demand and to provide possible structural redundancy. However, 40 

adopting BRBs does not necessarily guarantee satisfactory seismic performance of BRB-MFs for a few reasons. 41 

Firstly, at the connection level, gusset plates, which are usually welded to the beam and column flanges, are 42 

typically used to connect BRBs with the frame to transfer the brace action force. It was found that the frame action 43 

(i.e. opening and closing behavior of the beam-column joint) under strong earthquake loading would impose 44 

significant forces on the gusset plates due to the strong frame-to-gusset interaction (see Figure 1) [16-18]. 45 

Particularly, the shear interaction at the gusset-to-frame interfaces induced from elongation and shortening of the 46 

beam/column flanges was found to be the major source for frame action force. As such, premature rupture or 47 

instability in gusset plate connections have been frequently witnessed in previous experimental tests [18-23], 48 

which prevented BRBs to fulfill their function. Although the early failure in the BRB connection region may not 49 

necessarily occur, the early failures frequently witnessed in the previous tests indicate there is possibility that the 50 

frame action may cause early failure in the BRB connection region if it is not dealt with properly. 51 

Secondly, at the system level, it was found that the frame action force may cause the MF to fail by premature 52 

local buckling and rupture of beams or columns near the gusset plate [23]. This will prevent BRBs from fulfilling 53 

their potential and the performance of the whole BRB-MF under strong earthquakes will be substantially 54 

deteriorated. Therefore, compatible deformation of the MF part of BRB-MFs is required to accommodate the 55 

deformation of BRBs. 56 

 57 
                                               (a)                        (b)   

Figure 1 Frame action: (a) Joint opening; (b) Joint closing 58 

To minimize the negative frame action effect, the first author proposed a novel sliding gusset connection 59 

[24], whose components, assembly process, and sliding mechanism are illustrated in Figure 2. The gusset plate is 60 
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first welded to an L-shaped end plate which is sandwiched by shim plates and the beam/column flanges through 61 

pretensioned high-strength bolts. Low-frictional butyl rubber layers are adopted at the end plate-to-flange 62 

interface and the shim plate-to-end plate interface to facilitate sliding at these interfaces. Slotted bolt holes are 63 

used in the end plate to exempt the bolts from bearing against the bolt holes during the sliding process. The low-64 

frictional sliding can essentially release the shear restraint at the gusset-to-frame interfaces and therefore 65 

substantially reduce the detrimental frame action effect. In such a way, reliable BRB-to-frame connection 66 

performance is more achievable. 67 

  
(a) (b) 

Figure 2 Sliding gusset connection: (a) assembly of components; (b) sliding mechanism 68 

A series of experimental tests and finite element (FE) analyses by the authors [24,25] showed that as 69 

compared to the conventional connection with gusset plate welded directly to beam and column flanges (Figure 70 

1), the sliding gusset connection is effective in reducing the detrimental frame action effect without compromising 71 

the energy dissipation capacity of BRBs, and a practical design procedure was established for the sliding gusset 72 

connections. However, these previous studies are limited to the connection level, with the focus on characterizing 73 

the behavior of the sliding gusset connection only. It still remains unclear how to conduct the system design to 74 

achieve the aforementioned compatible deformation between the MF and BRBs when the sliding gusset 75 

connections are provided, specifically, what is the preferred failure hierarchy of the system and how to arrange 76 

the strengths of individual components accordingly. 77 

In this paper, a full-scale two-story BRB-MF with sliding gusset connections was designed and fabricated 78 

for a prototype building. Firstly, with the aim of attaining compatible lateral deformation capacity between the 79 

MF and BRBs, the damage-control design concept was practiced in the design of the test BRB-MF. Subsequently, 80 

pseudo dynamic hybrid testing of the BRB-MF was conducted subjecting to earthquake ground motions 81 
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corresponding to four seismic hazard levels, following which pseudo static loading was continued until the system 82 

failed. The main objectives of this study include: (1) to evaluate the proposed damage-control design procedure 83 

on its effectiveness to attain compatible deformation capacity between the MF and BRBs in the BRB-MF system 84 

with sliding gusset connections; (2) at the system level, to evaluate the effectiveness of the practical design 85 

procedure for the sliding gusset connections proposed in the authors’ previous study [25]; (3) at the system level, 86 

to study the behavior of the sliding gusset connections and its effect on the MF in the context of a realistic braced 87 

frame (including the effect of the composite floor slabs). 88 

2 Prototype building 89 

In view of the height limit and loading capacity of the structural laboratory, the full-scale test BRB-MF was 90 

set to be two-story. The prototype office building located in Beijing, China was designed to provide a realistic 91 

context. Its plan view and the position of the test BRB-MF are shown in Figure 3(a).  92 

  
(a) (b) 

Figure 3 (a) Plan view of prototype building; (b) Response spectra of ground motions and the design response spectrum 93 

In accordance with China’s Code for Seismic Design of Buildings [14], the seismic design parameters for 94 

this building are: 8-degree seismic precautionary intensity, site class Ⅱ, and the second design earthquake group. 95 

The corresponding design basic acceleration of ground motion (with the exceedance probability of 10% in 50 96 

years) is 0.2g and the site characteristic period is 0.4 s. The dead load, D, was taken as the self weight of the 97 

structure plus 2.0 kN/m2, and the live load, L, was taken as 2.0 kN/m2. The load combination involving the 98 

earthquake action (denoted as E) was 1.3E+1.2D. The seismic weights were 46668 and 41983 kN at the first and 99 

second floor, respectively, as determined by the load combination 1.0D+0.5L. 100 
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Two phases of design were conducted in accordance with the Chinese Code for Seismic Design of Buildings 101 

(GB 50011-2010) [14]. In Design Phase 1, the prototype building was designed to remain elastic under the design 102 

seismic load corresponding to the frequently occurring earthquake (FOE, with an exceedance probability of 63% 103 

in 50 years). The inter-story drift ratios (IDRs) corresponding to Design Phase 1 is required to be no larger than 104 

0.4%. In Design Phase 2, preliminary nonlinear time history analyses were conducted using OpenSees [26] 105 

subjected to rare earthquakes (RE) with an exceedance probability of 2% in 50 years. According to GB 50011-106 

2010, in Design Phase 2, at least seven earthquake ground motion records shall be used, and the design 107 

requirement is that the average of maximum IDRs under the seven ground motions shall be no greater than 2%. 108 

Among the seven ground motions, six were from the PEER Ground Motion Database [27] whose information is 109 

presented in Table 1, and one was artificially simulated. All the selected ground motions were scaled to have the 110 

PGA of 400 cm/s2 to represent the RE hazard level according to GB 50011-2010 [14]. The 5% damped response 111 

spectra of the seven ground motions and the target design response spectrum are compared in Figure 3(b). Among 112 

the seven ground motion records, the one that has the largest response spectral accelerations at the periods of the 113 

first two natural periods of the building structure was selected for the hybrid tests presented in Section 4.3, 114 

specifically, the RSN-364 record from the earthquake Coalinga-01. 115 

According to previous studies, damping typically increases with the amplitude of structural response, which 116 

is believed to be attributed to the more severe damage of structural and non-structural elements, the higher level 117 

of friction between different components, etc. [28]. In the Chinese Code for Seismic Design of Buildings (GB 118 

50011-2010) [14], the damping ratio of 4% and 5% are recommended for steel structures under FOE-level 119 

earthquakes and RE-level earthquakes, respectively. Damping ratios consistent with the recommended values 120 

were adopted in the design of the prototype building. The structural design results for the prototype building are 121 

summarized in Table 2.  122 

Table 1 Ground motion records for structural design of the prototype building 123 

Record 
Sequence 
Number 

Event Name Year Station Name Magnitude Fault Type 
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186 Imperial Valley-06 1979 Niland Fire Station 6.53 Strike Slip 

364 Coalinga-01 1983 Parkfield - Vineyard Cany 4W 6.36 Reverse 

718 Superstition Hills-01 1987 Wildlife Liquef. Array 6.22 Strike Slip 

747 Loma Prieta 1989 Bear Valley #7, Pinnacles 6.93 Reverse Oblique 

832 Landers 1992 Amboy 7.28 Strike Slip 

3267 Chi-Chi, Taiwan-06 1999 CHY027 6.3 Reverse 

 124 
Table 2 Structural design results of the prototype building 125 

Structural Member Steel Grade Section 
Columns in BRB-MF Grade Q345-B H400×400×13×21 

Other columns Grade Q345-B H350×350×12×19 
Main beams Grade Q235-B H488×300×11×18 

Secondary beams Grade Q235-B H400×200×8×13 
BRB in 1st story Grade Q235-B Design yield strengths (𝑃𝑃𝑦𝑦) = 700 kN 
BRB in 2nd story Grade Q235-B Design yield strengths (𝑃𝑃𝑦𝑦) = 300 kN 

 126 
3 Damage-control design of the test BRB-MF 127 

3.1 Performance objectives 128 

As discussed in the Introduction, the ductility of the MF in the BRB-MF system should be comparable with 129 

that of the BRBs to ensure a compatible working relationship under strong earthquakes. As compared to the 130 

conventional design of pure MF system, the addition of BRB force and the unique force transfer behavior between 131 

the frame and the sliding gusset connections impose more challenges to design of the BRB-MF system. To achieve 132 

the required system-level ductility under strong earthquakes, performance objectives (POs) for each part of the 133 

BRB-MF system with sliding gusset connections are determined as follows: 134 

PO 1: Sliding gusset connections should remain elastic under the expected maximum BRB forces to ensure 135 

reliable force transfer between BRBs and the MF. 136 

PO 2: Unlike the plasticity distribution in pure MF system, beam plastic hinges in the BRB-MF should be 137 

controlled to be specifically located outside the sliding gusset connection regions to minimize the frame-to-138 

gusset normal interaction, as indicated in the previous study [25].  139 
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PO 3: In addition to the shear force demand from moment frame action, beams and columns within the 140 

sliding gusset connection region should be able to resist the shear force demand arising from the connecting 141 

BRB action.  142 

PO 4: Instead of allowing plastic deformation in panel zones in conventional MFs, the panel zones in BRB-143 

MFs should remain elastic to minimize the shear deformation, so as to reduce the frame-to-gusset normal 144 

interaction, as indicated in the previous study [25]. 145 

PO 5: By considering the influence of BRB force, plastic hinges of the frame should be controlled to be in 146 

beams and column feet to achieve the preferable beam sidesway mechanism. 147 

PO 6: Local buckling at the expected plastic hinges of the frame should be minimized, if not eliminated, to 148 

achieve sufficient rotation capacity under the expected maximum lateral drift.  149 

 150 
Figure 4 Assumed response of the BRB-MF under extreme loading 151 

To accomplish the specified performance objectives, damage control design procedures were proposed and 152 

practiced in design of the test BRB-MF, which are elaborated in the following sections. Under extreme loading 153 

condition, it is assumed that all BRBs have reached their ultimate strengths and plastic hinges have developed in 154 

the intended positions (highlighted in red color in Figure 4(a)). The calculation of internal forces is illustrated in 155 

Figure 4(b)-(f). Figure 4(b) shows the free body diagrams of beams. With the assumption that plastic hinges form 156 

at the intended positions and BRBs reach their capacity, the internal forces at beam ends can be calculated through 157 

equilibrium and they will be transferred to the columns. Through the equilibrium of the free bodies shown in 158 
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Figure 4(c) to (e), the moment and shear force distribution of the columns can be obtained as shown in Figure 159 

4(f), which is used to determine the critical strength demand for columns. 160 

3.2 Design of sliding gusset connections (PO 1) 161 

The design procedure developed in Zhao et al. [25] was followed. Firstly, the expected maximum strength 162 

of the BRB, 𝑃𝑃BRB, can be calculated as 163 

 𝑃𝑃BRB = 1.5 × 𝑃𝑃y  (1) 
where 𝑃𝑃y  is the design yield strength of the BRB, and 1.5 is the factor to account for the strain hardening of the 164 

core plate with a steel grade of Q235 and the friction between the core plate and the restrainer. 165 

The previous study [25] revealed that, when BRBs are loaded in tension, the force is mainly transferred 166 

through tension loading of the bolt groups at the sliding gusset-to-frame interfaces, as shown in Figure 5(a). The 167 

acting points of the equivalent tensile forces can be determined as: 168 

 𝑋𝑋b = 0.3�𝐿𝐿b − 𝑡𝑡pc��1 + �𝑑𝑑c/𝑑𝑑b�
0.6

+ 𝑡𝑡pc (2) 
 𝑋𝑋c = (𝑒𝑒c + 𝑋𝑋b) tan𝜑𝜑 − �𝑒𝑒b + 𝑡𝑡p� (3) 

where 𝑑𝑑c and 𝑑𝑑b are the distance between the BRB axis and the effective weld centroids on the column side and 169 

the beam side, respectively. To ensure elasticity in the bolts and to minimize the axial deformation loss of BRB 170 

under brace tension, the bolts were designed based on the criterion: 171 

 𝑁𝑁t ≤ 0.8𝑃𝑃bolt (4) 
where 𝑁𝑁t is the critical tensile force demand and 𝑃𝑃bolt is the prescribed bolt pretention force.  172 

 173 
        (a)  (b)  

Figure 5 Assumed force transfer at sliding gusset connection: (a) brace tension, (b) brace compression 
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Under the compressive BRB loading, sliding gusset connections were proved to work in a similar way as 174 

conventional welded gusset connections. The design method, which assumes that the vertical (𝑃𝑃BRBsin𝜑𝜑) and 175 

horizontal (𝑃𝑃BRBcos𝜑𝜑) components of the compression brace force are transferred through the gusset-to-column 176 

and gusset-to-beam paths, respectively (Figure 5(b)), was adopted [29]. The ratio of the shear stress demand to 177 

the nominal shear yield strength of gusset plate, 𝜏𝜏/𝑓𝑓vy, was controlled to be less than 0.7 following the previous 178 

study [25]. 179 

3.3 Control of beam plastic hinge location (PO 2) 180 

The flange plate configuration (see Figure 5), in which two steel plates are added to connect the upper and 181 

lower beam flanges to the column, was adopted to strengthen the beam end. The flange plates were connected to 182 

beam flanges through fillet welds and to the column flange through complete penetration welds as shown in 183 

Figure 6. To shift the beam plastic hinges outside the gusset region, the flange plates covered the entire gusset 184 

connection region and extended by another 50 mm. The effect of the composite floor on the strengths of beams 185 

was ignored. 186 

As the first step, the moment capacity of the unreinforced beam section, 𝑀𝑀p,b
unreinf, is determined. In this 187 

study, an axial force in the beam equal to the horizontal component of 𝑃𝑃BRB of the BRB below was considered in 188 

the calculation of 𝑀𝑀p,b
unreinf to avoid overestimation, which is well defined in related codes [30]. Other internal 189 

forces can be calculated through the equilibrium analysis of different free bodies as illustrated in Figure 4. To 190 

attain the elasticity of the reinforced beam end, the following strength criterion was checked to be satisfied: 191 

 
𝑀𝑀max,b

𝑀𝑀y,b
reinf +

𝑁𝑁b
𝑁𝑁y,b
reinf < 1 (5) 

where 𝑀𝑀y,b
reinf and 𝑁𝑁y,b

reinf are the nominal yield moment strength and the nominal yield tensile strength of the 192 
reinforced beam end section, respectively. 193 
 194 
3.4 Shear yielding capacity control of beams and columns (PO 3) 195 

In BRB-MFs, both the moment frame action and BRBs will introduce shear force to frame members (Figure 196 

4(d)). To ensure reliable shear force transfer, the nominal shear strength of the reinforced beam end section (𝑉𝑉y,b
reinf) 197 

is designed to satisfy 198 
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 𝑉𝑉y,b
reinf > 𝑉𝑉bend (6) 

where 𝑉𝑉bend is the critical shear force demand of the beam end section. Similarly, columns are designed to satisfy 199 

 𝑉𝑉y,c > 𝑉𝑉c,max (7) 
where 𝑉𝑉y,c and 𝑉𝑉c,max are the nominal shear strength and critical shear force demand of the column section. 200 

3.5 Shear yielding capacity control of the panel zone (PO 4) 201 

To achieve elastic panel zones, one strengthening plate was welded on the column web in each panel zone 202 

to satisfy 203 

 (�𝑀𝑀max,b)/𝑉𝑉p ≤
4
3
𝑓𝑓vy (8) 

where ∑𝑀𝑀max,b is the summation of the maximum moments that are transferred to the panel zone from the 204 

connecting beams, 𝑓𝑓vy = nominal steel shear yield strength of the panel zone; 𝑉𝑉p = effective volume of the panel 205 

zone. Unlike conventional design of MFs, the beam moment reduction factor was not considered to avoid 206 

plasticity in the panel zone. 207 

3.6 Control of beam sidesway mechanism (PO 5) 208 

To ensure that plastic hinges of the MF develop in beams rather than in columns (excluding column bases), 209 

the ‘strong column-weak beam’ principle was practiced for each beam-to-column joint by following 210 

 �𝑀𝑀p,c�1− 𝑁𝑁c 𝑁𝑁y,c⁄ � ≥�𝑀𝑀max,b (9) 
where 𝑀𝑀p,c = the nominal plastic moment capacity of the column section, 𝑁𝑁y,c = the nominal axial yield strength 211 

of the column, and 𝑁𝑁c = the axial load in the column which can be calculated as the summation of all the above 212 

vertical loads. As shown in Figure 4, in addition to the gravity load, two other sources were considered in the 213 

calculation of the axial load in the column: (1) the vertical components of BRB forces assuming all BRBs reach 214 

their capacity, i.e., 𝑃𝑃BRBv ; (2) the shear forces at beam ends assuming plastic hinges have formed at intended 215 

positions, i.e., 𝑉𝑉bend. As it is unlikely that the vertical loads transferred from beams at all stories reach their 216 

maximum simultaneously, the square root of the sum of square (SRSS) of the vertical load from the beams above 217 

was used to calculate the axial load in the column.  218 

3.7 Seismic detailing of expected plastic hinges (PO 6) 219 
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To enhance the plastic rotational capacity of the expected plastic hinges (highlighted in red color in Figure 220 

4(a)), transverse stiffeners were added at beam sections outside the gusset region along a length equal to the beam 221 

section height, and at column feet along a length equal to the column section height. Compared to the thickened 222 

beam flange and thickened column flange strategy, providing stiffeners was a more economic way to improve the 223 

ductility of the MFs. The spacing of transverse stiffeners was determined as 110-150 mm, which were derived 224 

from the theoretical inelastic buckling analysis of the flange plates that are simply supported on three sides and 225 

free on one side [31]. Effectiveness of the stiffener spacing was validated by finite element analysis of the test 226 

frame loaded to an IDR of 3%. 227 

4 Pseudo dynamic hybrid test 228 

4.1 Specimen 229 

 230 
Table 3 Primary demand-to-capacity ratios (DCRs) of the test BRB-MF 231 

Performance Objective Design Criterion 
DCR 

 1st story 2nd story 

PO 1: sliding gusset connection 
Eq. (4) 0.49 (beam side) 

0.53 (column side) 
0.32 (beam side) 
0.59 (column side) 

𝜏𝜏/𝑓𝑓vy 0.46 (beam side) 
0.53 (column side) 

0.44 (beam side) 
0.45 (column side) 

PO 2: Beam plastic hinge location Eq. (5) 0.73 0.68 

PO 3: Frame shear capacity Eq. (6) & (7) 0.82 (beam) 
0.43 (column) 

0.48 (beam) 
0.4 (column) 

PO 4: Panel zone Eq. (8) 1.0 (interior column) 
0.61 (side column) 

0.99 (interior column) 
0.55 (side column) 

PO 5: Beam sidesway mechanism Eq. (9) 0.87 (interior column) 
0.51 (side column) N.A. 

 232 
Table 4 Material properties of steel components 233 

Component Steel 
Grade 

Thickness
/Diameter 

(mm) 

Yield 
Strength 
(MPa) 

Ultimate 
Strength 
(MPa) 

Elongation 
(%) 

Young’s 
Modulus 

(GPa) 

Poisson’s 
Ratio 

BRB1 Core plate Q235-B 16 266 424 35 205 - 
BRB2 Core plate Q235-B 10 270 423 32 205 - 

BRB1 gusset plate Q345-B 16 366 516 28 202 0.28 
BRB2 gusset plate Q345-B 10 347 509 31 200 0.28 

Beam flange Q235-B 18 262 423 33 204 - 
Beam web Q235-B 11 335 448 23 204 - 

Column flange Q345-B 21 352 514 32 205 - 
Column web Q345-B 13 377 525 31 205 - 
Steel rebar HRB400 8 424 695 - 200 - 
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Figure 6 shows the labelling and details of structural components of the test BRB-MF, whose design was 234 

conducted following the damage-control design procedures elaborated in Section 3. All the high-strength bolts in 235 

the sliding gusset connections are of Grade 10.9 (minimum ultimate strength=1040MPa; yield strength/ultimate 236 

ratio=0.9). The lengths of the slotted bolt holes in the end plates were determined to accommodate the sliding 237 

demand corresponding to 2% elongation/shortening of the beam/column flanges within the gusset connection 238 

region. BRBs were connected with the gusset plates through welded steel angles at bottom ends and bolted end 239 

plates at top ends. The profiled steel decks were 1 mm thick with ribs parallel to the main beam, and their flutes 240 

were 50 mm deep and were spaced at 280 mm center to center. Two rows of shear studs (80 mm in height and 16 241 

mm in diameter) were adopted on the main beam with spacing of 100 mm in the transverse directions. Based on 242 

the design criteria for each PO, the primary demand-to-capacity ratios (DCRs) of the test BRB-MF are listed in 243 

Table 3. The tension coupon tests were conducted to determine the actual properties of steel members. The results 244 

are listed in Table 4. The concrete strength test revealed that the cube compressive strength of the concrete in the 245 

floor slabs was 23 MPa on the day of testing. 246 

To avoid difficulties in on-site assembly of the beam, column and sliding gusset connection, prior to being 247 

transported to the site, the short beam stubs were welded to the columns and the sliding gusset plates were bolt-248 

connected to the beam stub and column in shop. After transported to the site, the beam-column-gusset 249 

subassemblies were erected first, and the middle beams were then connected to the beam stubs through bolted 250 

splice plates on the web and welding of beam flanges. 251 
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 252 

 253 
Figure 6 Labelling and details of structural components 254 

4.2 Test setup and instrumentation 255 

Figure 7 shows the test setup and instrumentation. The out-of-plane stability of the test frame was provided 256 

through lateral support using two pairs of rollers at each floor. The instrument layout (right half) and the strain 257 

gauge layout (left half) shall be interpreted in a way that either layout be mirrored about the symmetry plane to 258 

obtain the complete layout. Far right of Figure 7 are strain gauge arrangements at beam sections (denoted by SB1 259 

and SB2) and column sections (denoted by SC1, SC2, and SC3). For each sliding gusset connection, two LVDTs 260 

were installed to measure the relative movement between the gusset plate tip and the nearest transverse stiffener 261 

on the beam and column. This relative movement corresponds to the sliding at the gusset-to-frame interfaces 262 

caused by both the rigid-body movement of the gusset plate and the axial deformation of the beam/column flange. 263 

Since the bolts near the gusset corner on the column side usually bear the largest tensile forces under brace tension 264 
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loading [25], four ring load cells were installed to measure the tensile forces of these bolts on the south side of 265 

the test frame. 266 

 267 
Figure 7 Test setup and instrumentation 268 
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The pseudo dynamic hybrid testing and pseudo-static testing methods were adopted, respectively, to examine 270 

the seismic performance and ultimate failure modes of the test BRB-MF. Figure 8 illustrates the hybrid testing 271 

method. Part of the prototype structure was physically tested (i.e., the test BRB-MF in this study), referred to as 272 

the physical substructure, and the rest of the prototype structure was simultaneously numerically modelled, 273 

referred to as the numerical substructure. The numerical substructure was constructed in OpenSees [26]: the beams 274 

and columns were modeled using the displacement-based beam-column elements, with fiber-based sections 275 

replicating the geometry of the corresponding cross section; the truss elements using the Steel02 material were 276 

used to model BRBs; beams were fix-connected with columns in the model to reflect the moment beam-to-column 277 

connections. The floor slabs and the panel zones were not considered in the model. Rigid diaphragms were 278 

200 605
B1

C1

C2

B2 B3

400

C3

C4

C5

27
5

50
6

40
0

200 723

B7 B8 B9

C11

C12

C13

C14

C15

74
0

15
60

40
0

1035

Sy
m

m
et

ry
 P

la
ne

1

2

3

4

Strain Gauge 
Layout

LVDT 
Layout

Two 1500kN 
Actuators

Two 2000kN 
Actuators

R
ea

ct
io

n 
W

al
l

Strong Floor

Legends

N S

Rigid bases

  

 

Lateral support

Strain rosette

50

3@
85

30

30 3@105

3@
12

0
30

50

30 3@140

1

2

3

4

47
3

48
7

12
86

37
5

➕➖

SB1
(B1 B7)

94

50

10
0

10
0 50

94

SB2
(B2 B3 
B8 B9)

14
4

20
0

14
4

75

SC1
(C1 C11)

SC2
(C2 C5 C12)

10
0

SC3
(C3 C4 C13 C14 C15)

10
0

10
0

20
0

19
00

 

 

 

 



-15- 

 

assumed by constraining the translational degrees of freedom of the nodes at each level. The earthquake loading 279 

was applied in the North-South direction and the torsion of the structure was not considered. 280 

In the numerical substructure, the gravity load was applied to the nodes at each floor level and the values 281 

were determined based on the tributary area of each node. In the physical substructure, a floor slab of 1900 mm 282 

width was considered at each floor, but additional gravity load was not considered. Following the damage-control 283 

design method proposed in this paper, most of the strength demand of the frame comes from the earthquake load 284 

with all BRBs reaching their capacity. The strength demand from gravity load effect is relatively small. The 285 

neglection of the additional gravity load transferred from floor slab is therefore not expected to have a significant 286 

impact on the behavior of the frame. The earthquake loading was applied in the North-South direction and the 287 

torsion of the structure was not considered. 288 

The hybrid test was controlled using the hybrid simulation platform named HyTest [32,33]. The whole 289 

structure was simplified as an equivalent two-DOF lumped-mass model, whose motion equation under the input 290 

earthquake ground motion (𝒙̈𝒙𝐠𝐠) was constructed and solved in HyTest in the discretized form as: 291 

 𝑴𝑴𝒙̈𝒙𝒊𝒊 + 𝑪𝑪𝒙̇𝒙𝒊𝒊 + 𝑭𝑭𝐍𝐍(𝒙𝒙𝒊𝒊) + 𝑭𝑭𝐏𝐏(𝒙𝒙𝒊𝒊) = −𝑴𝑴𝒙̈𝒙𝐠𝐠,𝒊𝒊 (10) 
where 𝑭𝑭𝐍𝐍(𝒙𝒙𝒊𝒊) is the restoring force vector provided by the numerical substructure and 𝑭𝑭𝐏𝐏(𝒙𝒙𝒊𝒊) is the restoring 292 

force vector provided by the physical substructure. During the hybrid test, at the time step i, 𝑭𝑭𝐍𝐍(𝒙𝒙𝒊𝒊) is obtained 293 

by loading the numerical substructure model to the target lateral displacement, 𝒙𝒙𝒊𝒊, while 𝑭𝑭𝐏𝐏(𝒙𝒙𝒊𝒊) is experimentally 294 

measured in the physical test under the target lateral displacement, 𝒙𝒙𝒊𝒊. Both 𝑭𝑭𝐍𝐍(𝒙𝒙𝒊𝒊) and 𝑭𝑭𝐏𝐏(𝒙𝒙𝒊𝒊) will be fed back 295 

to HyTest where the motion equation will then be solved to obtain the target lateral displacement for the next step, 296 

𝒙𝒙𝒊𝒊+𝟏𝟏. In this study only horizontal forces from the physical structure (measured from the actuators) can be fed 297 

back to HyTest to update the calculation. As noted in Eq. 10, the mass of the whole building (including both the 298 

numerical and physical substructures) is accounted for by the term 𝑴𝑴𝒙̈𝒙𝒊𝒊 . The mass matrix of the physical 299 

substructure is not necessarily required, and the loading rate of the physical substructure was kept slow in the test 300 

to exclude the effect of the mass of the physical substructure. Moreover, as the restoring force, 𝑭𝑭𝐏𝐏(𝒙𝒙𝒊𝒊), can be 301 
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directly obtained by measurement of forces in the test, the stiffness matrix of the physical substructure is also not 302 

required in this case. 303 

 304 
Figure 8 Pseudo dynamic hybrid test method 305 

The RSN-364 ground motion record was scaled to have the peak ground accelerations (PGAs) of 0.07g, 0.2g, 306 

0.4g, and 0.58g, corresponding to the hazard levels of frequently occurring earthquake (FOE), design basis 307 

earthquake (DBE), rare earthquake (RE), and very rare earthquake (VRE), respectively, as per [34], whose 308 

information is listed in Table 5. The time history of the ground motion scaled to the DBE level is shown in Figure 309 

9(a). Four hybrid tests were conducted subjected to the four scaled ground motions sequentially with increasing 310 

seismic hazard, followed by a pseudo static test to examine the ultimate failure modes of the specimen, with the 311 

loading protocol shown in Figure 9(b). Consistent with the damping ratios adopted in the design of the prototype 312 

building, 4% and 5% were adopted for the FOE and RE level earthquake loading, respectively. For the DBE-level 313 

and the VRE-level loading, no damping ratios were recommended in the code [14], and the damping ratios of 4% 314 

and 5% were adopted, respectively, which is believed to be reasonable in this context as DBE-level is stronger 315 

than FOE-level and VRE-level is stronger than RE-level. The IDRs in the 1st story and 2nd story were controlled 316 

to be synchronized in the pseudo static test.  317 
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Figure 9 Loading history: (a) time history of DBE-level ground motion for hybrid test; (b) for pseudo static test 318 

Table 5 Ground motion selection and scaling for the pseudo dynamic hybrid tests 319 
Earthquake Component PGA (g) Damping ratio Hazard level (Exceedance probability) 

Coalinga-01 H-VC4000 

0.07 0.04 FOE (63% in 50 years) 
0.2 0.04 DBE (10% in 50 years) 
0.4 0.05 RE (2% in 50 years) 
0.58 0.05 VRE (10-4 per year) 

 320 

5 Experimental results and discussion 321 

5.1 Global response and limit state (LS) evolution 322 

In the following discussion, lateral displacements are considered as positive when the frame moves in the 323 

south direction. The IDRs of the 1st and 2nd story, θ1 and θ2, are defined as the relative lateral displacement between 324 

the upper floor and lower floor divided by the corresponding story height. The 2nd story shear force, VBRB-MF,2, 325 

was equal to the actuator force applied at the 2nd floor; the 1st story shear force, VBRB-MF,1, was equal to the sum 326 

of the actuator forces applied at both the 1st and 2nd floors. The shear force in the ith story, VBRB-MF,i, is jointly 327 

resisted by columns (VC,i) and BRBs (VBRB,i). The horizontal shear force in the frame columns, VC,i, can be derived 328 

through strain gauge data collected at column sections in the elastic regions. For instance, based on the strain 329 

gauge data, the moment at column sections C3 and C4 (shown in Figure 7) could be obtained first; the shear force 330 

in the column could subsequently determined by the difference in the moments of the two sections divided by the 331 

distance between the two sections. Figures 10 and 11 show the disaggregation of the story shear-IDR responses 332 

under different loading phases for the 1st and 2nd story, respectively. Positions and evolution of LSs are 333 

summarized in Figure 12. 334 

Under the FOE-level loading, both the BRBs and the frame remained elastic, with the maximum IDRs of θ1 335 

= -0.2% and θ2 = +0.18%, which satisfied the performance objective for the structure to remain elastic and for 336 

IDRs to be within the ±0.4% limit at this seismic hazard level. 337 

Under the DBE-level loading, the BRBs in the 1st and the 2nd stories yielded at θ1 = +0.23% and θ2 = -0.23% 338 

(denoted as LS1), respectively, followed by slight yielding of the 1st story beam at θ1 = +0.8% (denoted as LS2). 339 

Prior to the frame yielding, BRBs yielded significantly to dissipate the seismic energy, which followed the 340 

designed yielding hierarchy. 341 



-18- 

 

Under the RE-level loading, yielding of the frame extended from the 1st story beam to the 2nd story beam at 342 

θ2 = +1.0% (denoted as LS3), and to the 1st story column feet at θ1 = +1.2% and θ1 = -1.7% (denoted as LS4 and 343 

LS5, respectively). The peak IDRs experienced during this loading phase were θ1 = -1.7% and θ2 = +1.1%, which 344 

are within the limit of ±2% specified in GB 50011-2010 [14]. 345 

Under the VRE-level loading, the peak IDRs reached θ1 = -2.7% and θ2 = -1.3%. No new limit state and no 346 

strength degradation of the system were observed, but more extensive plasticity developed in the locations of 347 

earlier limit states. For the limit state of near collapse, the metric of inter-story drift is often used. For instance, 348 

the 4% limit is defined as the near collapse limit in Fahnestock et al. [35], and the 5% limit is used in Hsiao et al. 349 

[36]. By either standard, no collapse or near collapse was obtained in the test with the maximum inter-story drift 350 

below 4%, which indicated the possible good collapse-prevention performance of such systems even under the 351 

VRE-level hazard. After the VRE-level loading, a residual IDR of 0.11% was obtained at the 1st story while the 352 

residual deformation at the 2nd story was negligible. It is worth noting that due to the high uncertainty in 353 

earthquake excitations, the response under one ground motion record is not sufficient to conclude the residual 354 

deformation of such system. Results under more ground motion records are needed to conduct the statistical 355 

analysis to have more solid evaluation. 356 

Under the quasi-static loading, no new limit state other than plasticity expansion in the frame developed until 357 

the IDRs approached +3%. When the IDR first reached +3%, slight bending occurred in the flange of beam B1 358 

on the right side (denoted as LS6, see Fig. 12), and fracture initiated in the foot of column C1-L at the intersection 359 

between the column flange and the base rib (denoted as LS7). As shown in Figure 12, the fracture was induced 360 

by the plastic strain concentration at the intersection between the base rib and column flange. When IDR first 361 

reached -3%, slight bending was observed in the flange of column C1-L close to the column foot (denoted as 362 

LS8). After twelve cycles of low-cycle fatigue loading at the IDR of ±2%, the fracture in the column C1-L 363 

extended into the web (denoted as LS9), resulting in a 16% loss in VC,1 and 8% loss in VBRB-MF,1 at the IDR of +2% 364 

as compared with their corresponding maximum values at the same IDR, and the test was stopped. The fracture 365 
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is unlikely to be caused by the adoption of sliding gusset connections, because plastic hinges would develop at 366 

column feet at large drifts no matter sliding or welded gusset connections have been adopted. Moreover, the 367 

initiation and propagation of the fracture did not affect the hysteresis of BRBs. As shown in Fig. 11, all the BRBs 368 

still exhibited full, stable and repeatable hysteresis after 18 cycles of loading in the 2nd pseudo-static loading phase. 369 

Throughout the test, no failure was observed in the beam-column-gusset regions, which validated the 370 

effectiveness of the sliding gusset connections and the damage-control design in preventing premature failure 371 

caused by the frame action as elaborated in the Introduction. 372 

 373 
Figure 10 The story shear-IDR responses of the 1st story 374 
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 375 
Figure 11 The story shear-IDR responses of the 2nd story 376 
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only minor bending was found in the beam flange at the IDR of 3% and no fracture was observed in the beam-390 

column-gusset regions, which indicated the effectiveness of sliding gusset connections in reducing the negative 391 

frame action effect. To verify this conclusion at the system level, further study, specifically comparison with 392 

frames having welded gusset connections, is needed, which is ongoing by the authors.  393 

Such performance of the MF verified that the design procedure presented in Section 3 was effective to control 394 

the plastic hinges to the desirable positions. In addition, the test results showed that the seismic detailing adopted, 395 

i.e., the transverse stiffeners in the expected plastic hinges, helped prevent premature local buckling at these 396 

positions, which is believed to have further improved the ductility of the MF. 397 

 398 
Figure 12 Position and summary of limit state (LS) evolution 399 
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          400 
Figure 13 Damage of the moment frame at the end of the testing 401 

Based on the strain gauge data and plain section assumption, the bending moments in the columns and beams 402 

were calculated. Figures 14 (a) and (b) show the moment diagram of the frame when the IDR first reached ±0.17% 403 

and ±2% during the pseudo static loading, which corresponded to the displacement amplitudes under FOE and 404 

the IDR limit under RE, respectively. As shown, the moment distribution in the MF was almost linear and 405 

asymmetric. The presence of sliding gusset connections seemed not to have affected the moment distribution in 406 

the frame, which indicates that sliding gusset connections could effectively release the frame-gusset interaction 407 

under both weak and strong earthquake loadings.  408 

 409 
(a) (b) 

Figure 14 Moment diagram of the frame: (a) at θ1 = θ2 = ±0.17%; (b) at θ1 = θ2 = ±2% 410 

Based on the data collected by the strain rosettes on the panel zones, the maximum von Mises response was 411 

299.6 MPa, well below the nominal yield strength of panel zone (345 MPa). This verifies the effectiveness of 412 

Ineq. (8) to maintain the elasticity of panel zone under VREs.  413 
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5.3 Performance of sliding gusset connections 414 

5.3.1 Gusset plate interface stress 415 

As evidenced from Figure 13, no instability or yielding was observed by visual inspection in the four sliding 416 

gusset plates throughout the tests. Based on the strain rosette data, the stress distributions (normal stress, shear 417 

stress, and the von Mises stress) along the gusset-to-end plate interfaces were plotted for the four gusset plates 418 

when θ1 and θ2 first reached ±3% during the pseudo-static loading, as shown in Figure 15. The results of the north 419 

side gusset plates (SG1-L and SG2-L) were mirrored about the vertical mid-plane of the frame and integrated 420 

with those of the south side ones (SG1-R and SG2-R) for better comparison.  421 

 422 
Figure 15 Gusset plate stress distribution: (a) θ1 = +3.0%; (b) θ1 = -3.0%; (c) θ2 = +3.0%; (d) θ2 = -3.0% 423 

As for the stress composition, the magnitude of shear stresses was generally smaller than that of normal 424 

stresses, contrary to the case of the conventional welded gusset connections reported in Zhao et al. [24] where the 425 

shear stress governed. This is because the sliding mechanism released most shear restraint at the gusset-to-frame 426 

interfaces. Two patterns of stress direction were identified: (1) the direction of shear stress was mainly determined 427 
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by the relative movement at the gusset-to-frame interfaces, which can be well explained by the frictional forces 428 

when relative sliding occurred; (2) the normal stresses at the gusset tips were always in the opposite direction to 429 

the normal stresses at the gusset corner, which is mainly due to the  tensile (clamping) forces at gusset tips imposed 430 

by the opening (closing) of the beam-to-column joint. 431 

The magnitude of von Mises stresses showed that at θ1 = θ2 = ±3%, the two sliding gusset plates in the 1st 432 

story (i.e. SG1-L and SG1-R) still remained elastic, and only minor localized yielding occurred near the gusset 433 

corner in the two sliding gusset plates in the 2nd story (i.e. SG2-L and SG2-R). This validated from system level 434 

that designing sliding gusset connections following the method in Section 3.2 in which only the brace action is 435 

considered is effective to keep the sliding gusset plates essentially elastic under reversed cyclic loading at large 436 

structural deformation levels. 437 

5.3.2 Bolt tension force 438 

The two bolts in SG1-R and the two bolts in SG2-R, for which the bolt tension forces were measured, are 439 

referred to as M24-1 and M24-2, and M20-1 and M20-2, respectively, with M24 and M20 indicating the nominal 440 

diameter of the bolts. Figure 16 shows the bolt axial force histories under the FOE-level loading. The four bolts 441 

remained elastic, and their pretension forces were almost unchanged after the loading. The result indicates that 442 

sliding gusset connections can maintain their functionality and there is no need to re-tighten or replace the high-443 

strength bolts in the sliding gusset connection after FOE-level earthquakes. 444 

 445 
Figure 16 Bolt axial force histories under FOE-level loading 446 

In Figure 17, the bolt axial force versus IDR responses under different loading phases were plotted. To 447 

evaluate the effectiveness of Ineq. (4) to ensure safety of the bolts, the nominal yield strength (Ny) and expected 448 

tensile strength (Nu=1.1 times the nominal tensile strength) of each bolt was plotted in grey dashed lines. In 449 
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general, the bolt axial forces tended to increase when sliding gusset connections was loaded in tension. Under the 450 

DBE-level loading, the four bolts remained elastic. At both the RE and VRE levels, the force in M24-1 exceeded 451 

the corresponding nominal yield strength while all the other 3 bolts remained elastic. During the quasi-static test, 452 

the bolts M24-1 and M20-2 experienced axial forces in excess of their corresponding nominal yield strength. 453 

 454 
Figure 17 Bolt tensile force vs. inter-story drift ratio 455 

It is noted that significant differences existed in the tensile forces of the two bolts in the same sliding gusset 456 

connection, especially at large structural deformation levels. This may be due to the existence of out-of-plane 457 

moment imposed on the bolt group that was possibly induced by initial geometric imperfections during 458 

construction process. Despite this, most of the bolts still remained elastic under the RE- and even VRE-level 459 

loading, and the tensile forces of all bolts fell below their expected tensile strengths. The safety of the bolts was 460 

also verified by the fact that no bolt rupture was observed throughout the tests. 461 

5.3.3 Sliding deformations at the gusset-to-frame interfaces 462 

Relative sliding deformations at the gusset-to-frame interfaces was observed and measured throughout the 463 

test. Figure 18(b) shows the relative sliding of SG1-R when θ1 first reached ±3%, with the sign defining as 464 

positive corresponding to shortening of flanges as denoted in Figure 18 (a). 465 
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 466 
(a) (b) 

Figure 18 Observed sliding deformations:(a) sign definition; (b) sliding of SG1-R at θ1 = ±3% 467 

Figure 19 shows the relative sliding deformations at the gusset-to-frame interfaces versus the IDR (δ-θ) 468 

responses. Sliding was activated from the FOE-level loading, although the structural deformation was small. The 469 

early sliding indicates that the sliding gusset connections can start to release the shear restraint at the gusset-to-470 

frame interfaces under FOE. The magnitude of sliding increased with the IDR magnitude, and for each gusset 471 

connection the positive sliding was comparable in magnitudes to the negative ones at the same IDR level. The 472 

sliding at the gusset-to-beam interface was slightly larger than that at the gusset-to-column interface due to the 473 

formation of beam plastic hinging. Under the VRE-level loading, the maximum sliding occurred in SG1-R with 474 

a magnitude of 5.65 mm, corresponding to 1.2% the sliding interface length. This validates that the slotted hole 475 

length of 2% the sliding interface length recommended by Zhao et al. [25] is sufficient to accommodate the sliding 476 

under strong earthquakes. 477 
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 478 
Figure 19 Sliding at the gusset-to-frame interfaces vs. inter-story drift ratios 479 

5.4 Evaluation of performance compatibility between BRBs and MF  480 

The previous research [24,25] revealed that sliding in the gusset connections may cause loss in BRB axial 481 

deformation under tension loading due to (1) formation of beam plastic hinge within the gusset region, (2) yielding 482 

of panel zone, or (3) insufficient bolt pretension force in the sliding gusset connection. But the axial deformation 483 

loss under compression loading of BRBs was negligible due to bearing between the gusset plate corner and frame 484 

corner. At a negative IDR (say -3%), the right BRB in one story would be under compression and its axial 485 

deformation was taken as the reference. At the positive IDR of the same magnitude (i.e., +3%), the same BRB 486 

would be under tension, and an axial deformation of a smaller value than the reference value was deemed to 487 

indicate the axial deformation loss. Figure 20 shows the axial deformations of BRB core plates at typical IDRs 488 

for BRB1-R and BRB2-R. As shown, the axial deformations under tension loading were generally smaller than 489 

those under compression loading at the same IDR, indicating the deformation loss as expected. However, the 490 
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level of deformation loss was low and negligible at various IDRs. For instance, the losses were 4.5% and 0.7% 491 

for BRB1-R and BRB2-R at the IDR of -3%, respectively. This indicates that by satisfying PO 1 to PO 5, the 492 

normal interaction at the frame-to-gusset interfaces were successfully reduced, and therefore axial deformation 493 

loss of BRBs under tension loading could be negligible. This is one of the crucial factors to develop the full 494 

potential of BRBs with the sliding gusset connections. 495 

 

  

 

 (a) (b)  
Figure 20 Axial deformation of BRBs at typical IDRs: (a) BRB1-R, (b) BRB2-R 496 

Figures 10 and 11 show that the two story BRBs still exhibited symmetric, full and stable hysteretic responses 497 

during the pseudo static loading even after four levels of earthquake loading. To evaluate the fulfillment of BRB 498 

energy dissipation capacity, the cumulative plastic energy (CPE) index [37], defined as the sum of areas of the 499 

hysteretic loops divided by the strain energy of the BRB at the yield limit state, is adopted herein. As shown in 500 

Figure 21(a), the total CPE values of each BRB for all the loading phases exceeded 1100 and 710 for the 1st story 501 

and the 2nd story BRBs, respectively. The ductility index of BRBs, defined as the maximum IDR divided by the 502 

IDR corresponding to BRB yielding, reached 12 and 13 for the 1st story and the 2nd story BRBs, respectively. No 503 

fracture or buckling was observed in the BRBs during all the loading phases. This indicated that the BRB seismic 504 

performance had been fulfilled in the test BRB-MF. Two factors played a critical role in the successful fulfillment 505 

of the BRB potential: (1) the adoption of the sliding gusset connections reduced the frame action on the BRB 506 

connections and ensured reliable BRB axial force transfer to the frame; (2) the excellent compatible deformation 507 

capacity of the MF, which was designed following the damage-control method, helped maintain the integrity of 508 

the whole system under large deformation levels. 509 
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(a) (b) 

Figure 21 Energy dissipation: (a) CPE of BRBs, (b) comparison between BRB and frame (Unit: kNmm) 510 

In addition to BRBs, the plastic hinges that formed in the MF also helped the structure to dissipate energy. 511 

In Figure 21(b), the energy dissipated by the BRBs and the frame was compared for all the loading phases except 512 

the FOE-level. As shown, BRBs dissipated most of the energy in all the loading phases, contributing 94%, 81%, 513 

and 74% of the total energy under the DBE-, RE-, and VRE-level loadings, respectively. This further confirms 514 

that by following the damage-control method, BRBs would work efficiently and serve as the main energy-515 

dissipating elements in the BRB-MF system under earthquake loading. 516 

6 Summary and conclusions 517 

To ensure ductile seismic behavior of buckling-restrained braced moment frames (BRB-MFs), a damage-518 

control design method was proposed and verified through experimental hybrid tests of a full-scale two-story BRB-519 

MF in this study. Under the damage-control design framework, performance objectives of individual members 520 

were determined beforehand and corresponding design criteria were proposed accordingly. The damage-control 521 

design method was implemented for the BRB-MF of a two-story prototype building, which was experimentally 522 

studied by four hybrid tests and a pseudo static test. The key observations and conclusions are: 523 

1. The tested BRB-MF exhibited excellent seismic performance with all the performance objectives achieved. 524 

Under the VRE-level loading, no damage was observed, and the system stood with no sign of imminent 525 

collapse. Even after the four-level hybrid earthquake loading, the system maintained a fair amount of 526 

ductility reserve. 527 

2. By adopting the damage-control design procedure, the moment frame exhibited excellent ductility to have 528 

a compatible working relationship with BRBs. As intended, plasticity of the moment frame concentrated 529 
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in designated plastic hinges at beam sections outside sliding gusset connection regions and column feet. 530 

The transverse stiffeners prevented local buckling and strength degradation of plastic hinges, which 531 

effectively enhanced the ductility of the MF. 532 

3. The moment distribution of the moment frame was nearly linear at both IDRs of ±0.17% and ±2%, which 533 

indicates that sliding gusset connections could effectively release the frame-to-gusset interaction under 534 

both small and strong earthquakes. 535 

4. The von Mises stresses in the sliding gusset plates at IDRs of ±3% were essentially below the 536 

corresponding yield strength, which validated that the proposed connection level design procedure for 537 

sliding gusset connections is effective to keep sliding gusset plates stable and elastic in a realistic braced 538 

frame under strong earthquakes. 539 

5. Monitoring of the axial forces in critical bolts of the sliding gusset connections revealed that the bolts 540 

remained elastic under the DBE-level loading, and the axial force of bolts still fell below their ultimate 541 

tensile strength even under VRE-level loading, demonstrating the adopted design method could guarantee 542 

safety of bolts under strong earthquakes. 543 

6. Sliding in the sliding gusset connections was triggered under the FOE-level loading and increased in 544 

magnitude with the loading intensity, proving the ability of sliding gusset connections to release the frame-545 

to-gusset interaction starting from small earthquakes. By adopting the proposed method, such sliding 546 

could be controlled to have little impact on the axial deformations of BRBs under tension loading.  547 

7. By adopting the sliding gusset connections and the damage-control procedure, the integrity of the BRB-548 

MF system was successfully maintained, and therefore BRBs could fulfill their energy dissipation 549 

potential and dissipate most of the energy induced to the system with negligible deformation loss.  550 
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