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Bidirectional Loading Response of Square-HSS Columns and Panel 1 

Zones Measured in Shake-Table Tests of a 10-Story Steel Building 2 

Jionghui Li1; Jialiang Jin2; Tianhao Yan3; Jun Fujiwara4; Koichi Kajiwara5; Akiko 3 

Kishida6; Ryota Nishi7; Takuya Nagae8; Tatsuya Asai9; and Taichiro Okazaki10, M. 4 

ASCE 5 

Abstract: A series of shake-table tests on a nearly-full-scale, 10-story steel moment-resisting 6 

frame with buckling-restrained braces (BRBs) were conducted at the E-Defense shake-table 7 

facility in February 2023. The specimen was subjected to a 3D strong motion recorded from the 8 

1995 Kobe earthquake, scaled from 25% to 100%. Yielding of the interior columns and column 9 

panel zones was expected from the relative proportions of the columns and beams. At one of the 10 

interior grid points, responses of such interior column, panel zones, BRBs and connecting beams 11 

were instrumented to understand the interaction between the members under real, dynamic loading 12 

environment. During the 100% JMA Kobe motion, the specimen yielded in the 1st to 8th stories 13 

developing maximum story drift ratios of 0.020 rad and 0.017 rad in the two orthogonal directions. 14 

As expected, the column and panel zones in the interior grid point yielded under biaxial forces, 15 

while the connecting beams remained elastic. Methods to estimate panel-zone shear force and 16 

strength were devised to match the measured responses. A 2D numerical model of BRB-to-beam-17 

to-column joints was calibrated to match the measured column inflection points and panel-zone 18 

deformation. Time history analysis of the frame using the calibrated model reproduced the 19 

experimental results with acceptable consistency. 20 

Keywords: Shake-table test; Steel moment-resisting frame; Column; Panel zone; Numerical 21 

simulation 22 
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Introduction 43 

This paper studies the seismic response of column panel zones in steel moment-resisting 44 

frames (MRFs) comprising square hollow-structural-section (HSS) columns and I-section beams. 45 

The seismic response of such column panel zones can be complicated by axial forces, biaxial 46 

loading, yielding of the surrounding beams and columns, and presence of composite reinforced-47 

concrete slab among other factors. The complication is a real issue in Japan where steel buildings 48 

generally adopt moment-resisting connections at all beam-to-column joints, and therefore, 49 

bidirectional loading effects are unavoidable. (Configuration of a typical Japanese MRF will be 50 

described in the next section). When these buildings adopt buckling-restrained braces (BRBs), 51 

bracing connections framing to the moment-resisting beam-to-column connections cause 52 

additional complications. 53 

Design of MRFs has allowed yielding in column panel zones due to their favorable energy 54 

dissipation and plastic deformation capacity (Gupta and Krawinkler 1999; Kim and Engelhardt 55 

2002; AIJ 2021). The behavior of column panel zones is generally dominated by shear forces but 56 

their shear strength reduces in the presence of force components other than shear. Interaction 57 



3 
 

between column axial force and panel shear strength in a single plane (unidirectional loading) has 58 

been considered in design codes worldwide, for example, by AIJ (2021) and AISC (2016c). In 59 

Japan, where MRFs tend to comprise square-HSS columns, the panel zone response under 60 

bidirectional loading has been studied experimentally and theoretically. Wang et al. (2018) tested 61 

beam-and-column subassemblages under cyclic unidirectional and bidirectional loadings with no 62 

axial force, where the specimens were proportioned to yield in the panel zone. They found that 63 

bidirectional loading tended to reduce panel zone strength compared to unidirectional loading and 64 

tended to promote fracture at the corner of the panel-to-diaphragm welds. Arakida et al. (2019) 65 

conducted cyclic loading tests on isolated column panels bounded by through-diaphragm plates to 66 

study the effect of loading direction, axial force, and beam height-to-column depth ratio on panel 67 

zone response. Based on plane-stress analysis and Mises yield criterion, they deduced interaction 68 

equations between axial force and shear force in arbitrary loading direction. The equations are 69 

relevant to this paper and are summarized in the Appendix. Suita et al. (2008) reported panel zone 70 

response measured in shake-table tests on a 2-by-1 bay, 4-story steel MRF building with 175 and 71 

150-mm thick composite slab. The building specimen yielded first in the panel zones and 72 

ultimately collapsed due to local buckling in the first story columns. The measured shear force in 73 

the panel zone was found to exceed the plastic strength based on design equations. Yamada et al. 74 

(2009) explained that the panel-zone shear force measured by Suita et al. (2008) closely matched 75 

the force couple placed at the centers of slab and beam bottom flange, while the plastic strength 76 

per design equations placed force couple at the centers of through-diaphragm plates. Therefore, 77 

Yamada et al. (2009) suggested decomposing the bending moment into a force couple acting at 78 

the centers of slab and beam bottom flange to deduce panel-zone shear force. Kishiki et al. (2010) 79 

suggested an alternative method to decompose the beam moment into a force couple at the centers 80 
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of slab and steel beam plus bending moment in steel beam, and further replace the forces in the 81 

steel beam by concentrated forces at beam upper and lower flanges. 82 

Buckling-restrained braces connecting to beam-to-column joints can complicate the force 83 

transfer mechanism at the joints and thereby create another challenge in predicting panel zone 84 

behavior. Kishiki et al. (2007) conducted cyclic loading tests on BRB-braced portal frames where 85 

the gusset plates were welded to I-section beams and square-HSS columns with no edge stiffener. 86 

They found that close to the gusset-to-column interface, normal stress distributed linearly, while 87 

shear stress distributed nearly uniformly. Kasai et al. (2015) tested subassemblages that closely 88 

represented the loading environment of a BRB-braced MRF. The BRB gusset plate welded to 89 

beam and column was stiffened at the edges. They found that close to the beam-end section and 90 

gusset-to-column interface, the measured principal strain distributed linearly. The findings by 91 

Kishiki et al. (2007) and Kasai et al. (2015) imply that the stresses at the gusset plate interface may 92 

be estimated adequately by the plane-section assumption. 93 

Gupta and Krawinkler (1999) proposed modeling column panel zones with rigid bars 94 

connected in a parallelogram shape through hinges and an elasto-plastic rotational spring with a 95 

trilinear backbone curve. Skiadopoulos et al. (2021) improved the stiffness and yielding strength 96 

of the rotational spring to achieve more accurate predictions over a wider range of column panel 97 

zones. In order to account for reinforced-concrete floor slab composited with steel beam, Elkady 98 

and Lignos (2014) proposed computing the yield moment of the rotational spring based on the 99 

center-to-center distance between beam lower flange and floor slab, which is the same method 100 

proposed by Yamada et al. (2009) mentioned above. El Jisr et al. (2022) proposed to explicitly 101 

model the floor slab by axial springs at slab center connected to column surface. To the knowledge 102 

of the authors, there is no established scheme to model panel zones that are stiffened by a bracing 103 
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connection. Hsiao et al. (2013) modeled brace-beam-column joints with three rigid bars connected 104 

rigidly and neglected panel-zone deformation. Mojiri et al. (2021) improved the joint model 105 

proposed by Hsiao et al. (2013) by adding a rotational spring between the gusset plate and BRB to 106 

represent the flexural stiffness of the gusset plate. Kaneko et al. (2008) and Kishiki et al. (2008) 107 

proposed adding a diagonal truss element with calibrated stiffness between the beam and column 108 

to simulate the stiffening effect due to gusset plate. 109 

In February 2023, a 3-by-3 bay, nearly-full-scale, 10-story building specimen was tested 110 

at the E-Defense shake-table facility in Japan. The specimen had a wide variety of non-structural 111 

elements installed such as glazed curtain walls, ceilings, and ventilation ducts. This paper presents 112 

the structural responses of the specimen, focusing on the measured response of an interior column 113 

and its surrounding members. The interior columns and their panel zones were expected to yield 114 

under combined compression, biaxial shear and bending, while the connecting beams were 115 

expected to remain elastic. Indeed, the column and panel zones yielded under complicated multi-116 

axial loading. The measured responses are reported and compared against theoretical predictions. 117 

A method to deduce panel-zone shear force considering the slab and BRB gusset plate is described, 118 

and a method to estimate force interaction in panel zones is discussed. Finally, computed responses 119 

of a structural model with proposed modeling schemes are reported. The broader scope and 120 

preliminary results of the test are reported by Fujiwara et al. (2024) and Li et al. (2024). The 121 

performance of non-structural elements will be reported in future publications. 122 

Shake-Table Test Plan 123 

Specimen 124 
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Fig.1 shows a photograph and Fig. 2 shows elevations and floor layout of the 10-story 125 

specimen. The specimen was an MRF with a floor layout of 12×8 m in longitudinal (Y) and 126 

transverse (X) directions and floor-to-floor story heights between 2.5 and 2.8 m. The specimen was 127 

designed and detailed according to the Building Standard Law of Japan (MLIT 2020). The steel 128 

frame comprised BCR295 (specified minimum yield strength, Fy = 295 N/mm2) formed-from-129 

round cold-formed, square-HSS columns with depths of either 250 or 350 mm, and JIS grade 130 

SN400B (Fy = 235 N/mm2) I-section steel beams with depths between 244 and 350 mm. Tables 1 131 

and 2 list the column and beam sections. As shown in Fig. 2(b), BRBs were installed in the two 132 

interior frames (Frames B and C) through the 1st to 7th stories in the Y-direction only. Fig. 3 shows 133 

details of a BRB and the dimensions of the LY225 (Fy = 205 N/mm2) steel core, where Lt is the 134 

total length, and Lc and Wc are the length and width of the yielding segment. Table 3 summarizes 135 

the mechanical properties of the columns, beams, and BRB steel cores measured from tensile 136 

coupon tests. 137 

To balance the story stiffnesses between the X- and Y-directions, the former with short 138 

beam spans and the latter with BRBs, smaller beams were chosen for the interior frames in the Y-139 

direction, and smaller columns were selected for the interior compared to for the perimeter. As a 140 

result, the specimen had weak column-strong beam proportions at the grid points along frame lines 141 

B and C. However, it is emphasized that the Japanese design code (MLIT 2020) allows yielding 142 

in the column and/or panel zones so long as the strong column-weak beam (and weak panel) 143 

proportion is satisfied as sum over the floor, i.e., the sum of plastic moments of all columns above 144 

and below the floor is greater than the sum of the smaller of 1.5 times plastic moments of the left 145 

and right beams or 1.3 times plastic strength of the panel zone at each joint at the floor (MLIT 146 

2020). This requirement was satisfied at every floor of the specimen. The columns at these grid 147 
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points were expected to develop considerable axial forces due to the BRBs placed in the Y-148 

direction and the short beam span in the X-direction. Fig. 4 shows a beam-to-column connection 149 

at grid point 2C of the 3rd floor. The beam-to-column connection adopted a welded flange-welded 150 

web detail with no weld-access hole at the beam flanges, which is the most common detail in Japan. 151 

The deeper X-direction beams had the flanges welded to protruding, through-diaphragm plates. 152 

The shallower Y-direction beam had the top flange match height with the upper through-diaphragm 153 

plate but the bottom flange welded directly to the column. The column was stiffened with an 154 

interior diaphragm plate at the bottom flange of this Y-direction beam. In the Y-direction, a BRB 155 

gusset plate was connected to the beam and column using all-around fillet welds and was stiffened 156 

at the vertical and horizontal edges. Both the column and beam were stiffened at the gusset edge 157 

stiffeners. A 110-mm thick, reinforced-concrete slab was cast on flat-on-top metal deck using 158 

normal weight concrete with a measured compressive strength of 39 N/mm2. Shear studs of 159 

φ16×80 mm were placed at 200-mm intervals to achieve fully-composite action per Japanese 160 

design guides (AIJ 2023). 161 

Excitation Plan 162 

The specimen was subjected to the 3D excitations listed in Table 4. The primary excitations 163 

were the Japan Meteorological Agency (JMA) Kobe record from the 1995 Kobe earthquake, scaled 164 

from 25% to 100%. The North-South component of the record was assigned to the Y-direction, the 165 

East-West component to the X-direction, and the Up-Down component to the Z-direction. Fig. 5 166 

shows the pseudo-acceleration-response spectrums of the target and realized 100% Y- and X-167 

motions. The realized motions agreed with the target near the measured fundamental vibration 168 

periods (mentioned later in Fig. 10) but were somewhat larger than the target over periods shorter 169 

than 0.5 s. Between the JMA Kobe motions, the specimen was subjected to a 3D white-noise 170 
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excitation with a duration of 140 s and bandwidth of 0.1 to 35 Hz. Other excitations included 171 

aftershocks recorded after the 2018 Kumamoto earthquake and 2011 Tohoku earthquake that 172 

represented smaller and more frequent earthquakes that occur on an annual basis in many parts of 173 

Japan. This paper only discusses results from the JMA Kobe and white-noise excitations. 174 

Instrumentation Plan 175 

Fig. 6 illustrates the instrumentations for floor accelerations and story drifts. The realized 176 

ground acceleration was measured by two triaxial accelerometers placed at 2,500 mm from the 177 

shake-table corners. At each floor, floor acceleration was measured by two triaxial accelerometers 178 

placed at 600 mm from the corner columns. The story drifts in Y- and X-directions were measured 179 

by two pairs of laser displacement sensors placed on rigid tables fixed to the floor below and 180 

pointed at targets fixed to the floor above. 181 

The interior columns at grid point 2C (Column 2C) of the 1st through 4th stories were 182 

instrumented along with the panel zones and beams at the 3rd and 4th floors. Figs. 7(a) and (b) 183 

show the instrumentation to obtain panel-zone shear deformations in Y- and X-directions, γY and 184 

γX, respectively. In each direction, shear deformation was measured as the relative displacement 185 

between the top and bottom diaphragm plates, obtained from a pair of displacement transducers, 186 

divided by the center-to-center distance between the diaphragm plates. The transducers were 187 

placed on rigid holders glued to the bottom diaphragm plate in the X-direction and column surface 188 

stiffened by an interior diaphragm in the Y-direction, and pointed at targets fixed to the upper 189 

diaphragm plate. Fig. 7(c) shows strain gauges placed on Column 2C at the 1st through 4th stories 190 

to enable deduction of biaxial bending moments and axial force. Displacement transducers, with a 191 

gauge length from the slab surface to the lower diaphragm plate, were placed along Column 2C at 192 

the 1st and 3rd stories to measure axial deformation. Figs. 7(d) and (e) show strain gauges placed 193 
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on the four beams connecting to Column 2C at the 3rd and 4th floors to enable deduction of beam 194 

bending moments. The beam bending moment was computed based on the curvature obtained from 195 

the strain gauges, assuming the slab axial force to act at mid thickness and equal the axial force in 196 

the steel beam, with the exception of Beam B2 in Fig. 7(d). For Beam B2, the bending moment 197 

was computed assuming the beam axial force to equal the horizontal component of the BRB axial 198 

force. Fig. 7(f) shows displacement transducers placed at the ends of the beams to measure rotation 199 

over a gauge length of 730 mm in the Y-direction and 500 mm in the X-direction. Beam end rotation, 200 

θb, was evaluated as the difference of measured displacements divided by the vertical distance 201 

between the transducers. Instrumentation of the BRB force and axial deformations is described by 202 

Fujiwara et al. (2024) and therefore omitted. 203 

Deduction of Panel-Zone Shear Force 204 

Fig. 8 shows the decomposition of free bodies used to compute the panel-zone shear force 205 

in the X-direction. As shown in Fig. 8(a), column and beam forces were sampled at mid-thickness 206 

of diaphragm plates and column surfaces, respectively. The subscripts in upper case “L”, “R”, and 207 

“T” stand for left, right, and top, lower case “b”, “c”, and “BRB” stand for bare steel, concrete slab, 208 

and BRB, and furthermore, “f” and “w” stand for flange and web, respectively. Positive bending 209 

moment (slab in compression) was decomposed using the method proposed by Kishiki et al. (2010), 210 

with one more assumption that beam neutral axis is fixed at elastic position. As discussed later, 211 

this beam remained elastic, and its elastic stiffness matched the evaluation based on the same 212 

assumed neutral axis position. As illustrated in Fig. 8(b), positive bending moment was 213 

decomposed into bending moment developed in the steel section, Mb, plus equal and opposite 214 

forces, Fc, at the centroid of steel beam and composite slab, while the negative bending moment 215 
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(slab in tension) was assumed to be taken by the steel section only. Axial compression in the slab 216 

was transferred to the upper column, and bending moment and axial force in the steel beam were 217 

translated into equivalent concentrated forces at the steel beam flanges. Fig. 8(c) shows the forces 218 

transferred to the panel zone converted to the equivalent shear force, VX. 219 

Fig. 9 shows the decomposition of free bodies used to compute the panel-zone shear force 220 

in the Y-direction. The free body in Fig. 9(a) was sampled differently from the previous case on 221 

the side with gusset plate: beam forces were evaluated at the section instrumented with strain 222 

gauges, and column forces were evaluated at the edge stiffeners of the gusset plate. The BRB was 223 

assumed to deliver axial force, NBRB, only, and the horizontal component of the BRB force was 224 

assumed to be taken by the right beam only. Fig. 9(b) and (c) show how the forces in the beam and 225 

column segments stiffened by gusset plate were simplified. The left end of the beam segment 226 

included the steel beam, gusset plate, and horizontal stiffener, but neglected the floor slab assuming 227 

that all forces acting on the right end of the free body were transferred to the steel components 228 

through bearing against the edge stiffeners of the gusset plate. Normal stress was assumed to 229 

distribute linearly, and shear stress was assumed to distribute uniformly in the vertical plates (the 230 

gusset plate and beam web). At the right end, the axial force and bending moment in the steel beam, 231 

Nb and Mb, were computed by measured strain, and the axial force in the slab, Fc, was deduced as 232 

the difference between the horizontal component of BRB force and axial force in the steel beam. 233 

The column segment between the horizontal edge stiffener and upper diaphragm plate was 234 

subjected to forces from upper column and stresses from gusset plate, and the resultant forces at 235 

bottom were computed by equilibrium. Figs. 9(d) and (e) show the forces and stresses converted 236 

to the equivalent shear force, VY. 237 

Experimental Results 238 
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Global Response 239 

Fig. 10 shows the transition of natural periods for Y- and X-translation and torsion about 240 

the Z-axis identified from the white-noise excitations. The frequency response function (FRF) 241 

method (Ewins 2009) was used assigning the shake-table and roof floor accelerations as the input 242 

and output. The frequencies at the peaks of the imaginary part of the FRF were recognized as the 243 

natural frequencies. The fundamental vibration periods changed from the original 0.61 s, 0.82 s, 244 

0.56 s (Test 01), respectively, for the Y-, X-translations, and torsion, to 0.68 s, 0.91 s, 0.63 s (Test 245 

14) after the 100% motion. The primary motions, from 50% to 100% each caused elongation of 246 

the four periods in X- and Y-translations and torsion, and after the 100% motion, the periods had 247 

elongated by 5 to 10%. 248 

Fig. 11 shows the maximum floor accelerations and maximum story drift ratios during the 249 

JMA Kobe motions, where the solid lines represent measured results and the dashed lines represent 250 

simulation results described in a later section. At the roof, floor acceleration was amplified by 251 

factors of 3.37 and 4.82 in the Y- and X-directions during the 25% motion, and 1.85 and 2.32 during 252 

the 100% motion. The specimen yielded over the lower stories in both Y- and X-directions. In the 253 

3rd story, which showed the largest story drifts, the maximum story drift ratios were 0.020 rad in 254 

the Y-direction and 0.017 rad in the X-direction. 255 

Beam Response 256 

Fig. 12 shows the measured response of the four beams connecting to grid point 2C at the 257 

3rd floor, plotting the beam-end bending moment versus rotation (within the aforementioned gauge 258 

length) during the 100% motion. This figure and subsequent figures plotting the measured 259 

hystereses indicate the state at the start and end of excitation. Some hystereses indicate notable 260 

damage accumulation. The theoretical elastic stiffness was calculated by integrating curvature over 261 
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the transducer gauge length, assuming rotations at two beam ends are identical. The positive 262 

stiffness, 𝐾𝐾𝑏𝑏+, assumed the effective widths of concrete slabs as 950, 550, 750, and 500 mm for B1 263 

to B4, respectively, per AIJ (2023), as the beam flange width plus (1.0 – 1.2a/lb)·a when a < 0.5lb; 264 

or 0.2lb when a ≥ 0.5lb for B1 and B3, and plus (0.5 – 0.6a/lb)·a or 0.1lb for B2 and B4 due to the 265 

slab opening in the middle, where a is the distance between the flanges of adjacent beams and lb 266 

is the beam span. The negative stiffness, 𝐾𝐾𝑏𝑏−, was computed based on the bare beam section. The 267 

positive plastic moment, 𝑀𝑀𝑝𝑝
+, was computed based on an assumed fully plastic state with the 268 

effective width of the concrete slab equals 1.3 times the column width per AIJ (2023). The negative 269 

plastic moment, 𝑀𝑀𝑝𝑝
−, was computed based on the bare beam section. The four beams responded 270 

elastically and did not develop plastic moment in positive or negative bending. The measured 271 

elastic stiffness agreed with the theoretical stiffness except for Beam B2, which showed larger 272 

stiffness than the theoretical, presumably because the theoretical value neglected the added 273 

stiffness due to BRB gusset plate. 274 

Column Response 275 

Fig. 13 shows the axial force versus axial deformation response of Column 2C at the 3rd 276 

and 1st stories during the 100% motion, where the positive values represent tension and elongation. 277 

Compression from gravity was estimated based on tributary area. At the 3rd story, the maximum 278 

axial force was -0.28 times the axial yield force and the maximum averaged strain was -0.83×10-279 

3. At the 1st story, the maximum axial force was -0.41 times the axial yield force and the maximum 280 

averaged strain was -1.07×10-3. 281 

Fig. 14 shows the column bending moments in X- and Y-planes, McX/Mcp0 and McY/Mcp0, 282 

measured at the 3rd story during the 100% motion, where Mcp0 denotes the column plastic moment 283 

under pure bending. Force trajectories were constructed for the top and bottom sections of the 284 
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column shown in Fig. 7(c). The indicated plastic limits were computed for a constant axial force 285 

that equals gravity load over tributary area. During the 100% motion, the force trajectories at both 286 

sections exceeded the plastic limits. After the 100% motion, little residual forces remained in this 287 

column, with residual lateral drift ratios of 0.003 rad and 0.001 rad in the Y- and X-directions, 288 

respectively. 289 

Fig. 15 plots the transition of inflection point for the same column during the 100% motion 290 

for the durations when the column moment at either end was greater than 20% of the maximum 291 

measured moment. The average locations of inflection points are highlighted by dashed lines. In 292 

the Y-direction, the inflection point was above mid-height, presumably because the BRB gusset 293 

plate contributed to the rotational stiffness at the bottom end. In the X-direction, the inflection point 294 

was near mid-height as expected. The measured inflection point was utilized to calibrate a 295 

numerical model presented in a later section. 296 

Panel Zone Response 297 

Fig. 16 shows the Y- and X-responses of the panel zone at the 3rd floor of Column 2C 298 

measured during the 50% and 100% motions. The shear forces were deduced using the scheme 299 

described earlier. Per AIJ (2021), the elastic shear stiffness, Kv, was computed from Eq. (1) and 300 

the plastic shear strength, Vp, from Eq. (2) which is applicable when axial force is smaller than 0.5 301 

times the axial yield force. 302 

𝐾𝐾𝑣𝑣 = 𝐺𝐺
𝐴𝐴𝑐𝑐
2

 (1) 

𝑉𝑉𝑝𝑝 = 2𝑑𝑑𝑐𝑐𝑡𝑡𝑐𝑐
𝐹𝐹𝑦𝑦𝑦𝑦
√3

 (2) 

In the above equations, G denotes the elastic shear modulus of steel; Ac the area of HSS section; 303 

dc the depth of HSS section; tc the thickness of HSS section; Fyp the yield strength of HSS section. 304 
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The measured elastic stiffnesses agreed with Kv, which validated the described force 305 

deduction scheme. During the 50% motion, the panel zone remained elastic in the Y-direction but 306 

slightly yielded in the X-direction. During the 100% motion, the panel zone showed notable plastic 307 

deformations in both directions. The shear angle reached 0.01 rad in the X-direction. At the end of 308 

the 100% motion, residual deformations of 0.002 rad remained in both directions. Interestingly, 309 

the maximum shear force in the Y-direction was lower than the plastic shear strength Vp. The reason 310 

is attributed to interaction between biaxial shear forces and column axial force as discussed next. 311 

Force Interaction in Panel Zones 312 

Interaction between biaxial shear forces and axial force in the panel zone may be derived 313 

from plasticity theory. The interaction equations derived by Arakida et al. (2019) for panel zones 314 

with identical height in both directions, as shown in Fig. 17(a), are reviewed in the Appendix. The 315 

panels parallel to the Y-direction are denoted Y-panels, and those parallel to the X-direction are 316 

denoted X-panels. As reported by Arakida et al. (2019), the critical condition generally occurs at 317 

the edge section shown in Fig. 17(b) unless axial force is extremely large (axial force ratio overs 318 

0.9). As shown in Fig. 17(c), the panel zones of the building specimen had different heights 319 

between the X- and Y-panels, and the critical condition occurred at the top edge section where the 320 

biaxial moments were largest. To apply the equations derived by Arakida et al. (2019), it was 321 

assumed that the panel zone had identical height in two directions, and the larger X-panel height 322 

was chosen for Eqs. (A1) to (A3) to construct plastic limit. Larger beam heights lead to smaller 323 

shear strength in the panel zone to maintain the corresponding bending moment and normal stress 324 

at the top edge section. 325 
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Fig. 18 shows the biaxial shear forces in the panel zone at the 3rd floor of Column 2C 326 

measured from the 50% and 100% motions. The indicated plastic limit, which was nearly circular, 327 

assumed that the axial force remained constant at the maximum values, 0.24 and 0.28 times axial 328 

yield strength for the 50% and 100% motions, respectively. During the 50% motion, the panel 329 

reached the plastic strength twice with large shear in the X-panels but small shear in Y-panels. 330 

During the 100% motion, the biaxial shear forces exceeded the plastic limit multiple times by large 331 

margins. Points A and B marked the times when the X-panel developed the maximum negative 332 

and positive deformations. Figs. 16(c) and (d) indicate the plastic strengths computed from Eqs. 333 

(A1) to (A3) based on the n and θ at Points A and B. At Point A shown in Fig. 16(d), the 334 

overstrength ratio was 1.45. For the large shear force in the X-direction, the plastic strength in Y-335 

direction decreased from Vp to VpY,A in Fig. 16(c), which might explain the Y-panel developed 336 

notable plasticity with shear force smaller than the expected shear strength Vp. A similar behavior 337 

was observed at Point B when the X-panel developed the maximum positive deformation. 338 

Numerical Simulation 339 

Modeling of beam-to-column joint with BRB connection 340 

A BRB-to-beam-to-column joint model was calibrated based on 2D static pushover 341 

analysis of a fishbone model (Luco et al. 2003) centering Column 2C in the Y-direction. The 342 

OpenSees platform (OpenSees 2006) was used for the analysis. As shown in Fig. 19(a), the 343 

fishbone model comprised Column 2C, half-length of the east and west beams connecting to the 344 

column, and the left BRBs. The column was fixed at the base, and the beams were supported at 345 

their inflection points by rollers. Fig. 19(b) shows the member arrangement at the 7th and 8th 346 

floors where a BRB framed to the bottom of the column but not to the top. All beam-to-column 347 
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joints had their panel zone modeled with rigid bars arranged in parallelogram and connected by 348 

four hinges and a rotational spring as proposed by Gupta and Krawinkler (1999). The BRB was 349 

modeled by an elasto-plastic truss, two elastic beams and two rigid bars connected in series. The 350 

length and cross-section of the truss and elastic beams were based on the yielding segment and 351 

connection segments of the BRB core. The lower end of the BRB was rigidly connected to the 352 

panel zone. At BRB-to-beam-to-column joints, the gusset plate was represented by an elastic steel 353 

truss connecting the stiffened gusset corners, spanning length let, and assigned the same thickness 354 

as the gusset plate and width of aet times let. The key to defining this truss is to examine an adequate 355 

factor aet. The scheme follows the suggestions by Kaneko et al. (2008) and Kishiki et al. (2008) 356 

but does not necessarily reflect the force transfer mechanism expressed in Fig. 9. The column and 357 

beam outside the gusset plate were modeled by force-based beam-column elements with 6-point 358 

Gauss-Lobatto integration. Figs. 19(c) and (d) depict the fiber sections of composite beams and 359 

columns. The slab widths were taken as 950 mm for the left beams and 550 mm for the right beams 360 

per AIJ (2023). All steel components that could potentially yield, including beams, columns, and 361 

BRB cores, were represented by the Giuffre-Menegotto-Pinto model, and the concrete was 362 

represented by the Kent-Scott-Park model. 363 

Elastic pushover analysis was conducted separately for the positive and negative directions 364 

to consider the difference in stiffness of the composite beams. As shown in Fig. 19(a), loading was 365 

applied in displacement control using the distributions of maximum floor drifts measured from the 366 

25% motion. Analysis was repeated for models with different aet varied from 0 to 1 with an 367 

increment of 0.1. Aspect ratio aet ≥ 0.2 resulted in mean absolute percentage error, in height of 368 

inflection point at the 2nd to 4th stories between experiment and simulation, smaller than 4%. 369 
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Time history analysis in the next section adopted aet = 0.2 to match the measured elasto-plastic 370 

panel zone response. Further verification is warranted to determine the most suitable value for aet. 371 

Time history analysis 372 

Two-dimensional nonlinear time history analysis was conducted to verify the proposed 373 

modeling scheme in the Y-direction, granted using model that was calibrated to match the 374 

measured response. Fig. 20 shows the numerical model with one exterior frame (Frame D) and 375 

one interior frame (Frame C) taking advantage of symmetry. The two frames were connected by 376 

rigid trusses at each floor to simulate rigid floor diaphragms. The same modeling schemes as in 377 

the pushover analysis were adopted. The effective width of the floor slab was 800 mm for Frame 378 

D. At each floor, half of the total floor mass was evenly assigned to the eight beam-to-column 379 

joints at the right nodes of the panel zones. Gravity load within tributary area was modeled as line 380 

load along the beams. Rayleigh damping with a critical damping ratio of 0.02 was assigned to the 381 

1st and 3rd natural periods. Numerical integration over time was performed based on the average 382 

acceleration method and time increment of 0.01 s. Analysis was executed continuously using the 383 

realized 25%, 50%, 75% and 100% table motions, each lasting 40 s. A 60-s rest was set between 384 

the adjacent motions to eliminate free vibration. 385 

Table 5 compares the natural periods, in which the measured periods are the same periods 386 

of Test 01 plotted in Fig. 10 and the simulated periods were obtained from eigenvalue analysis of 387 

the models. The model matched the measured 1st period, but overpredicted the 2nd to 4th periods. 388 

The simulated responses are plotted in Fig. 11 against the measured responses. The simulated floor 389 

accelerations agreed with the experiment up to the 75% motion, but underestimated the experiment 390 

at upper floors by 20% for the 100% motion. The simulated story drift ratios agreed with the 391 

experiment for the 25% to 75% motions but underestimated the story drift at upper stories by 25% 392 
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for the 100% motion. The difference in response between simulation and experiment was caused 393 

presumably by the different fixity at the column base. Comparison of simulated versus measured 394 

bending moment distribution indicated that the base fixity in experiment was smaller than fixed as 395 

assumed in simulation. The higher base fixity led to overestimated acceleration and underestimated 396 

deformation at bottom stories, which in turn, caused the difference in response at the upper stories. 397 

Fig. 21 compares the simulated versus measured response of the panel zone of Column 2C 398 

at the 3rd floor during the 100% motion. The simulation consistently overestimated the response 399 

on the positive side (left beam, as seen in Fig. 9(a), in positive bending, and right beam in negative 400 

bending) and underestimated the response on the negative side. On the positive side, the simulated 401 

shear force overestimated the measured by as much as 60%, presumably because the left beam 402 

was modeled with a wider effective slab than the right beam, and consequently, possessed a much 403 

larger strength capacity in positive bending than the right beam did. Furthermore, the model was 404 

unable to capture the reduction in plastic strength caused by loading in the orthogonal frame. 405 

Further modification for the panel zone model is warranted to incorporate the interaction effect 406 

described in the paper. Modification is also warranted in the definition of effective width in 407 

composite slab models. 408 

Conclusions 409 

Shake-table tests of a nearly-full-scale, 10-story steel MRF with BRBs were conducted. 410 

The interior columns and panel zones along with BRBs yielded under bidirectional dynamic 411 

loading to produce maximum story drift ratio of 0.02 rad in both orthogonal directions. The 412 

measured responses presented challenges in modeling the inelastic behavior of square-HSS panel 413 

zones under realistic conditions: interaction of bidirectional forces, stiffening due to a BRB gusset 414 
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plate, presence of composite slab among other factors. An attempt was made to express the force 415 

transfer mechanism and thereby the force demand imposed in panel zones, to derive the strength 416 

interaction in square-HSS panel zones, and to model square-HSS panel zones in structural frame 417 

analysis. Key findings from the study are summarized below: 418 

1. Even after developing maximum story drift ratios of 0.020 and 0.017 rad in the two orthogonal 419 

directions, the natural periods of the specimen increased by merely 10% from the undamaged 420 

state. Therefore, the program provided another proof that the elastic stiffness of steel building 421 

systems remains rather consistent after experiencing moderate damage.  422 

2. The presented method to deduce shear force acting on panel zones resulted in reasonable 423 

match between measured and theoretical stiffness of the panel zone. Therefore, although 424 

further study is warranted, this method may be used to account for reduction in shear force 425 

demand due to composite slabs and bracing connections. 426 

3. The measured response of the panel zones was clearly affected by force interaction due to 427 

bidirectional loading. The plasticity model by Arakida et al. (2019) was confirmed as a useful 428 

mean to understand this force interaction. 429 

4. The simple modeling scheme to represent stiffening due to bracing connections by a short 430 

truss between the beam and column elements was, after calibration, able to capture elasto-431 

plastic panel-zone shear deformation. Further study is warranted to examine the general 432 

applicability of this modeling scheme and to develop refined models that can capture the force 433 

transfer mechanism and force interaction at panel zones. 434 

Appendix. Panel Zone Strength Derived by Arakida et al. (2019) 435 
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Arakida et al. (2019) derived the plastic strength of panel zones in square-HSS columns. 436 

An isolated panel zone, as shown in Fig. 17(a), was examined at the edge section near the 437 

diaphragm plate and mid-height. Arakida et al. (2019) deduced that the edge sections generally 438 

provide a more critical condition than the mid-height section. Therefore, this appendix only 439 

discusses the edge section. Fig 17(b) shows the top edge section subjected to axial force, biaxial 440 

shear forces, and biaxial bending moments. Normal stresses and shear stress in the Y- and X-panels 441 

are related to the forces through equilibrium assuming uniform stress distribution. Two normal 442 

stresses are considered: σZ produced by axial force and bending moment, and σX due to constraint 443 

by the diaphragm plate. Relationship between σX and σZ is assumed fixed as σX = 0.5σZ. 444 

Equilibrium and Mises yield criteria between the stresses are used to derive lower-bound 445 

interaction equations between the axial force and biaxial shear forces. With axial force ratio n = 446 

N/Ny, where N is the axial force and Ny is the axial yield strength, the plastic shear strength in θ 447 

direction, Vpθ, is expressed by Eqs. (A1) to (A3). Eq. (A3) is an implicit function which can be 448 

solved numerically. Vpθ is decomposed into X- and Y-components to construct the full interaction 449 

diagram between the plastic strengths in X- and Y-directions. 450 

(a) 0 ≤ l/dc ≤ 2 and 0 ≤ n ≤ nbX: 
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(c) nbX < n ≤ 1 and nbY < n ≤ 1:   
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In the above equations, l denotes the clear distance between the upper and lower diaphragm plates; 451 

nbX and nbY are the critical axial force ratios that distinguish the cases, expressed respectively by 452 

Eqs. (A4) and (A5). 453 
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Table 1. List of columns (steel grade: BCR295) 545 

Story C1, C2 C3 
10S-8S Square-HSS-350×350×9 Square-HSS-250×250×6 

7S Square-HSS-350×350×12 Square-HSS-250×250×6 
6S, 5S Square-HSS-350×350×12 Square-HSS-250×250×9 
4S-1S Square-HSS-350×350×16 Square-HSS-250×250×9 

 546 

 547 

Table 2. List of beams (steel grade: SN400B) 548 

Floor G1, G2, G4, G5 G3 
RF-6F H-350×175×7×11 H-244×175×7×11 
5F-2F BH-350×200×9×12 H-244×175×7×11 

 549 

 550 

Table 3. Mechanical properties of columns, beams and BRBs 551 

Component Steel grade Yield strength 
[N/mm2] 

Tensile strength 
[N/mm2] 

Elongation 
[%] 

Square-HSS-350×350×9 

BCR295 
 

370 446 24.7 
Square-HSS-350×350×12 381 443 26.3 
Square-HSS-350×350×16 414 481 22.7 
Square-HSS-250×250×6 391 458 38.8 
Square-HSS-250×250×9 384 445 22.2 
H-350×175×7×11, flange 

SN400B 

307 459 30.8 
H-350×175×7×11, web 364 479 29.7 

BH-350×200×9×12, flange 275 426 35.1 
BH-350×200×9×12, web 291 431 33.7 
H-244×175×7×11, flange 310 440 33.4 
H-244×175×7×11, web 346 454 42.1 

BRB core LY225 214 302 41.0 
 552 

 553 

 554 
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Table 4. Summary of test cases 555 

Test Ground motion Input 
direction 

01 White-noise XYZ 
02 Kumamoto aftershock XYZ 
03 Tohoku aftershock XYZ 
04 Kobe 25% XYZ 
05 Kobe 25% X 
06 Kobe 25% Y 
07 Kobe 50% XYZ 
08 White-noise XYZ 
09 Kobe 75% XYZ 
10 White-noise XYZ 
11 Kumamoto aftershock XYZ 
12 Tohoku aftershock XYZ 
13 Kobe 100% XYZ 
14 White-noise XYZ 
15 Kumamoto aftershock XYZ 
16 Tohoku aftershock XYZ 

 556 

Table 5. Comparison of measured and simulated natural periods  557 

Mode in  
Y-direction 

Measured  
[s] 

Simulated  
[s] 

1st 0.607 0.588 
2nd 0.193 0.216 
3rd 0.109 0.123 
4th 0.072 0.084 

 558 












































