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Abstract

In Japan, square steel tube columns and H-shaped steel beams are commonly used in steel
buildings. The joint panels of the beam-column connections are the members which receive
bending from both the columns and beams. Since the joint panels have the short length, the
panel is strongly affected by shear. Due to the effect of shear, it is known that the local buckling
may occur on the panel webs. Since the elasto-plastic deformation of the joint panels signifi-
cantly affects the large deformation behavior of the overall frame, the relationship between the
local buckling behavior and plastic deformation capacity of joint panels provides important
insights.

Many previous studies on the local buckling and the plastic deformation capacity of panels
have been investigated. However, the relationship between the local buckling strength and the
plastic deformation capacity of the panels is not sufficiently investigated by analysis.

The purpose of this study is to investigate the elastic local buckling strength and plastic de-
formation capacity of the joint panels with the energy method analysis and finite element
method analysis. In addition, seismic performance is reasonably evaluated based on the buck-
ling strength.

In the present paper, the effect of the loading condition on the joint panels on the elastic local
buckling strength is considered. In addition, the local buckling strength is evaluated quantita-
tively with buckling coefficient. Regarding seismic performance of the joint panels, the ultimate
strength and plastic deformation capacity are reasonably evaluated with the normalized width—
thickness ratio.

Keywords: Steel structure, Square hollow section member, Shear buckling, Ultimate
strength, Plastic deformation capacity, Width—thickness ratio
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1 INTRODUCTION

the steel moment-resisting frames can have high toughness, absorb seismic energy, and pro-
vide stable behavior during strong earthquakes. In addition, since the moment frames make
large open spaces without walls, the moment frames are widely used in seismic-prone areas
such as Japan. In Japan, square steel tube columns and H-shaped steel beams are commonly
used in the structural type of steel buildings. Joint panels of the beam-column connection are
members which transmit stresses between the columns and beams, and receive bending from
both the beams and columns. Since the joint panels have the short length, the joint panels is
significantly affected by shear. Due to the effect of shear, it is known that the local buckling
may occur on panel webs. The buckling is a significant factor determining the seismic perfor-
mance of the members. Since the elsto-plastic deformation of the joint panels has significant
effects on the large deformation behavior of overall frame, the seismic performance with con-
sidering the local buckling behavior is important within the current designing field focused on
energy absorption capacity.

Many previous studies on the local buckling strength and plastic deformation capacity of
the joint panels have been conducted. Namba et al. conducted loading experiments and anal-
yses on steel tube panels with cross-sectional shapes and manufacturing methods as parame-
ters, demonstrating the validity of calculating the full plastic strength using the effective
volume panel [1]. Ikarashi et al. derived the elastic shear buckling strength of joint panels in
the L-shaped connection composed of H-shaped beam-column. The effect of the stress state in
the beams and columns is small, and the elastic shear buckling strength is almost determined
by the shape of joint panels in the beam-column connection [2]. Kuwahara et al. conducted
the shear loading experiments on the steel tube panels and highlighted the restraint effect of
the H-shaped beam web attached to the panel flange, pointing out that it affects the buckling
behavior [3]. Kumano et al. conducted the loading experiments on the square steel tube col-
umn and H-shaped steel beam connection frames. They confirmed that when the panel width—
thickness ratio is large, the ultimate strength of the joint panels may be determined by shear
buckling of the panel web [4]. Mou et al. performed repeated loading experiments on the
stepped panels and confirmed that the ultimate strength is determined by the shear buckling
occurring in the panel web [5]. Hwang et al. found that weld quality and panel zone design
significantly influence the ductility and seismic performance of steel beam-to-column connec-
tions under cyclic loading [6]. Li et al. analyzed H-section connections showed where plastic
damage begins and spreads, providing insights for better seismic design and code develop-
ment [7].

In this context, many studies have been conducted on the seismic performance of the joint
panels. However, the effects of loading conditions and member shapes on the elastic local buck-
ling strength of the square hollow section joint panels are not sufficiently clarified. In addition,
the seismic performance of the square steel tube joint panels is not sufficiently evaluated with
considering the effects of loading conditions and member shapes.

The purpose of this study is to investigate the elastic local buckling strength of the joint
panels with the energy method analysis and the elasto-plastic deformation behavior of the
joint panels with finite element method analysis. In addition, the ultimate strength, plastic de-
formation capacity, and cumulative plastic deformation capacity as the seismic performance
are reasonably evaluated considering the local buckling strength.
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2 ELASTIC LOCAL BUCKLING ANALYSIS OF SQUARE HOLLOW SECTION
JOINT PANELS

Fig. 1 shows the target of this analysis, the square hollow section joint panels of planar cross-
shaped beam-column connection frame. In this chapter, the elastic local buckling strength of
the panel webs and panel flanges which compose the joint panels is derived with the energy
method [8]. Since the joint panels are much significantly affected by shear, the elastic local
buckling strength of the joint panels is evaluated with shear buckling coefficient.

2.1 Overview of energy method analysis

The relationship between the elastic buckling stress and the shear buckling coefficient is
given by Eq. (2). In this study, the shear buckling coefficient is used for the quantitative evalu-
ation of the elastic local buckling strength.

B n?E tz-k .
T““'12(1-v2)(5) * M

Here, E is Young's modulus, vis Poisson's ratio (v = 0.3), b is width of plate elements, and t is
thickness of plate elements.

The strain energy and work done by external forces, as shown in Egs. (2) and (3) respectively,
are used to derive the buckling coefficient by solving the buckling condition equation (4) as
eigenvalue problems.

3 Df f azwl 2 21— ) 02w; 3%w; [ 3%w;\’ dxd @

Ui= 6x2 0x? 0y? doxdy xay
AT, —1tj J ( )(aw") + 0, )(aw")2 20,06 y) 2 awl dxd 3)
0AU; 84T, @

00y, O0amn

Here, i is number of plate elements. i = 1 indicates webs and i = 2 indicates flanges.

Fig. 2 shows the stress distribution in the plate elements. The panel webs receive the column
bending moment M. and the beam bending moment My in the two orthogonal directions. The
relative sizes of bending moments are defined by the gradients of bending moment £ and /.
Here, oxer is maximum bending stress in the x-axis direction, and oycr is maximum bending
stress in the y-axis direction. L is length of plate elements, and b is width of plate elements. On

6207



Kohei Tanaka and Kosuke Sato

the other hand, the panel flanges receive compression in the x-axis direction. Egs. (5)—(9) are
the stress functions based on the stress distribution in Fig. 2.

01(6y) = ~0yee (25 -1) (2 1) ©

T (%) = %{axcr e~y + by + %b2> + Oy o(~20% + 2L0)] )
2(0) = ~oer (P2 1) ®

129) = oer b (~by +352) ©

Furthermore, the displacement functions w; are shown in Eqgs. (10) and (11). The displace-
ment function um in the x-axis direction is shown in Eg. (12) and the displacement functions
wwh and s in the y-axis direction are shown in Egs. (13) and (14). In these functions, the de-
formation of plate elements is expressed with trigonometric functions. Here, w s is the displace-
ment function for the y-axis direction of the panel webs, and ¢ is the displacement function
for the y-axis direction of the panel flanges. The restraint effect of H-shaped section beam webs

is considered in fvh.
M N
Wi = Z z AmnUmwVn (10)
n=

M N
Wy = Z Z AmnMUmVn (11)
m=1n=1
mmx
Um = sin I (Simply supported at both ends) (12)
. ny , o
wVn = smT (Simply supported along longitudinal edges) (13)

2nmy (Simply supported along longitudinal edges )
b

Fig. 3 shows the convergence of solutions. The vertical axis of Fig. 3(a) represents the shear
buckling coefficient k-, while the horizontal axis represents the wave number M in the x-axis

fV, = sin (14)
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direction. On the other hand, the horizontal axis of Fig. 3(b) represents the wave number N in
the y-axis direction. The figures show the case where the solution converges most slowly, which
is the 4 edges of the plate elements clamped support (C-C on panel webs and C-CC on panel
flanges) case. In Figs. 3(a) and 3(b), it can be concluded that the solution converges sufficiently
at around M = 20 and N = 20. Therefore, the wave numbers used in this study are M = 20 and
N = 20 for both the panel webs and panel flanges.

2.2 Elastic local buckling property of square hollow section joint panels

Fig. 4(a) shows the relationship between the shear buckling coefficient k. derived by the
energy method and aspect ratio A (= L/b) on the panel webs. The parameter is the gradients of
bending moment £ and . The gradients of bending moment are defined in Fig. 2. Here, the
shear buckling coefficient under pure shear is also shown. The shear buckling coefficient under
pure shear is calculated by Eq. (15) with high accuracy [9].

4.00

ke =534+ —5 (15)
The results show that as the gradients of bending moment increase, the shear buckling coeffi-
cient increases. Additionally, when the gradients of bending moment exceed (4, /) = (1.0,
1.0), regardless of the aspect ratio, the shear buckling coefficients are larger than the shear
buckling coefficient under pure shear. Fig. 4(b) shows the relationship between the shear buck-
ling coefficient k- and aspect ratio A (= L/b) on the panel flanges. The parameters are the gradi-
ents of bending moment 4 and /%, and the restraint effect of H-shaped section beam webs on a
centerline of the panel flanges. The results show that regardless of the restraint effect, as the
gradients of bending moment increase, the shear buckling coefficient increases. Moreover, re-
gardless of the gradients of bending moment, the shear buckling coefficient increases from 3 to
4 times with considering the restraint effect.

Fig. 5(a) shows the buckling mode of the panel web at the point A in Fig. 4(a). The contour
lines in the Fig. 5(a) indicate the amount of deformation in the out-of-plain direction normalized
by the maximum amount of deformation in the increments of 0.2. The mode indicates shear-
type. Similarly, Fig. 5(b) shows the buckling mode of the panel flange at the point B in Fig.
4(b). The mode indicates bending-type at the end of the panel flange.

Fig. 6 shows the relationship between the shear buckling coefficient k; and aspect ratio A (=
L/b) on the panel webs. The parameter is the ratio of maximum bending stress oxcr/ oyer. The
maximum bending stress oxcr in the x-axis direction and oycr in the y-axis direction are defined
in Fig. 2. The results show that regardless of the aspect ratio, the effect of the ratio of maximum
bending stress on the shear buckling coefficient is small.

Fig. 7(a) shows the local buckling plate elements in the case of (&, () = (1.0, 1.0). The
vertical axis indicates the ratio of maximum bending stress oxc/oyer, and the horizontal axis
indicates the normalized gradient of bending moment A/A. The hollow circle o indicates that
the web locally buckles earlier than the flange. The hollow square o indicates that the flange
locally buckles earlier than the web. In order to judge the local buckling plate elements, the
shear buckling coefficients of the panel webs and flanges are compared. It is assumed that the
buckling occurs on the plate elements which have the smaller shear buckling coefficient. From
the figure, since all of the plots are o, the panel flanges locally buckle earlier than the panel
webs in case of (&, /) = (1.0, 1.0). Similarly, Fig. 7(b) shows the local buckling plate element
in the case of (&, &) = (2.0, 2.0). From the figure, since all of the plots are o, the panel webs
locally buckle earlier than the panel flanges.
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3 CYCLIC LOADING ANALYSIS OF SQUARE STEEL TUBE JOINT PANELS

In this chapter, large deformation behavior, ultimate strength, and plastic deformation ca-
pacity of square steel tube joint panels are investigated with the finite element method.

3.1 Overview of finite element method analysis

An elasto-plastic finite element analysis considering geometric nonlinearity was conducted
using the general-purpose analysis program Abaqus. Fig. 8 shows the planar cross-shaped
beam-column connection frame model. The boundary conditions at the ends of the beams and
columns are also shown in the figure. The analysis models are composed of four-node shell
elements, and rigid elements are introduced at the ends of the beams and columns to restrain
warping. Loading is controlled by vertical displacement at the ends of the beams. Fig. 9 shows
the cyclic loading hysteresis with increasing amplitude three cycles for each positive and neg-
ative direction. The vertical displacement ¢ at the ends of the beams of the amplitudes is 1, 2,
3, ..., and 10 times the vertical displacement ¢, at the ends of the beams with joint panel yielding.
Table 1 shows the cross-sectional shapes of the members and mechanical property of steel.
Both the joint panel and columns do not have corner radius, and the material property of the
flat parts of cold-formed square steel tubes are applied to the joint panels and the columns. A
combined hardening rule is used for the materials. Table 1 also shows the parameters of the
considered analytical models. The parameters are the panel width-thickness ratio B/t, panel
aspect ratio A (= L/b), and length of beams Ly. In all models, the gradients of bending moment
are fixed at (£, &) = (2.0, 2.0), and the length of columns L. is 1500 mm. The definition of the
gradients of bending moment are the same as that shown in Fig. 2 in Chapter 2.
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Table 1 Property of member and material
L Length . Young’s modulus £ Yield strength oy Tensile strength o,
Section size [mm] Material [N/mm?] [N/mm’] [N/mm?]
Beam Web H-Lx200%9x14 * Table 2 SN490 2.05%10° 405 554
Flange
Column 0-303x303x12 1500 BCR295 1.98x10° 334 484
Joint panel 0-(291+0)x(291+1)x¢ * Table 2 BCR295 1.98x10° 334 484
Diaphragm PL-19x350%350 - SN490 2.05x10° 405 554
Table 2 Property of frame model
No. | Panel width—thickness ratio B/t [-] Panel aspect ratio A (= L/b) [-] Length of beam L, [mm]
1 ~ 1.0
5 19.2 (t=16) s
3 1.0
4 21.8(t=14) L5
5 2.0
6 1.0
7 253 (t=12) L5 3000
8 2.0
9 1.0
10 33.3(t=9) L5
11 2.0
12 B 1.0
3 49.5(t=16) 20
14 B 2000
5 333(t=9) 1.5 2000

The panel shear force pQ and shear strain yare calculated using Egs. (16) and (17) [3].

2Ly 2Ly +b
o0 = ( L 2L .+ L) (16)
y = {dy +d, — (vy — vg) sinb} (17)

2L cos @

Here, L is the length of columns (= 1500 mm), Ly, is the length of beams, L is the length of
joint panels, b is the center-to-center distance of the joint panel thickness, P is the vertical ex-
ternal force on ends of beams, @is the angle of diagonals within panel webs, d; and d> are the
diagonal displacements at corners of panel webs, and va and vg are the vertical displacements
at corners of panel webs. The panel yielding shear strength ,Qp and yielding shear strain », are
calculated by Eqgs. (18) and (19). The yielding shear stress z is calculated by Eq. (20).

50y = 2btz, (18)
2(1+

y, = % (19)

7, = % (20)
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Here, t is thickness of joint panels, vis Poisson’s ratio (v =0.3), E is Young’s modulus, and oy
is yield stress.

3.2 Cyclic local buckling behavior of square steel tube joint panels

Fig. 10 shows the normalized load—displacement relationships of the models No. 3-5. The
normalized panel shear force pQ/pQp 0On the vertical axis is calculated by dividing the panel
shear force pQ by the panel yielding shear strength ;Qp. The normalized shear strain y/y, on the
horizontal axis is calculated by dividing the panel shear strain y by the panel yielding shear
strain y,. The solid triangle ¥ indicates the point of the positive-side ultimate strength, while
the hollow triangle V indicates the point of the negative-side ultimate strength. The results
show that as the panel aspect ratio decreases, the load—displacement relationships in both posi-
tive and negative directions become more stable spindle-shaped hysteresis curves.

Fig. 11(a) shows the deformed configuration of the joint panel at the point of the ultimate
strength for the model No. 4. For better visualization, the deformation is magnified by a factor
of two. In many models, local buckling of the panel web is observed as shown in the figure.
This phenomenon is the determining factor of the ultimate strength. On the other hand, Fig.
11(b) shows the deformed configuration of the columns at the point of the ultimate strength for
the model No. 5. In the model No. 5, local buckling occurs in the column as shown in the figure.
As a result, in Fig.11(c), there is almost no apparent strength degradation after reaching the
ultimate strength of joint panels, and the response became biased toward the negative defor-
mation side in the model No. 5. This behavior is due to the earlier occurrence of local buckling
in the column rather than in the joint panel.

Fig. 12(a) shows the effect of the panel width—-thickness ratio B/t on the normalized load—
displacement relationship. The normalized load—displacement relationship is represented by the
skeleton curves. The skeleton curves are created by tracing the peak points of each hysteresis
loop from the load—displacement curves. The results show that as the panel width-thickness
ratio increases, the ultimate strength and the deformation at the point of the ultimate strength
decrease. Similarly, Fig. 12(b) shows the effect of the panel aspect ratio A (= L/b) on the load—
displacement relationship. The results show that as the panel aspect ratio increases, the ultimate
strength decreases. Fig. 12(c) shows the effect of length of beams Ly on the load—displacement
relationship. From the figure, the effect of the length of beams is almost not observed.

Fig. 13(a) shows the relationship between the panel width-thickness ratio B/t and either the
rate of increase of the ultimate strength pQmax/pQp Or the plastic deformation rate jmax/y—1 at
the point of the ultimate strength. The rate of increase of the ultimate strength of the left vertical
axis is calculated by dividing the panel ultimate strength ,Qmax by the panel yielding shear
strength pQp. The plastic deformation capacity of the right vertical axis is calculated by dividing
the panel shear strain jymax at the point of ultimate strength on the skeleton curve by the panel
yielding shear strain j. Here, the result for the model No. 5 is excluded due to the buckling in
the columns. The results show that as the panel width—thickness ratio increases, both the rate
of increase of the ultimate strength and the plastic deformation capacity at the point of the ulti-
mate strength tend to decrease. Similarly, Fig. 13(b) shows the relationship between the panel
aspect ratio 4 (= L/b) and either the rate of increase of the ultimate strength pQmax/pQp Or the
plastic deformation rate ymax/3p—1. The results show that as the panel aspect ratio increases, both
the rate of increase of the ultimate strength and the plastic deformation capacity tend to decrease.
It should be noted that the trend observed for the panel aspect ratio in elsto-plastic local buckling
behavior is consistent with the trend of the elastic local buckling coefficient discussed in Chap-
ter 2.
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4 EVALUATION OF SEISMIC PERFORMANCE OF SQUARE STEEL TUBE
JOINT PANELS

Fig. 14(a) shows the relationship between the normalized width—thickness ratio (,Qp/pQcr)Y?
and the rate of increase of the ultimate strength pQmax/pQp. The panel shear buckling strength
pQcr used for the normalized width—thickness ratio in the horizontal axis is calculated using the
shear buckling coefficient derived in Chapter 2. The plots follow Table 3. Here, the result for
the model No. 5 is excluded since the model locally buckles earlier in the column. The results
show that as the normalized width—thickness ratio increases, the rate of increase of the ultimate
strength tends to decrease. Fig. 14(b) shows the relationship between the normalized width—
thickness ratio (,Qp/pQcr)*? and the plastic deformation rate ymax/75—1 at the point of the ultimate
strength. The results show that as the normalized width-thickness ratio increases, the plastic
deformation capacity tends to decrease. Therefore, it can be considered that reasonable evalua-
tion of the ultimate strength and plastic deformation capacity based on the normalized width—
thickness ratio is possible.

Fig. 15 shows the relationship between the cumulative plastic deformation rate X ymax/p—1
and plastic deformation rate ymax/%—1 at the point of the ultimate strength. The normalized load-
deformation relationship is constructed using the cumulative curve by connecting each half-
cycle of the hysteresis curves in the positive loading direction. The normalized shear strain at
the point of ultimate strength on the cumulative curve is defined as the cumulative plastic de-
formation capacity. From the figure, the cumulative plastic deformation capacity and plastic
deformation capacity are almost linearly related as expressed by Eqg. (21).
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Table 3 Plot in figures
No. Plot No. Plot No. Plot No. Plot
1 O 5 9 ] 13 <
2 O 6 < 10 ° 14 >
3 v 7 > 11 v 15 *
4 N 8 s 12 A
o —
.25 . . . 50 . : . 42200 . . .
5 (8., B) = (2.0, 2.0) - - (8. A)=(2.0,2.0) N (8. B)=(2.0,2.0)
o ) S
o g40t @
2 £ £ 150} 5
g 2.0 517<] % v c
= 30t S
£ @ 5 0 s 40
= > 32 A £ 100}
5 R E 20} N £ Eq. (21)
@ 15} L u Ee] >
o [T} w )
5] © 43 50+
2 2 10} N 2 "
& < @ < o -
5 = o
© o 2 4
ac-ut 1% N N N N % " " " " E O L L L L
o 0 02 04 06 08 10 0 02 04 06 08 10 S 0 10 20 30 40 50
Normalized width-thickness ratio ('[)Qp/chr)“2 Normalized width-thickness ratio (,Q,/,Q.)"” g Plastic deformation rate y,.,/%—1
Q. . .
@  pQmax/pQp (b)  ymad 1 Fig. 15 Relationship between
Fig. 14 Relationship between pQmax/pQp OF ¥max/%—1 and (,Qp/pQer) 2 27&““/ 7’“')1 fn(g gmg/(;;])—l
((B.. B = (2.0. 2.0) fes ) = (2.0, 2.

6214



Kohei Tanaka and Kosuke Sato

5 CONCLUSION

The buckling eigenvalue analysis was conducted using the energy method for the joint panel
in the planar cross-shaped connection frame composed of square steel tube columns and H-
shaped steel beams to derive the elastic local buckling strength. Additionally, the finite element
analysis was also conducted to investigate the ultimate strength and plastic deformation capac-
ity of the joint panels. The obtained findings are presented below.

As the gradients of bending moment A, /% increases, the shear buckling coefficient k- in-
creases, and the shear-type buckling mode on the panel webs becomes more pronounced.

The ratio of maximum bending stress oxer/ oyer has little effect on the shear buckling coef-
ficient k..

Considering the restraint effect of H-shaped beam webs on the panel flanges, the shear
buckling coefficient k- becomes from 3 times to 4 times as much as without the restraint.

It was confirmed that as the panel width—thickness ratio B/t increases, the ultimate strength
pQmax/pQp and plastic deformation rate ymax/7—1 at the point of the ultimate strength de-
crease. Additionally, it was also confirmed that as the panel aspect ratio A increases, the
ultimate strength pQmax/pQp decreases.

The effect of the length of beams Ly on the ultimate strength and plastic deformation ca-
pacity is small. Comparing the ultimate strength in the case of L, = 2000 and 4000 mm,
the difference of the ultimate strength is 0.01%.

It was shown that the ultimate strength ;Qmax/pQp and plastic deformation rate ymax/y—1
can be reasonably evaluated using normalized width—thickness ratio (;Qp/pQcr)*/2.

An approximately linear relationship between the cumulative plastic deformation capacity
Yymax/ p—1 and plastic deformation capacity ymax/—1 is observed. The cumulative plastic
deformation capacity is about 3.5 times the plastic deformation capacity in the range in-
vestigated in this study.
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