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SUMMARY

Eight experimental specimens including X and T-type steel subassemblages were
selected to apply rumerical analyses in order to make the resisting mechanism of
the beam-to-colum commections clear. It was found that the increase in strength
of a beam-to-colum comnection after yielding of a panel plate is equivalent to
the sum of the local moment transmitted directly between the beams and columms
through the intersections of their flanges, and that the ultimate bending moment
and large moment gradient along the flanges and stiffeners is achieved near the
intersections. On the basis of these mumerical results, a predicting method of
the maximm strength of a commection is suggested in this paper.

INTRODUCTION

Many tests have been conducted to investigate the plastic behavior of steel
beam-to-colum commections, which are reviewed by B.Kato(Ref.l). Most of these
researches are carried out on the basis of the design philosophy that the beam-to-
colum commections should be strong enough for us to expect the beams and colums
to achieve the full plastic moment and to absorb most of any earthquake energy.
This has become the standard idea in designing the steel structures in Japan.

M.Nakao(Ref.2) suggested that the beam-to-columm subassemblages whose cormec-
tions are designed weaker than the beams and colums have enough energy absorption
capacity for us to be able to make much of it for aseismatic design of steel
structures. A.Kawano et al.(Ref.4) proposed the ultimate aseismatic design method
of panel-collapsed type steel structures where the restriction about the width-to-
thickness ratio of the flanges and webs and the interval of the lateral supports
can be loosened. We believe that these design methods where we expect a commec-
tion to absorb the earthquake energy are profitable for the design of low or
middle-rise buildings whose colums tend to yield much earlier than beams. In
order to realize them it is necessary to evaluate the maximum load carrying capac-
ity of the commection to protect the beams and colums from entirely yielding.
D.J.Fielding et al.(Ref.5), E.P.Popov et al.(Ref.6) and M.Nakao(Ref.3) have sug-
gested a predicting method of the shear force(panel moment)-shear deformation
relation of a comnection after the yielding of a panel plate. But these proposed
methods do not always give us a good approximation to the experimental results,
because they are not based on the real resisting mechanism of the beam-to-column
commections. We have also conducted many experimental and analytical studies in
order to make it clear. In this paper we selected eight specimens and compared
these experimental results with the FEM numerical results and suggested a resist-
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ing mechanism and an evaluating method of the maximm strength of the commections.

EXPERIMENTAL METHOD AND SPECIMENS

We prepared the X-type and T-type specimens. The X-type specimen is illus-
trated in Fig.l and the details of all the specimens are indicated in Tab.l and 2.
The first letter of the name indicates the shape of the specimen. Anti-
symmetrical loadings were given to the tops of the beam in a monotonously
increasing mamnmer after a constant axial thrust( 0.0 or O.3Ny, N¥:yielding thrust)
was given to the colum. a and Rpy in Tab.l are defined as” follows.

O'::PMY / EmMp &Y
R =P /P )

(2

vhere pMy is the yield panel moment(=(Hc-ctf) (Hp-pte)ctyty, Hesctf,oly: colum
height, flange and web thickness, Hp,btf: beam elggt and” flange thickness and ty
:ylelding shear stress), Zndlp is the sum of the plastic moments of the weakexr
members joining to the commection, Ppy is the yielding load of the panel plate and
Py is the yielding load of the weaker member between the beam and colum. We
selected various combinations of beams and colums whose a ranges from 0.2 to 0.6
in order to obtain the various types of panel moment(pM)- shear deformation(y)
relations. The measuring frame for the shear deformation of the panel, the dis-
placement transducers(DG) and the wire strain gages(WSG) are illustrated in Fig.l.

ANALYTTCAL METHOD

We adopted the constant strain triangular element(Ref.8) of a plain stress
condition and the beam element(Ref.7). An analytical model of the subassemblages
is illustrated in Fig.2. A subassemblage is divided into two areas -- a cormec-
tion area and the other area --. In the comection area the beam element of a
rectangular section is used for idealizing the flanges and horizontal stiffeners
and the constant strain triangular element is used for the beam and colum webs.
The beam element of an H-shaped section is used for idealizing the beams and
colums outside of the commection area. These two areas are commected according
to the condition that the plane remains plain after deformation. An example of
mesh division is illustrated in Fig.3. The beam elements nearest to the
intersection of the beam and colum flanges are supposed to be always elastic
considering the reinforcement of the bead of the fillet weld. The stress-strain
relation is assumed to be bilinear with the strain hardening modulus (Esgt) of E/
100 for the beam elements and E/200 for the triangular elements. In the triangu-
lar element, von Mises' yield criterion is adopted and the stress-strain incre-
mental stiffness matrix is introduced according to Y.Yamada(Ref.8). Lastly the
geometrical nonlinearity is neglected in the analyses.

EXPERTMENTAL. AND ANALYTICAI. RESULTS

The panel moment(pM) - shear deformation(y) relations obtained in the
experiments are illustrated in Fig.4. We have obtained various types of pM - y
relations. We selected eight specimens to make amalyses, which are mumbered in
Fig.4 and correspond to the specimens (1)TMB0-3-0850A, (2)TMBO-4-1050, (3)TMBO-3-
1250, (4)YIMBO-4-1250A, (5)XMC0-4-0920, (6)XMC3-4-0920B, (7)XMC3-2-1130, (8)YXMC3-2-
1140. Three of the numerically obtained - y relations of the commections are
illustrated in Figs.5 compared with the experimental results. The resisting
moment against the PA effect is included in the panel moment. The mumerical
results indicated by 'total' approximate well to the experimental results. The
dotted line indicated by 'panel' shows the panel moment shared by the panel plate
itself, which is calculated from the average shearing stress of the triangular
elements in the panel. The differences between these two curves show the rein-
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forcement by neighboring beams and colums. The moment distributions along the
flanges and horizontal stiffners at the stage when the plastic modulus of 'total'
is almost the same as that of 'panel' are illustrated in Figs.6. These figures
show that the total moment of the horizontal stiffner and the colum flange of
the colum side are balanced with that of the beam flange and the colurm flange of
the beam side at the intersection point of the beam and colum flanges. The

total of these total moments of one side for four corners of a commection is
illustrated by @&>0 in Figs.5 and it is clear that this corresponds to the
difference between 'total' and 'panel' which is equivalent to the reinforcement by
the beams and colums adjacent to the cormection.

Table 3 shows the bending moment of the flanges or stiffeners at the boundary
between the unyielding and usual flange elements. Mgp and Mf; is the full plastic
moment and ultimate bending strength of the flanges and stiffeners. They are
defined by the following eztﬁmessions.

pr— chy{l—(Nf/Afcy) 3)

M = ZfoB{l—(Nf/Ai_oB)z} (&)
where Zf, Af is the plastic section modulus and the area of a flange or a stiffner,
op is the tensile strength, Ng¢ is the axial force at EM=§‘Ly This table shows

at most of the bending moments of the flanges and stiffners exceeded the full
plastic moment at an early stage(y/yy=8v17), and they have arrived at the
ultimate strength at the end of the analysis(y/yy=20'\/40). It is very interest-
ing that the moment gradient near the intersection of the beam and colum flanges
is very large in Figs.6. This area corresponds to the plastic regions in the beam
and colum which are illustrated in Fig.7. The small plastic area near the
intersection in a beam and a colum also suggests the direct transmission of local
moments between them. Fig.8 indicates the moment gradient(shear forces) along the
unyielding element at the final step of the analyses. Qfy is the yielding shear
force of the flange and stiffner. They are much scattered, ranging from 0.2 to
0.45Qfy and 0.32 is obtained as the averaged shear force. This shear force
along the unyieldifg element includes the resisting effects of the web against the
local moment. As the amount of this shear force may depend upon the existence of
scallop and combination of a flange and a web, we need much more research to know
it. Fig.9 illustrates an example of the axial force distributions along the
flanges and stiffners at the same loading step as Fig.6(b). This figure shows
that axial force along the flanges and stiffners surrounding the panel is less
than half of that along the beam and colum flanges.

THE ULTIMATE STRENGTH OF BEAM-TO-COLUMN CONNECTIONS

The ultimate strength( ) of the beam-to-colum comnections are evaluated by
the following method on the basis of the discussions made above.

pM pMul+ sz (o (6))
where & indicates the total about the four corners of the panel. Myl is the
ultimate shear strength of a panel plate. It is assumed that the shearing stress
in the panel reaches the ultimate shear strength(t,~op/v/3) of the steel without
shear buckling. Then,

pMul_ Tutp (Hy-pte) Ho- b ‘ (6)
is obtained, where tp is the panel thickness. is the ultimate reinforcement
by the beams and colums adjacent to the panel. We assume that the reinforcement
after the yielding of the panel is achieved by the direct transmission of loacal
bending moments between the beam and the colum through the intersections of the
flanges. The ultimate strength of this local moment is given in the following way.

pM L= min{zb(Mfu+QfLr), z (Mg, r)} )
Mg = Zgop{1-(N/Agop) ?} (8)
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where Ip, indicates the total of the beam flange and the colum flange at the beam
side anH Zc indicates the total of the horizontal stiffner and the colum flange
at the colum side. N is the axial force along the beam and colum flanges at
gM= , and half of N is taken for the axial force along the colum flanges and
tiffners surrounding the panel plate. L, is the measured length between the
intersection point and the toe of the fillet weld. Qf is the shear force along
the unyielding element. As it depends much upon the details of the welded joint
and conbination of the flange and the web, it is temporarily supposed to be 0.3
on the basis of the mumerical results(Fig.8). The moment distribution along the
outer column flange adjacent to the commection of the T-type subassemblages is
assumed to be linear(Fig.6(b)). The ultimate strength of the specimens listed in
Table 1 is obtained according to this method and is compared with the experimental
results in Table4. 1In this table L, is given in terms of the thickness, and the
superscript c,e indicates the computed and experimental results. This table
shows that the predicted strength approximates well to the experimental results.

CONCLUSIONS

We applied the mumerical analyses to the eight specimens and obtained the

following conclusions by comparing them with the experimental results.

1)The increase in strength of a beam-to-colum cormection after yielding of a
panel plate is equivalent to the local moment transmitted directly between the
beams and colums through the intersections of their flanges.

2)The ultimate bending strength Mg, of the flanges and stiffners is achieved
near this intersection.

3)The moment gradient along the unyielding element near this intersection is
very large and 0.32Qf, is obtained as an averaged value.

4)We suggested a predicting method of the maximm strength of beam-to-column
comnections, which gives a good approximation to the experimental results.
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Table 1 Details of specimens Table 2 Mechanical properties

b*| dw ™ 1o}
Specimen Colum Beam o sl ] o et m] ¢ Ry Group :/21 ol Ese [ o
-3- . - . E .3 50. 10]1 .28 | 0.39 oo,
TiB0-3-08308 | - OXIS0XE: oK 12 | - 180X1S0ks. 3 PEIES I RIS b a5 To.01s 240 f0.28
THBO- 4105 X120X3.2X" 1 - 160X120X3. 2X 34.5134.5 | 10.0 | 48. -3510.59 .23 [4.74 [ 0.0145 1 26.0 1 0.24
THBO-5-1050A X120X4.5X | - 170X120%3. 2% 17.2]17. 10. 9, 1511001 8 -3 . .48 | 0.0130 | 18. .21
™EO- B X120X4. 5X | - 160X12043. 2X 30.030.0{10.0 | 46: . .19 "84 | 3,67 [ 0-0200 | (7.0 | 0231
THBO- X144%8,5X | - 135X144X4 .5 38.5|38.5 | 12. . .39 ] 050 - 7| 0-0200 | 120 18-20
THBO- X144X3. 2X 1 - 160X144X3.2X 20.5(29.5 1 12.0 ] 8. X RT] .59 {3.7] (00152 [ 22.5 { 0.29
THBO- A X150X3. 5X 1 - 170X150%3. 2X as.2 (182 125094 oy -52 .50 13.73 | 0'0129 [ 28.2 [ 027
THBO- 0x4. 5X | -1T0X15063. 2 26.7|268.7 | 12.5 ] 48-a {15101 N .81 38 13.78 [0.0140 | 27 3
THBO- 4% 6 X 1 - 160X 144X3. 2X 29.029.0 | 12. . - .19 . 253 | 0.0107 | 22 30
THCO- 9X4. 5X4 -170X 89X 6 X! 82.1 | 52. 71, .50 1 0.59 -20 [3:52 [ 0.01)4 .31
THCS A 1X3.2X3 0X 71X 6 X1 '3[53:3] 109 20: 271032 '51 1369 | 0:0125 | 24.8 | 0.29
THE ] 103X4.5%4 0X103) 6 X 64.5158.5 ) 11.4}31. . -10 80 /373 {00136 | 237 | 0°31
THC 6X4. 5X4 0X 96X 6 X1 63.8 [ 53.8 ) 10.7 ] 26. 50 1 0.58 .85 { 4.53 | 0.0118 [ 48.3 | 0.27
XHC 8X8 0X4. 5% 0.0 | 70. . . -2 .63 {4.54 [ 0.0098 1 45.2 | 0.29
¢ A XBX8 X110X4. 5X 90.0| 700 | 9.2 18. -33 76 {4.28 [ 0.0118 | 44.8 | 0:28
XM B X110X 6 X 8 0X4.5X 10 80. 2] 8. 3 .4214.57 [0.0143 }64.9 1 0.24
XHC A X 100X4. 5X4. 0X4. 5X 90.0 70.0 { 11. . -43 132 [4.35 03 | 81.7 {0.23
XHC B X100X4. 5X4. 0X4.5X 0.0 {80.0 | 1.1 | 20- 22 |22 ] \81 | 435 | o.0104 | 96:8 {0.28
XHC A X100X4.5X4 0X4.5X 90.0 [70°0 | 1121 | 20- & .78 | 4.86 { 0.0129 | 8.7 { 0.25
XHC B X100X4. 54 X100%4. 5X 80.0[80.0 [ 11.1}20. nla . . ‘ST | 0.0287 | 35.4 | 0.35
XAC X 100X 3. 2X4 0X4 . 5X 70.0 [ 70.0 } 11. . 3127125 .56 ) 71 | 0. 0288 129
XHC: X100X3. 2X4 X100X4 . 5X 70.0 | 70.0 | 11.1 1370 8 | 25 .55 13 | 3,97 | 0.0300 %
XHC X 110X3. 2%4 0X4. 5X 70.0 1 70.0 | 12. . 25 -52 .77 | 4.53 | 0.0264 .21
e X110X3. 2X4 X100X4 . 5X 70.0 | 70.0 | 12.2 ) 37, 25 2 .89 |3.92 | 0.0218 .35
HE X100X3. 2X4 0X4. 5X 70.0 | 7000 f 111287 -2 .29 | 4.46 { 0.0200 .30
THC: X100X3. 2X4 X100X4 . 5X 70.0 [ 70:0 f 11.1]37. 25 . .28 | 4.96 | 0.0255 .2
XHC - 100X 100X3. 2X4 X100X4 . 5X 70.0{70.0 f 1.1 ] 28. 6 | 031
e Sl s HE R el R - e e
e X110X3. 2X4. X100X4 - 5X 70.0 | 70.0 | 12:1 } 370 28| o yield swess, o o scr
" Egp} St¥ain at the onset of strain hardening
:tfl,dd]/.cw: width-to-thickness ratio of flanges and webs Eg: strain hardening modulus
4 Mat
CF: ecofufnc?g;fep?rgqfocgfo‘mﬁ wN:b,igFTagein flange, BW: beam web ot i
frame gor
shear deformation Table 3 Non-dimensional moment along flanges
panel e
r H r P ) flange stiffener
,\\ i Specimen Y/Yy Mmfu (Wpr) MM WM'C'P)
) Ve || wse TMB0-3-0850A | 14.3 | 031 (1.13) | 0.70 ¢1.iD
f L, N Ly 35.8 .01 0.84
_f__t__. rl, T ] TMBO-4-1050 | 11.1 0.04 (1.38) 0.75 (1.28)
Y — T 0.7 1.01 0.99
25 1 TMBO-3-1250 | 13.9 0.85 (1.31) 0.81 (1.27)
Ly | 22.1 0.99 0.89
-4~ . . . .55 (0.
. L | e (o oG ™BO-d-12504 | 185 EREE 055 (0.93)
=L
; MCO-4- . 0.74" (1.00 0.82 (1.11)
t: mwiefggs;lgse MCO-4-0920 22!‘3 0.83 (1.00) 1.0%
Fig.l Specimen and measuring apparatus wes-a-00208 | (2.9 | 073 (L0S) [ 0.88 11.08)
‘LN MC3-2-1130 | 17.8 0.81 €0.99) 0.91 (1.24)
31.7 0.86 1.02
MC3-2-1140 | 11.3 0.81 (0.99) 0.86 (1.17)
colum 24.5 0.89 0.97
(beam element)
flange, stiffener
% (beam ' element)
Table 4 Predicted maximum panel moment
\ beam(beam element) .
lp \Q FT Specimen L, (xtg) M | P %_
e lar e colum | beam |(tem) | (tem)
element) (triangular element) THBO-3-0850A 1.12 1.38 4261 43110.99
TMBO-4-1050 1.02 1.86 283 | 296 [0.96
.| TMBO-5-10508 [ .12 1.51 303 311 {0.97
neges |THER | 10 [ 1B | a8 e
Flg.Z An.alytlcal mdel Of Subass@:]blages "] TMBO-4-12504 1:00 128 3751 365 ]:03
a o . THBO-5-0820 2.13 1.14 229 [ 227(1.01
T | ‘ o ] TMCO-3-1130A | 2.63 1.00 103 | 124 10.83
it : © 1 TMCO-3-1130B | 1.40 1.10 3271 33910.96
fft  eriangular element THCO-5-1125 2.17 1.07 383 | 381}1.01
Mib XMCO-4-0920 1.50 1.44 208 | 354 70.84
{  colum flange XMC3-4-0920A | 1.73 1.60 302 | 308}0.98
i XMC3-4-09208 | 1.72 1.58 329 | 3021.09
£ ; XMC0-4-1120A | 218 | 1:55 | 221 280 |0.79
= o bead of fillet weld XMCO-4-1120B | 2.15 1.59 222 25710.86
i Lding beam el XMC3-4-1120A | 2.09 1.61 222| 228 (0.97
f vielding bean elemenc XMC3-4-11208 | 2.04 1.51 2221 21711.02
element  beam flange XMC3-4-1140 1.99 1.80 261 | 240 ]1.09
% AR AN XMC3-4-1230 2.25 1.90 2231 222|1.00
AN 2L e XMC3-4-1240 2.08 1.54 265 ] 24711.07
Pl XMC3-4-1130 1.90 1.79 197 ] 186 11,06
K’ 4 v XMC3-4-1140 2.04 1.81 243 | 224 {1.08
XMC3-2-1130 2.60 1.94 154 | 159]0.97
ok e < XMC3-2-1140 2.59 1.41 173 1 180 {0.96
.J‘— s2 e - 260m 4 XMC3-2-1230 2.09 1.72 150 | 169 )0.89

Fig.3 Example of mesh division(XMC0-4-0920)
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