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1 Introduction

In recent years, it has become gencral practice to use
rectangular hollow section columns (hereinafter referred
to as “RHS") in low-and medium-rise buildings.

Two types of beam-to-column (RHS$} connections are
available, the exterior-diaphragm type and the through
diaphragm type (Fig. 1-(a)). However, the exterior
diaphragm type is scldom adopted for design reasons
and the through diaphram type that is most frequently
used poses problems, such as requiring too many man-
hours for fabrication and assembly and an excessive
amount of welding,

Reinforcement of the connection by increasing the
plate thickness without using a diaphragm (hereinafter
referred 1o as “increased thickness type,” Fig. 1(b)) pro-
vides an excellent method for reinforcement because it
reduces the man-hours required for fabrication and
assembly, makes the execution of work easicr, ete. and
permuts substantial rationalization of the fabrication and
assembly of steel structurcs.

Because this type, however, resists external force by
the strength in out-of-plane bending of the piate, a
* Originally published in Kawasaki Steel Giho, 27(1895)4, 217—
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With regard 1o connections of cold-formed square
fube and beam, behavior and design of the connection
reinforced by increasing thickness of column have been
investigated. Sub-assemblage tests were carried out

-under cyclic loadings. Test results show that connection

can absorb sufficient seismic energy and that yield
strengths predicted by vield line theory agree well with
experiments. Parametric studv using FE method has
succeeded in obtaining empirical formulue and made it
possible to estimate rotational rigidity of the connection.
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Fig. I Connection types

decline m strength and stiffness is expected compared
with the horizontal diaphragm type. In using this
increased thickness type in design, therefore, it is neces-
sary to accurately evaluate the strength and stiffness of
beam-to-column conncctions.

This report describes the results of these examination.

2 Beam-to-Column Sub-Assemblage Tests
2.1 Test Program

Test spccimens have the shape and size shown in Fig,
2, bemg cruciform specimens of a sub-asscmblage in
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Table 1 Parameter of sub assemblage tests (mm)

Part of increased

Beam thickness

Specimens

No. 1 BH-400 % 200 % 6 % 12 [1-300 % 300 X 19

No. 2 BH-400X 250X 6= 12 [ 1-300x 30019
=300 300 %32

No. 3 BH-400 X 200> 6% 12

Table 2 Mechanical properties of materials

Plate Yield ‘ Tensile Elongation
thickness point strengrh
{mm) (MPa) (MPa) | (9%
% 245 446 ‘ 5.4
12 290 456 3i.2
‘19 283 446 i 31.7
132 271 454 ‘ 34.8
'9 429 516 | 32.6

which H-beams are connected with RHS. The test para-
meters are beam width and the thickness of the
increased part, as shown in Table 1. The mechanical
propertics of the materials are shown in Table 2. The top
and bottom ends of the column were supported with
pins, and loads were applicd to the right and left beam
cnds using antisymmetric increasing amplitudes.

Table 3 Results of sub-assemblage test and analysis

(kN)

| Experimental strength ] Analytical

R P | Ry | B | BuR,
No.1| 106 | 188 | 107 | 109 | 110 ‘ 0.47
No.2| 128 186 | 129 | 126 | 122 0.96
No.d 176 | 218 | — - 10 —

2.2 Test Results

Relations between load and overall deformation (vert-
tical displacement of beam end) are shown in Fig. 3. All
the hysteretic curves show a stable fusiform stability
characteristic, and it is apparent that this connection has
sufficient energy absorbing capacity.

Table 3 shows the results of the test as yield strength
p,» maximum strength p,, yield strength of panel p,,, and
local yield strength of column flange Puy a5 well as the
calculated value of the local yicld strength ;p,, found by
yield linc theory by supposing a collapse mode" com-
posed of the yield lines shown in Fig, 4. The experi-
mental value of each yield strength was determined from
a synthetic curve of the monotonous leading type based
on the cumulative rule of thumb® by the General Yieid
Point method.

The calculated values of local yield strength based on
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Fig. 3 Relations between load and overall deformation
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Fig. 5 Model for FEM

Table 4 Parameters of FEM analysis ~ (mm)

Increased thickness type
Width of beam
Thickness of increased plate
Extra length of increased plate, A

150, 200, 250, 200
12,16,19,22, 25, 28,32
50, 100, 150, 200, 300

Through diaphragm type
Width of beam 150, 200, 250, 300
Thickness of increased plate g
Thickness of diaphragm 16

the yield line theory agree well with the experimental
values obtained when the column flange undergocs out-
of-plane local yield, and the ratio of the two shows good
correspondence, Therefore, it is apparent that the local
yield strength based on the yicld line thcory can be pre-
dicted with good accuracy.

3 Elastic-Plastic Analysis by FEM
3.1 Outline of Analysis

As shown in Fig. 5, the analysis model was obtained
by modeling the sub-assemblage frame. A 1/2 model
was adopted in consideration of the symmetry of shape
and load conditions. As shown in Table 4, the overhang
length &, from the flange face of the beam in the part
reinforced by an increased thickness (hereinafter
referred to as “the extra length™) shown in Fig. 6 was
selected as another analytical parameter in addition to
the width of the beam and the plate thickness of the part
of increased thickness.

3.2 Analysis Results

The rclations between load and overall deformation
are shown in Fig.7 in comparison with the test results,
The analytical values are in good agreement with the
test results, although the cxperimental values in speci-
mens No.1 and No.2 are slightly higher than the loads of
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Fig. 7 Load vs. overall deformation curves

analytical value in the large deformation region. When
the error that may occur in converting the hysteretic
curve in the experiment into a synthetic curve is consid-
cred, it is judged that in all the three specimens an analy-
sts can be made up to yield strength with very high
accuracy as a whole. Therefore, it is possible to predict
the actual behavior of the beam-to-column connections
in the elastic region with high accuracy by FEM analy-
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sis, and an rcasonable approximation can also be
obtained in the plastic region,

Figure 8 shows the relationship between the extra
length and the rotational stiffness of the beam end. In
the figure, the ordinate 1s the rotational stiffness X made
dimensionless by being divided by the rotational stiff-
ness of diaphragm type K. A model of the connection of
the column flange to the beam flange was analyzed by
the yicld line theory and the distance 4, shown in Fig. 6
from the position of beam flange to the yield line is
shown by longitudinal bars in Fig. 8. Neither the amount
of increase in thickness nor beam width is related, and it
is apparcnt that the rotational stiffness is not affected if
the extra length A, is longer than the distance h,.
Although the yield line theory is based on the assump-
tion that the material is in the plastic condition, it might
be said that the out-of-plane deformation of the column
flange is based on the position of the yield line even if
the connection is in the elastic region.

The relationship between the cxtra length and the
local yield moment of the connection is shown in Fig. 9.
The ordinate is the local yield moment of connection M,
made dimensioniess by being divided by the yield
moment of a connection of diaphragm typc M, 1t is
apparent that as with the rotational stiffness, the yield
moment of connection is not atfected by decrease of
strength if the extra length /, is longer than distance #,.

As shown in Fig. 6, therefore, the length of the
increased thickness part may be so set that the extra
lenpth &, is longer than the distance A,
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4 Design Method of structural Frame

4.1 Rotational Spring Model of Connection

A frame in which connections are reinforced by an
incrgased thickness can be modeled as shown in Fig. 10,
taking the local deformation of connections as that of
rotational springs and putting such springs at the ends of
the beams. Therefore, an evaluation equation that gives
the stiffness of the rotational spring is derived. First, the
relationship between stiffness and strength 1s rearranged
as shown in Fig. 11 from the results of the parametric
analysis by FEM. The ordinate is the rotational stiffhess
K made dimensionless by using the elastic shearing stiff-
ness K, before the increase in the thickness of the con-
nection shown in Eq. (1) as the standard value. The
force equilibrium of the shear pancl is based on the
assumption that the shearing force of the beam and col-
umnn 1s neglected.

KO — Vc . G ............................. (] )
V,=A. hJ2
A, Sectional arca of general part of column
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I, Distance of beam flange center-to-center
G Modulus of rigidity

The abscissa is the plastic moment of the beam M,
madc dimensionless by being divided by the local yield
strength of the connection M, obtained by yield line
theory. In this rearrangement, an attempt was made to
rclate the ratio of the yield strength of the beam to the
local yicld strength of the connection to rotational stiff-
ness.

The results of the FEM analysis show that the rota-
tional stiffness of the heam end of the through
diaphragm type (that due to the shearing deformation of
the shear panel is dominant) K ={(0.7 to 0.8} K,, al-
though there are variations duc to the effect of beam
width. This suggests that as the deformation of connce-
tions is assumed to be rigid in the general design, the
neglected deformation of the connections may be under-
estimated.

4.2 Equation for Evaluation of Rotational
Stiffness

Eq. (2} is obtained by the least square approximation
of the relationship of Fig. 11.

KiK,= a(th/pMn)b ...................... ()
a=1.197 (By/B)""
b= =176+ (B/B,)

B, Width of beam flange
B.. Column width
The results obtained from the above cquation are
shown by solid lines in Fig. 11. Eq. (2) is an evaluation
formula cmpirically obtained in the ranges of the para-
mcters shown in Table 4, The rotational stiffness can be
calculated from the specimens of connections using this
cquation, and subsequent designing is conducted by the
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same process as conventional design,

5 Conclusion

An experiment and FEM analysis of the beam-to-col-
umn connections reinforced by an increased thickness
were carried oul using a sub-assemblage model, and the
folowing results were obtained:

(1) The connection of this type has a stable stability
characteristic and sufficient deformatin capacity.

(2) The yield strength of the connection can be pre-
dicted by the yield line theory.

{3) The length of the increased thickness part should be
longer than the distance to yield line calculated by the
yietd line theory.

{4) An equation for evaluating the rotational stiffness of
beam ends was empirically obtained by a parametric
analysis by FEM,
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