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ABSTRACT: The behavior and strength of composite beam-to-column joints subjected to monotonic and
cyclic shear is examined. Analytical models defining the shear force and shear deformation relationship of
joint panels have been developed by applying structural mechanics principles and results of previous
experimental studies. The concept of superposition of the contributions of steel and reinforced concrete
panels is utilized in the development. The force-deformation relationships predicted by the models show
good agreement with test results in terms of strength, stiffness and energy dissipation capacity. ’I?h&ge
models have already been implemented in a computer program capable of performing inelastic seismic

response analysis of building systems.

1 INTRODUCTION

When a moment- resisting frame is subjected to
seismic loads, its beam-to-column joints undergo
considerable angular deformation due to large shear
force transmitted to the joints. In order to perform
inelastic seismic analyses of such frames, it is
necessary to know the complete joint force-
deformation relationship.

Monotonic and hysteretic behavior of steel beam-
to-steel column joints has been investigated in a
number of extensive experimental and analytical
research programs.  The recent studies have
concluded that the joints develop their shear
strength from yielding and strain hardening of the
joint web panel and bending of the column flanges
and they generally exhibit excellent ductile
behavior.

Similarly, the monotonic and hysteretic behavior
of reinforced concrete beam-to-column joints has
been investigated. Most of the analytical research
was based on a strut model utilizing the diagonal
compression field of concrete and the tension force
in reinforcing bars.

The monotonic and hysteretic behavior of
composite beam-to-composite column joints has
been investigated in Japan by Minami (1986),
Nishimura, et al (1986, 1987) and Matsui, et al
(1987). These studies show that the shear strength
of composite joints can be predicted by superposing
the contributions of the steel and reinforced
concrete panels and that column axial compression
does not significantly affect the shear strength. No
rational monotonic or hysteretic model defining the
force-deformation relationships of the joints has
been developed.

2 INELASTIC ANALYSIS OF JOINT BEHAVIOR

Figure 1 shows a generic composite beam-to-column
joint. The beam section is shown as an encased
composite beam since most of the past tests were
conducted on joints with encased beams. The

H =
===F ==== [ 8
tue

Ih‘ L

{b) Joint Cross Secton

Figure 1. Composite beam-to-column joint.
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analytical procedure developed can also be applied
to joints invelving slab-reinforced steel beams and
composite columns. The concept of superposition of
the strengths of steel and concrete joint panels has
also been adopted.

2.1 Assumptions

The following assumptions have been made in the
analysis:

1. The axial and flexural deformations of the joint
are neglected since they are relatively small in
comparison with the shear deformation. The
effect of column axial force, however, is included
in the cyclic’ analysis because of strength
deterioration.

2. Local buckling of joint web and flanges are
prevented.

3. Tensile strength of concrete is neglected.

2.2 Scope

The composite columns are assumed to contain a
sufficiently large steel shape, which would insure
satisfaction of the above assumptions. The beams
may vary from bare steel to concrete encased with
an arbitrary overall width. Only interior joints are
dealt with in this paper.

2.3 Analysis for monotonic loading

Figure 2 illustrates the boundary forces on a joint
pane] and the equivalent joint shear forces. The
joint panel boundary forces consist of the bending
moments and shear forces of the columns and
beams, and the column axial forces. The boundary
forces are replaced by an equivalent joint shear
force, Q, calculated from equilibrium:

M, +M
Q= —‘l,;c-—d-n.s(v,,,w,,,) o (1)

Equation (1) may be approximated in terms of the
bending moments and shear shear forces of the
beams by assuming that (M_ +M,) is equal to
(Mg, + M),

= Mbr

+ My,
Q= =Bt 05 (Vi +Vy)
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{a) Joint Panel Boundary Forces

Figure 2. Boundary forces on joint panels and
equivalent joint shear forces.

(b} Equivalent Joint Shear Forces

In this study, the joint shear, Q, given by Eq. (2)
and the angular deformation, v, are used to describe
the joint behavior. The joint shear is divided into
two parts, Q, and Q. for the steel panel and
concrete panel, respectively, because the analysis
uses the concept of superposition of the two panels.

Figure 3 shows the strength components of a
composite joint, separating the contributions of the
steel and concrete panels. Based on the observed
deformation configurations from the previous tests,
it was possible to visualize the failure mechanisms
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Figure 3. Strength components in composite joints.

of the joints and apply the mechanism method to
evaluate the limit values of Q, and Q.. For the
steel panel, the strength is contributed by joint web
shear yielding, and formation of plastic hinges in
the- flanges of the column and beams. The
reinforced concrete panel derives its strength from
encased concrete diagonal crushing, plastic hinge
formation in the reinforcing bars, and covering
concrete at the joint corner, which is in closing
mode. The corner concrete in opening mode does
not contribute to the joint strength since concrete
tensile strength is neglected.

2.3.1 Steel panel

Figure 4-(a) shows the proposed monotonic shear
vs. angular deformation model for the steel panel.
The Qv relationship consists of two curves, one
linear and one hyperbolic. The linear curve with
stiffness k., represents the response of the joint web
(excluding the contribution of the beam and column

flanges). The yield shear, yield deformation, and
elastic stiffness are given by
F..
st = _T;! twj hb (3)
2 (1 Fy;
= 2 B (e @
- st - Es "wj hb
k“‘ﬁ:“2(1+us) ®)

4542



where

F; = yield stress of joint steel panel

E; = Young’s modulus of steel

v, = Poisson’s ratio of steel
This linear curve ends at 0.5« Q,,, where a is a
stiffness degradation factor and Q,, is the nominal
strength to be defined later.

The hyperbolic curve representing the nonlinear
deformation hardening behavior is expressed as

C
Q= ﬁ.l—c;'*"ca'f ey (6)

where the coefficients c; through ¢, are to be
determined from the following four conditions: (1
continuity with the linear curve at Q =0.5 ¢ Q,,, (2
continuity of the slope with the linear curve, (3
passing through the nominal strength point defined
by 7, and Q, and gl) passing through a specific
point defined by 7 = 4% and Q, , as shown.

Conditions (3) and (4) are discussed below.

The nominal joint strength, Q,,, including the
flange plastic hinge moments, is calculated by the
mechanism approach as follows:

an = st + (ch[bcftcfz + I?yb[bl:;[r’bt?)/hc (7)

where F. and F ¢ are the yield stress of column

flange and beam flange, respectively. The
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Figure 4. Monotonic shear force vs. shear

deformation model of composite joint.

corresponding shear deformation, 4, is selected by
adopting Wang’s model (1988):

7’" = 3'5 7IW (S)

The shear force, Q, %, at ¥ =4% is determined by
fitting the available test results and is expressed in
terms of Q,, and v,

Qsd%: an{l + 0'1(%4”' 1)} (9)

2.3.2 Reinforced Concrete Panel

Figure 4-(b) shows the model proposed for the
reinforced concrete panel. The first elastic curve
considers shear cracking and crack deformation of
the panel and assumes that the cracking strength of
concrete is equal to 10 % of the crushing strength.

Qe =017.B h, (10)

0.1, ~ 24x10% (rad) (11)

Yer =

_ 24w
=

c

The maximum shear strength, Q.,, is calculated
by adding the strength of each of the three

components: encased concrete, cover concrete,
reinforcing bars.
ch = ch + Qcc + ch (12)

The determination of these component strengths
will be discussed later.

The other reference points in Fig. 4-(b) are
determined empirically by examining the existing
test results as follows:

1. The intermediate point between cracking and
maximum shear is
Qg =0.25 Q_ +0.75 Q_, at y = 0.25%
2. ghe maximum shear is maintained from v=1%
to 2%
3. The descending curve passes through the point
defined by 0.7 Q, at y = 4%

The strength of the encased concrete is calculated
by taking into account four issues: effective breadth
of the concrete panel, bg, concrete confinement
factor, k;, friction coefficient, 4, between the encased
concrete and joint flanges, and the effective width
factor, j. The effective breadth of the encased
concrete is the column flange width, by, for the case
of bare steel beams. For the case of encased beams,
by, is taken as

(13)

where by, is the width of steel column flange, and B,
is the width of encased composite beam.

bg. = 0.5 ( by, + By ) > b

The confinement factor, k;, of the encased concrete
has been selected by examining the bearing strength
test results presented by Niyogi (1973).

be
k=22 ¢ (14)
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The j factor pertaining to the encased concrete
width was found to be for an interior joint. This
was based on a deformed shape e:stabhshed by
assuming that the boundary flanges’s lengths are
unchanged and by neglecting the concrete Poisson
effect.

The joint shear resistance of the encased concrete

can be expressed as
{0.5+a)

Qcc"_' Y IYT I

(1+2%)(1+a)

in which a is the panel aspect ratio, h./h,.

kP cbieh (15)

<

The shear resistances due to cover concrete and
reinforcing bars can be calculated by a mechanism
approach as follows:

Qcc= (Bbhbcz + Bchccz)Pc/hc
Qo = T 0.1670,%F, /h,

where 1y, is the radius of the reinforcing bars in the
column and beams, and F,, the yield stress of the
bars.

3 HYSTERETIC MODEL FOR JOINTS

The proposed hysteretic shear force-deformation
model has been developed empirically by examining
the existing experimental results. It’s development
is described separately for the steel and concrete
panels (see Fig. 5).

3.1 Steel panel

The hysteretic Q. relationship of a steel panel is
made up of three curves: one linear elastic curve,
and two hyperbolic curves near the two bounding
lines. The basic rule specified is that only when
deformation reversal occurs on a hyperbolic curve,
the linear and the other hyperbolic curve are
updated.

The upper limit of the linear elastic deformation
range is defined by o« Q,,, where « is the stiffness
degradation factor and is constant for a specific
joint. The two hyperbolic curves near the bounding
lines are expressed as

(18)

where the coefficients ¢, through c, are determined
using the following four conditions: (1) continuity
with the linear elastic curve; (2) continuity of the
slope with the linear elastic curve; (3) convergence
to the bounding line; and (4) convergency of the
slope to the bounding line slope.

ol
Qs=7+c2+c3‘y+c4

The bounding lines are established by counsidering,
the following factors as well as the bounding slope
and the cyclic steady curve:

o Hardening factor, Fy; = 0.45
 Softening factor, Fg = 0.07

o Mean shear relaxation factor, Fg =0.05
o Slope of shear force bound, k° =0.015 k,,

¢ Cyclic steady curve, %; = %.,.( QQS_ )

The Fy, Fg and Fg factors are identical to those
used in the Cofie’s o-¢ model (1985), which was
developed for A36 steel, but the stress bound slope
and the cyclic steady curve have been modified to
achieve better agreement with the available test
results.
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Figure 5. Hysteretic shear force vs. shear

deformation model of composite joint.

3.2 Reinforced concrete panel

The hysteretic Q,-v relationship of the reinforced
concrete panel is defined by multilinear curves as
shown in Fig. 5-(b). The envelope of the hysteresis
model is identical to the monotonic model except
that the descending curve deformation is shifted by
an amount equal to 0.02P/Pgq to take into account
the eifect of axial force. Pgq is the squash load of
column.

The unloading and reloading curves exist between

the envelope and zero force line. The extended line
of the unloading and reloading curves at the
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positive side passes through the reference points, (-
Yerr Q) 20d (<37, -3Q,,), respectively. If a force
reversal occurs on the unloading or reloading curve,
the Qv relationship remains on the unloading or
reloading curve, respectively. These two reference
points are selected to take account of the energy
dissipation capacity of the reinforcing bars and the
confined concrete.

To account for strength deterioration, the A3
factor shown in the figure is introduced. The target
point of the reloading curve is shifted by the
amount of Bd‘yp where d‘yp refers to the plastic
deformations previously accumulated on the
opposite side. A constant g value of 0.05 is adopted
by fitting the existing test results.

4 COMPARISON WITH TEST RESULTS
4.1 Monotonic behavior

Figure 6 shows the monotonic behavior of
Nishimura’s joints (1986) without axial compression
on column. There were five specimens with
different beam widths, B,. The experimental and
calculated results show good agreement in terms of
stiffness, strength, and deformation bhardening. The
tests indicated that the joint panels were capable of
reaching a maximum angular rotation of 0.05 radian
in most cases.
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Figure 6. Comparison of experimental and
analytically predicted joint behavior (monotonic
loading).

4.2 Hysteretic behavior

Figures 7 shows hysteretic behavior of joint panels
of Nishimura’s specimens (1986)without axial force
on column. The experimental and calculated
results of the joints show good agreement (except
the last few cycles) in terms of stiffness, strength,
strength deterioration, stiffness degradation, and
pinching  behavior. maximum  angular
deformation of 0.03 to 0.05 radian was reached in
the tests. The results show that composite joints as
well as steel beam-to-composite column joints
possess considerable ductility and energy dissipation
capacity.
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Figure 7. Comparison of experimental and
analytically predicted joint behavior (cyclic
loading).



5 SUMMARY AND CONCLUSIONS

By employing the superposition method, monotonic
and }:grsteregtic joint Q-7 models have been
developed for composite beam-to-column joints.
During the development of the models, encased
concrete behavior has been investigated By defining
the effective breadth of the encased concrete beam,
the concrete confinement factor, the friction
coefficient between encased concrete and joint
flanges, and the effective width factor.

In the proposed monotonic model, column axial
force effect on joint behavior is neglected based on
previous test results. In the proposed hysteresis
model, however, column axial force effect is taken
into account by shifting the descending curve
deformation by an amount equal to 0.02P/Pgq
based on strength deteriorations observed from the
previous experiments.

Both the monotonic and hysteretic models show
good agreement with the available test results.
These models have already been implemented in
inelastic analyses of composite building frame
structures subjected to either static lateral loads or
earthquake ground excitations (Kim, 1991).
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