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SEISMIC RESISTANT JOINTS FOR REINFORCED CONCRETE STRUCTURES

R.C. Fenwick*®

ABSTRACT:

The theory of shear resistance of beam column joints is
described and the results of two tests on beam column units
in which bond plates were used in the joints are presented.
Potential advantages for the use of this form of construction
arise from the reduction in reinforcement congestion in the
joint zone and the elimination of bond stress limitations
on beam reinforcement passing through interior joints. These
two factors in some situations allow structural member sizes
to be reduced, and simpler reinforcement arrangements to be

used as bar sizes are not restricted.

A number of tentative

recommendations are made for the design of this form of joint.

1. INTRODUCTION:

During the last decade considerable
progress has been made on understanding
-the behaviour of reinforced concrete beam
column joints subjected to severe seismic
loading conditions. As a result of
research, which has included many tests
on these joints, design methods have been
established and codified, and these may
be used with considerable confidence by a
structural designer.

In the N.Z. concrete code two differ-
ent types of beam column joint have been
considered. The first of these is the
conventional or standard joint, where beam
hinges may be expected to form adjacent to
the column faces. The second is the
elastic joint, where the potential beam
hinges are located some distance from the
column face. Here the joint and adjacent
beam regions are detailed so that this
region remains elastic. Both types of
joint have particular advantages and
disadvantages associated with them. The
research reported in this paper considers
a further form of joint which would
appear to have some structural advantage
over the other two forms in certain
situations. With its use the joint
zone remains elastic but the potential
beam hinge can form close to the column face.

With the conventional beam column
joint it has been found that joint zone
stirrups are required to carry the full
shear unless the column is under a
moderate or high axial load. To satisfy
this requirement a large area of joint
zone stirrup reinforcement is required,
which gives serious steel congestion
problems. The practical solution to this
difficulty is to increase the joint zone
size, and reduce the joint zone shear
by using large beams with low steel
percentages. Typically, beam flexural
steel percentages are in the range of
0.8 to 1.1 percent. Thus one potential
disadvantage of conventional joints is
that large beams with low steel percentages
are required. A further practical diffic-
ulty arises from anchoring the flexural
reinforcement through the joint. With
plastic hinges forming on each side of
interior columns the beam flexural
reinforcement can pass from a state of
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yield or near yield in compression on one
side to yield in tension on the other side.
Thus each bar tends to act as a double-
powered hack-saw through the joint. If
slip results severe stiffness degradation
occurs, which is followed after a few
further cycles by strength degradation.

To control this potential form of failure
it is necessary to limit the bond stress
on the beam flexural reinforcement, by
using either small diameter bars, large
columns or a combination of both. This
situation aggravates steel congestion
problems, and forces the designer to use
larger members than he might otherwise need.

The elastic joint overcomes some of
the disadvantages described above, but
it cannot be used in many situations.
With this form of joint the potential
plastic hinges must be located a distance
of not less than the beam depth or 500 mm
from the column face. The potential hinge
is fixed in the chosen location by bending
down or terminating some of the flexural
steel. The flexural reinforcement in the
region adjacent to the joint has to be
proportioned to remain elastic under
strain hardening conditions in the hinge
zone. For the case of a beam where a
considerable portion of the design moment
comes from gravity effects, the moment
gradient close the column face can be too
steep to allow the hinge to be located in
the required position. In addition to
this some detailing difficulties can occur
with bar anchorages and the position of
bent up reinforcement in the potential
hinge 2zones. However, where elastic joints
can be used less joint zone shear reinforce-
ment is required, so that steel congestion
is reduced and smaller sized beams may be
used. The size limitation on flexural
reinforcement is also relaxed because
the joint is not degraded by yielding
of the reinforcement.

The new form of joint described in
this paper behaves in a manner similar to
an elastic joint, but the potential beam
hinge can be located close to the column
face. Bond failure of the beam rein-
forcement through the joint is prevented
by the use of bond plates which are welded
to the beam flexural steel on each side
of the joint. To keep it elastic, add-
itional small diameter bars are welded
to the beam flexural reinforcement over
this region. With this arrangement the
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size of structural members may be reduced,
and reinforcement arrangements may be
simplified by using larger diameter steel
bars. Potential direct advantages of
this form of joint arise from the smaller
member sizes which result from the use of
higher steel percentages and larger
diameter bars. As bond through the
joint is not a problem the restrictions
relating to column dimension and beam
reinforcement diameters do not apply, so
that in some situations smaller columns
may be used. Indirect advantages may
arise from the reduced dimensions of the
structural members giving a lower building
stiffness and consequently a lower
seismic design load.

2. SHEAR RESISTANCE IN BEAM COLUMN
JOINTS:

The forces acting on a joint are shown
in Figure 1. The horizontal shear force
arises from the action of the beam flexural
forces and column shear, and it is given
by the expression

v =C, + T

1 -V

(1)

jh 2 3

where Cl and T2 are the beam flexural

forces and V is the shear force in the

3
column. A similar expression may be
derived for the vertical shear in the
joint Vjv'
In designing for seismic action it is
important to identify the maximum joint
forces, and consequently the values of

the beam flexural forces have to be assessed

allowing for the actual beam reinforcement,
with due allowance for overstrength and
strain hardening which may occur under
repeated plastic hinging.

Two principle actions have been

identified in providing the joint zone shear

resistance. The first of these, which
provides the shear ascribed to the
concrete, is diagonal strut action, and
the second, which requires horizontal and
vertical shear reinforcement, is panel
truss action 2,3 Other actions, such

as the shear resisted by dowel action, are
believed to be small and have not been
considered.

The forces associated with the diagonal

strut and panel truss actions are shown
in Fig. 2.

As illustrated, with diagonal strut
action a diagonal compression force D
acts across the joint and it is sus-
tained at the corners by horizontal and
vertical flexural forces from the inter-
secting beam and column. The horizontal
force from the beam is made up of two
components, namely, the flexural compress-
ion force in the concrete Ccl’ and the

bond force transmitted to the beam rein-

forcement to the concrete in the compression

corner of the joint ATb. The vertical

force consists of all or part of the
compression force in the concrete,
induced by the column flexural and axial
load Cezr together with the bond force

sustained in the compression corner of

the concrete from the column tension
reinforcement ATcol' The equilibrium

diagram for these forces is shown in
Fig. 2.

The direction of the diagonal
compression force in the concrete is fixed
by the location of the forces in the
beam and column at the joint. Increasing
the column axial load moves the resultant
of the column compression force towards
the centre of the column, thus increasing
the angle B. However, the effect is small
unless the axial load is high, and for
practical purposes the direction of the
compression force may be assumed to be
along the joint diagonal.

Provided plastic hinges do not form
close to the column faces of the joint
a considerable portion of the joint zone
shear can be resisted by diagonal strut
action2,3,4. In the elastic condition
the majority of the flexural compression
forces are resisted by the concrete, and
the bond conditions in the compressed
corner of the joint are good. This
disposition of forces enables the action
to contribute to the shear strength.
However, the situation changes if the beams
undergo plastic hinging against the joint
zone for two reasons described below.

(1) The hinging of the beams causes the
tension reinforcement to yield and
wide cracks form. When this
tension zone is subsequently sub-
jected to compression the steel has
to be yielded back in compression
before the cracks can be closed and
an appreciable compression force can
be carried by the concrete. Con-
sequently the flexural compression
force in the concrete Ccl decreases,

and the shear resisted by diagonal
strut action is reduced to the value
which can be sustained by the greatly
reduced concrete force and the bond
force between the beam reinforcement
and the concrete in the compressed

corner of the joint AT .
) beam

(2) With diagonal strut action the
flexural tension forces are constant
through the joint, and they are
anchored on its far side. Under the
action of flexure in the beams the
reinforcement is always subjected to
tension. Thus any extension of the
yielding of the beam steel into the
joint causes the bars in this zone
to increase in length. As there can
be no corresponding extension of the
concrete, the reinforcement must slip
through the joint zone as the load
is reversed, unless the joint zone
shear can be resisted by another means
such as panel truss action. If
panel truss action is not available
the resulting slip destroys bond, and
each load reversal causes the flexural
reinforcement anchorage location
to move progressively further into
the column or beams beyond the column.
The slipping of the bars initially
reduces the stiffness of the joint.
However, after a number of load cycles
the repeated opening and closing of wide
cracks reduces the resistance of the



Fig. 1 Forces Acting on an Interior
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concrete to the diagonal compressive

stresses and complete failure can occur.

As previously noted the degradation
of diagonal strut action occurs due to the
yielding of the flexural beam reinforce-
ment and the loss of bond resistance in
the compression corners of the joint. If
these two actions can be prevented diagonal
strut action becomes a viable means of
resisting joint 2zone §hear, as has been
demonstrated by tests 4.

Panel truss action is illustrated
in Fig. 2. This mechanism of shear
resistance requires a set of adequately
anchored vertical and horizontal bars in
the joint. The horizontal shear force
resisted by this action may be taken as
the total joint zone shear minus that
resisted by diagonal strut action, and it
is introduced into the beam by bond forces
acting between the beam flexural
reinforcement and the concrete in the joint.
By considering the equilibrium requirements
for the joint in the horizontal direction
the amount of horizontal shear reinforcement
may be found. With reference to figure 2,
assuming the total area of joint zone
stirrups of "Ash“ is at yield fy,

equilibrium requirements give -

Ashfy = th - Vch (2)

where Vch

diagonal strut action.

is the shear resisted by

In a beam column joint in which
plastic hinges form against the column
faces diagonal strut action initially
resists a considerable portion of the
joint shear. However, as the number of
load reversals increases this mechanism
of resistance sustains less shear, and
panel truss action picks up an increasing
portion of the load if the required joint
zone reinforcement is in place. In
columns with axial loads of less than 0.1
Agfé , and where the flexural reinforce-
ment in the beams yields where it enters
the joint, Vch is taken as zero for the

purposes of design.1

A similar expression to equation 2
may be derived for the joint zone reinforce-
ment required by considering vertical
equilibrium. With reference to Fig. 2,
and by assuming the area of vertical joint
reinforcement A is acting at a yield
stress fy equilibrium requires

give
A _f =vV. -V (3)
where

Vev = cc3 + ATcol.'

in which Cc is the concrete compression

3
force in the column due to flexure and

axial load, and ATcol is the bond force

which can be transmitted from the column
flexural reinforcement to the concrete in
the compressed corner of the joint.

Under cyclic loading the column is

usually designed to be stronger than the
beam, and consequently yield of the column
flexural reinforcement should not occur to
any appreciable extent, so that both the
concrete compression force CC3 and the

bond force ATcol can be sustained. Hence,

in the weak beam strong column situation the
vertical reinforcement requirements for shear
reinforcement in the joint are only about half
of that required for horizontal shear.

2. BOND PLATE JOINTS:

In a previous paper3 the concept of
the bond plate joint was described and illus-
trated by comparative tests. The beam and
column flexural reinforcement was anchored on
each side of the joint by the use of bond
plates. Under cyclic loading plastic hinges
were designed to form in the beams close
to the column forces, but the migration of
the yield zone into the joint was prevented
by welding additional small diameter bars
to the beam flexural reinforcement between
the bond plates. The joint zone designed
on this basis behaved exceptionally well.
However, the reinforcement arrangement was
not practical due to the difficulty of
threading beam bars with bond plates through
a column reinforcement which also contained
bond plates.

The practical difficulty associated
with placing the reinforcement is greatly.
reduced if the bond plates can be omitted
from the column reinforcement. A review
of test results from a number of beam column
joint tests showed that high bond stress
levels of the order of 10 to 12 MPa could
be sustained over part of the joint under
cyclic load conditions provided that the
reinforcement did not yield. With this
information it appeared possible to rely on
bond to anchor the column bars through the
joint, and to use bond plates only on the
beam reinforcement. In the test of unit 1
of reference 3 it was found that average
bond stresses in the column bars of over 5MPa
were sustained through the joint under
cyclic conditions. This high level of bond
stress was sustained without any evidence
of slip of the column bars in spite of the
poor overall performance of the joint and
excessive spalling at an early stage of the
test. Average bond stress levels of the
order of 4 MPa were sustained in_beam col-
umn joints tested by Beckingsale’.

To test the performance of a bond plate
joint in which the column bars were anchored
by bond, two units were built. The column
reinforcement was chosen so that the average
bond stresses in the bars did not exceed
5 MPa.

3. DETAILS OF UNIT 1:

The details of the reinforcement in
the first unit are shown in Fig. 3. The
horizontal joint shear reinforcement
consisted of four sets of 10 mm stirrups,
each set having four legs. In addition
there were four 6 mm ties placed round the
intermediate column bars. The guantity
of shear reinforcement provided was
approximately one third of that required
for a standard joint and just under the
area required for an elastic joint designed
according to the draft NZS code~. Each






