


























could be increased by debonding the
bar more than the 2 in. [S1 mm, 6 in.
(152 mm) full-scale] used in these
tests.

The energy dissipated by the precast
specimens compares quite favorably
with that of the monolithic ones. Ex-
cept for Specimen N-P-Z4, the precast
specimens dissipated at least as much
energy per cycle as the monolithic
specimens up to 1.5 percent drift. At
higher drifts, they dissipated an average
of 75 percent as much.

This information must be tempered
by the fact that the precast specimens
underwent at least four times as many
cycles as the monolithic specimens.
Furthermore, dynamic analyses (Priest-
ley and Rao," Mole') have shown that
seismic displacement is much more
strongly influenced by the individual
characteristics of the ground motion
than by modest changes in damping, so
the slight difference in energy dissipa-
tion at large drifts may not be very
important.

DESIGN CRITERIA

The seismic design procedure in the
Uniform Building Code’ is expressed
in terms of applied loads and
strengths. It is an empirical procedure
that fails to recognize the dynamic
characteristics of the system being de-
signed. Because the hybrid system dif-
fers significantly from the yielding
model that underlies the development
of the UBC procedure, the UBC
method is not a particularly appropri-
ate design tool for the hybrid system.
Displacement-based design proce-
dures (Kowalsky et al.”*) may be more
rational and may be adopted in the
future, but at present the force-based
approach is embodied in codes of
practice and so must be used.

Several design issues arise. The first
issue is how to establish the design
moment strength of the beams. In rein-
forced concrete and in partially pre-
stressed beams, the beam is considered
to have failed when the concrete strain
reaches 0.003 in. per in., but that crite-
rion is based on the assumption that
the rotation is distributed over a finite
length of the beam. This criterion can-
not be applied at the beam-to-column
interface of the hybrid system because
the strain field is not even defined.
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Therefore, one alternative approach
would be to use the moment at first
yield of the reinforcing bar steel, but
this would be more conservative than
the strain compatibility approach used
in prestressed systems because the
stress in the strand would be unrealis-
tically low, especially considering the
low level of initial prestress used. A
compromise is suggested here in
which the nominal flexural strength,
M,, is said to be reached when the bar
steel reaches the start of the strain
hardening, which for many bars is at a
strain of approximately S&,.

This strain is approximately double
the lower limit for tension controlled
behavior suggested by Mast'* and
now embodied in Appendix B of ACI
318-95." The strains in the concrete
and steel are then established by com-
patibility of deformations, and the
stress in the post-tensioning steel is
calculated.

The plastic moment capacity, M), is
calculated separately as the moment
corresponding to ultimate stress in the
reinforcing bars, where once again the
strand stress is obtained using strain
compatibility. The plastic moment,
M,, is used to define the largest possi-
ble moment that could exist, and is
needed for the shear design.

For any given beam size, the re-
quired flexural strength can be satis-
fied by any one of an infinite number
of combinations of strand and bar re-
inforcement. The selection of a suit-
able arrangement is influenced by the
following criteria:

* The tension force in the post-ten-
sioning steel must be able to force
the bars to yield in compression in
order to return the system to zero
displacement when the lateral load
is removed.

* The tension force in the post-ten-
sioning steel must generate suffi-
cient clamping force between the
beam and column to resist the verti-
cal shear by friction.

* The injtial tension stress in the post-
tensioning steel must be low enough
that the elongations caused by earth-
quake motions do not cause it to
yield.

* The total amount of the reinforcing
steel must be sufficient to provide
the required damping by hysteresis.

¢ Sufficient space should be available
for the post-tensioning anchors in
the beam-to-column joints at the end
of the building.

In general, the displacement re-
sponse is smaller if more energy is
dissipated, and this is especially true if
the input motion is nearly periodic
(Mole'). Thus, unless special circum-
stances dictate otherwise, the ratio of
bar steel to post-tensioning steel
should be maximized subject to the
limit imposed by the clamping force
requirement. In general, this may be
achieved when the post-tensioning and
the bar steel each provide approxi-
mately 50 percent of the resisting mo-
ment, M,,.

The effective stress in the post-
tensioning tendon is important and is
limited by the target drift and the
beam geometry. If the prestress is too
high, the tendon will yield at an unac-
ceptably low drift. If it is too low, an
uneconomically large area of strand
will be needed to provide the required
clamping force. If the beam itself acts
as a rigid body, the strain increase due
to earthquake drift can be shown
(Stanton'®) to be:
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where
0 = drift angle
h =beam depth
Ly.um = clear span of beam

In practice, local deformations of
the grout joint or the concrete in the
beam end will reduce the true strain
change to a somewhat smaller value.
Eqg. (1) allows the prestress level to be
selected so as to ensure that the post-
tensioning steel remains elastic at the
expected drift.

In the simplest version of the sys-
tem, the post-tensioning steel is un-
bonded and the stress is developed by
mechanical anchorages. Supplemen-
tary anchorage by local bonding is not
necessary but may be incorporated if
desired without detracting from the
functioning of the system.

Even if the post-tensioning tendon is
unbonded, it does not slip relative to
the concrete at midspan of each beam
because this is a point of symmetry.
Thus, the post-tensioning steel could
be bonded at midspan and unbonded

29














