












































The proposed design approach in-
cludes a method to estimate the maxi-
mum base shear demand under the
survival level ground motion, account-
ing for the effect of higher modes in
the nonlinear range of response.® This
method is based on a method devel-
oped by Kabeyasawa'? and Aoyama'
for cast-in-place reinforced concrete
walls. The thick dashed horizontal
lines in Fig. 12(a) indicate the ex-
pected maximum base shear demand,
V max> €stimated using this method. Fig.
12(c) shows a comparison between
Vax and the dynamic maximum base
shear V,,,, ; obtained from the analy-
ses of Wall WH1 under 15 ground
motion records scaled to 1.0g. The
horizontal axis of Fig. 12(c) is the
maximum incremental velocity of the
ground motions. The maximum incre-
mental velocity of a ground motion is
equal to the maximum area under the
acceleration time-history of the
ground motion between two zero
crossings. The results indicate that
Vmax Provides a good upper bound to
Vmax,d-

Shear slip capacity, V, — The ex-
pected minimum shear slip capacity,
Vs of an unbonded post-tensioned pre-
cast wall is calculated as the product
of the coefficient of shear friction, u
along the base-panel-to-foundation
joint and the compression force acting
through the joint.® In the design of the
prototype walls, the coefficient of
shear friction, u, was assumed to be
0.7 as specified by the ACI 318 Code!®
for joints between precast members.
The compression force acting through
the base-panel-to-foundation joint was
taken as the sum of the axial force due
to gravity and the total post-tensioning
steel force.

A minimum total post-tensioning
steel force was used to calculate V;
considering a reduction in the initial
total post-tensioning steel force (i.e.,
prestress) due to the inelastic straining
of the steel. The minimum total post-
tensioning steel force was calculated
assuming that the wall displaces, in
both directions, to A,,. This is de-
scribed in more detail by Kurama et al.

Fig 12(d) shows the shear-slip ca-
pacity time-history (solid lines) of
Wall WH1 under the Newhall ground
motion scaled to 1.0g. The shear slip
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capacity time-history is calculated
using ¢,u = 0.6. The shear slip capac-
ity varies during the ground motion
because the total post-tensioning steel
force varies as shown in Fig. 11(a).
The minimum shear slip capacity is
reached when the minimum total post-
tensioning steel force is reached. The
dashed line in Fig. 12(d) shows the
base-shear time-history of the wall
[the same with Fig. 12(a)]. The most
critical time for shear slip occurs at
around 6 seconds when the maximum
base shear, V,,,, 4 is reached just be-
fore the minimum shear slip capacity
is reached. At this time, the shear slip
capacity exceeds the base shear indi-
cating that shear slip does not occur.

It is noted that additional work on
the estimation of the shear slip capac-
ity is needed. The coefficient of shear
friction of the base-panel-to-founda-
tion joint in an unbonded post-ten-
sioned precast wall may be smaller
than 0.7 as a result of the high com-
pression stresses that occur in the joint
due to post-tensioning and gap open-
ing. Furthermore, the shear slip capac-
ity of the joint may degrade under
cyclic loading. Therefore, it is recom-
mended that a conservative value of
the coefficient of shear friction be
used in design.

CURRENT RESEARCH

Currently, a large-scale experimen-
tal evaluation of the lateral load be-
havior of unbonded post-tensioned
precast walls is being conducted at
Lehigh University. Nine half-scale
six-story wall specimens are being
tested under combined gravity loading
and cyclic lateral loading. Based on
the results of these tests, the lateral
load behavior of the walls will be
evaluated and the shear slip capacity
of the walls will be quantified.

The current research at the Leheigh
University is funded by the National
Science Foundation under Grant No.
CMS-9612165, with substantial sup-
port from the precast concrete industry
which has donated the test specimens
and test fixtures, and has provided
technical support for the design of the
test specimens.

More recently, an analytical investi-
gation of the effect of large openings
(in the wall panels) on the seismic be-

havior and design of unbonded post-
tensioned precast walls has been initi-
ated at the University of Notre Dame.
The openings can accommodate doors,
windows, and mechanical penetrations
which may be needed due to architec-
tural or functional requirements.

The current research at the Univer-
sity of Notre Dame is funded in part
by the Precast/Prestressed Concrete
Institute by a 1998-1999 Daniel P.
Jenny Research Fellowship. Detailed
finite element models of the walls are
being developed using the ABAQUS
program. These models will be veri-
fied based on experimental results ob-
tained at Lehigh University and will
be used to investigate the effect of
large openings in the walls.

CONCLUSIONS

The research summarized in this
paper shows that unbonded post-ten-
sioned precast walls provide a feasible
alternative to conventional monolithic
cast-in-place concrete walls in seismic
regions. Conclusions regarding the
seismic behavior and design of the
walls are presented below.

1. Unbonded post-tensioned precast
walls have the ability to soften and un-
dergo large nonlinear lateral drift with
little damage. As a result, only minor
repair to the walls may be needed after
a design level ground motion.

2. The nonlinear drift occurs primar-
ily due to the opening of gaps along
the horizontal joints.

3. Because little damage occurs in
the walls, the behavior of the walls
under cyclic lateral load is nearly non-
linear-elastic.

4. Unbonded post-tensioned precast
walls can be designed to resist design
level ground motions with little dam-
age, and to resist severe survival level
ground motions with damage, but
without collapse. Design guidelines
and requirements to obtain this behav-
ior are presented in the paper.

5. Accurate estimates of the maxi-
mum lateral drift demands under de-
sign level and survival level ground
motions are needed for design. The
method used to estimate the maximum
drift demands in the proposed design
approach needs to be improved.

6. Nonlinear dynamic time-history
analyses show that, as a result of the
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nearly nonlinear-elastic behavior, an
unbonded post-tensioned precast con-
crete wall has larger lateral drift under
earthquake loading than a comparable
cast-in-place reinforced concrete wall.
However, an unbonded post-tensioned
precast wall has significantly smaller
residual drift (at the end of the ground
motion) than a cast-in-place wall.

7. Shear slip along the horizontal
joints is not a desired mode of lateral
displacement. Shear slip under severe
survival level ground motions can be
prevented using the proposed design
approach.

8. Inelastic straining of the post-ten-
sioning steel during a ground motion
results in a reduction in the total post-
tensioning steel force. This reduction
significantly affects the hysteretic be-
havior of the walls and results in a re-
duction in the shear slip capacity. The
design approach includes a method to
estimate the reduction in the total
post-tensioning steel force under sur-
vival level ground motions.

RECOMMENDATIONS

Preliminary design recommenda-
tions are described in the paper.
These include recommendations re-
garding the selection of the wall
design properties (e.g., initial stress
in the post-tensioning steel, total area
of the post-tensioning steel, wall
length, unbonded length of the post-

—

pp. 755-760.

2. Oliva, M., Clough, R., and Malhas, F., “Seismic Behavior of
Large Panel Precast Concrete Walls: Analysis and Experi-
ment,” PCI JOURNAL, V. 34, No. 5, September-October

1989, pp. 42-66.

3. Hutchinson, R., Rizkalla, S., Lau, M., and Heuvel, S., “Hori-
zontal Post-Tensioned Connections for Precast Concrete Load-

. Mueller, P., “Experimental Investigation on the Seismic Per-
formance of Precast Walls,” Ninth World Conference on
Earthquake Engineering, Tokyo-Kyoto, Japan, V. IV, 1988,

tensioning steel, location of the post-
tensioning steel, amount of spiral rein-
forcement) to achieve the design ca-
pacities as required by the proposed
design approach. Design examples and
more comprehensive design recom-
mendations are expected to be devel-
oped based on the current experimen-
tal and analytical research.

The dynamic analysis results indicate
that the equal displacement assumption
can be used to estimate the maximum
roof drift demands for walls designed
for sites with a stiff soil profile but not
for sites with medium or soft soil pro-
files. Improved methods to estimate the
maximum roof drift demands for sites
with medium and soft soil profiles are
expected to be developed and incorpo-
rated into the proposed design approach
based on current research.

Shear slip along the horizontal joints
is prevented by requiring that the mini-
mum shear slip capacity of the base-
panel-to-foundation joint is larger than
the maximum base shear demand. The
paper proposes a method to estimate
the maximum base shear demand in-
cluding the effect of higher modes, and
a method to estimate the minimum
shear slip capacity including the reduc-
tion in prestress due to inelastic strain-
ing of the post-tensioning steel. It is
recommended that a conservative value
of the coefficient of shear friction be
used in design. Further recommenda-
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tions regarding the shear slip capacity
are expected to be developed based on
the current experimental research.
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