SPECIAL REPORT

The PRESSS Program —
Current Status and Proposed
Plans for Phase lli

The current status of the coordinated Precast Seismic
Structural Systems (PRESSS) program is summarized and
plans for the final phase outlined. PRESSS Phase Il is built
around two large-scale super-assemblage experiments, one
of a frame building and the other of a panel structure. Precast
concrete elements will be used to the maximum in both
- Structures. The buildings will be designed using a
\ displacement-based design procedure developed as part of
Aty the PRESSS program and the results of experimental

: : programs forming PRESSS Phase Il. The purposes of
E;f;l;soergzltrzzi:ggﬁeeﬂng PRESSS Phase lll are to demonstrate the viability of precast
Department of Applied Mechanics and concrete design for regions of high seismicity, to establish

Engineering Selencos . clearly the predictability and dependability of performance of
University of California at San Diego , e . ]
La Jolla, California properly designed precast concrete buildings under seismic

response, and to emphasize the advantage of precast
concrete seismic performance, including reduced damage
levels compared with equivalent reinforced concrete or steel
structures. A final objective of the PRESSS program will be to
develop design guidelines for precast concrete structures in
zones of high and moderate seismicity which can be
incorporated into the model building codes.

he PRESSS research program is Prestressed Concrete Manufacturers
I the fourth phase of a joint U.S.- Association of California (PCMAC).

Japan coordinated analytical The seven-year research program
and large scale testing program for has two fundamental aims:
seismic response of buildings. The re- ® To develop comprehensive and ra-
search program is jointly sponsored by tional design recommendations
the National Science Foundation needed for a broader acceptance of
(NSF), the Precast/Prestressed Con- precast concrete construction in dif-
crete Institute (PCI) and the Precast/ ferent seismic zones.
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® To develop new materials, concepts
and technologies for precast con-
crete construction in different seis-
mic zones.

The PRESSS research program con-
sists of three phases. Phase I was com-
pleted in 1993. Most of the Phase II
projects will be completed by the end
of 1996. Phase III is scheduled to be
initiated in 1997.

PRESSS Phase I consisted of five
projects:

1. Concept development

2. Connection classification and
modeling

3. Analytical platform development

4. Preliminary design recommenda-
tions

5. Research coordination

Several papers associated with the
PRESSS Phase I Program and the four
PRESSS seismic workshops, con-
ducted in April 1991, were published
in the PCI JOURNAL."**

PRESSS Phase II has emphasized
experimental and analytical studies of
different ductile-connection precast
systems and the development of seis-
mic design procedures for precast
buildings in various seismic zones.

Four generic types of connections
have been considered in PRESSS
Phase II, as briefly outlined below:

Non-Linear Elastic (NLE) Con-
nection Systems — These generally
involve some form of unbonded post-
tensioning to form the connection.* As
cracking develops in the connection,
the stress in the post-tensioning in-
creases slowly, but remains in the
elastic range, resulting in largely elas-
tic response with non-linear character-
istics, as illustrated in Fig. 1(b). En-
ergy dissipation is larger than for a
purely linear elastic system, at about
& = 10 percent equivalent viscous
damping, but is much less than for an
equivalent reinforced concrete or steel
structure.

Advantages include reduced damage
levels, reduced residual drift and re-
tention of high initial stiffness after a
major earthquake, and simplified
member design, particularly of beam-
to-column joints in frame buildings.
This improved response is achieved at
the expense of slightly increased dis-
placement resulting from the reduced
effective damping.
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Fig. 1. Hysteretic characteristics for generic PRESSS connection systems (1 =

equivalent viscous damping).

Tension-Compression Yield
(TCY) Connection Systems — Con-
nection elements, normally of medium
strength steel, are designed to yield in
tension and compression under oppo-
site directions of seismic response.
Behavior is thus similar to monolithic
reinforced concrete response and is
characterized by reasonably high en-
ergy dissipation, as illustrated in Fig.
1(c). Equivalent viscous damping at
high ductility levels is about & = 35
percent. Disadvantages of TCY sys-
tems include high residual displace-
ment and low residual stiffness after
inelastic seismic response. Special

treatment of contact surfaces between
precast elements in the form of shear
keys or special roughening may be
needed to avoid excessive shear defor-
mation at the interface.

An attractive compromise between
the NLE and TCY systems can be ob-
tained by a simple combination. Pri-
mary connection is provided by un-
bonded post-tensioning with additional
damping provided by special TCY ele-
ments. The relative strengths of the
NLE and TCY elements can be chosen
to ensure significantly increased
damping while maintaining the advan-
tages of minimal drift and high resid-
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Fig. 2. Unit UMn-PTB elastic non-linear subassemblage (University of Minnesota).

ual stiffness of the NLE system, re-
sulting in the “flag” type of hysteretic
response illustrated in Fig. 1(d).”
Shear Yield (SY) Connection Sys-
tems — The NLE and TCY systems
are activated by moment at the con-
nection. A different category of duc-
tile connection involves inelastic shear
response at the connections. Typically,
such connections will occur at
midspans of beams using precast tees
for frame systems, or at vertical sepa-
rations between adjacent precast pan-
els in panel systems. Hysteretic re-
sponse is similar to the TCY systems,
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shown in Fig. 1(c).

Energy Dissipating/Coulomb
Friction (CF) Connection Systems
— Special damping devices, typically
involving some form of friction slid-
ing, can be placed in the connections
between precast frame or panel ele-
ments. Hysteretic response of these
devices can generally be characterized
as rigid-perfectly plastic, as shown in
Fig. 1(e). When used in combination
with linear elastic connection elements
[Fig. 1(a)], bilinear elasto-plastic re-
sponse shown in Fig. 1(f) results, with
equivalent viscous damping in the

range & = 20 to 60 percent, depending
on the level of ductility developed in
the connection.

The concepts described above are
generic and are applicable to both
frame and panel structures. Experi-
mental research in Phase II has been
directed towards establishing the via-
bility of the generic systems rather
than development of the most cost-
effective design details utilizing each
system; this is felt to be an industry
prerogative. It is expected that a num-
ber of innovative connection systems
can be developed based on each of the
generic systems.

On the design side, two approaches
have been simultaneously developed.
The first approach involves develop-
ing design rules for “strong-connec-
tion” systems (i.e., where ductility is
not required within the connection)
based on reinforced concrete emula-
tion. As a result of PRESSS initia-
tives, appropriate provisions have al-
ready been incorporated in the 1994
National Earthquake Hazards Reduc-
tion Program (NEHRP) seismic design
recommendation,® and PRESSS is ac-
tively involved in developing provi-
sions for the 1997 Uniform Building
Code (UBC) through an ad hoc sub-
committee of the Structural Engineers
Association of California (SEAOC)
Seismology Committee.

The second approach involves the
development of displacement-based
design procedures for ductile-connec-
tion systems, because the characteris-
tics of these may differ significantly
from reinforced concrete or structural
steel systems typically envisioned by
seismic codes.

The current status of PRESSS Phase
II projects is described briefly in the
following sections.

SUMMARIES OF PRESSS
PHASE Il PROJECTS

Ductile Connections for Precast
Concrete Frame Systems (Part I)

Principal Investigator: Catherine W.
French, University of Minnesota

Concepts for ductile connection be-
tween precast beam and column mem-
bers representing non-linear elastic
(NLE) and tension-compression yield
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Fig. 3. Unit UMn-TCY tension/compression yield subassemblage (University of

Minnesota).

concepts (TCY) (see Fig. 1) have been
developed and tested at the University
of Minnesota. The connection details
were conceived to be appropriate for
“up-and-out” construction and, thus,
used individual connection details
rather than, say, connecting a string of
beam-to-column connections with
continuous prestressing. Representa-
tive examples of the NLE and TCY
connections are shown in Figs. 2 and
3, respectively, together with test re-
sults in the form of lateral force-drift
hysteretic response.

Unit PTB (post-tensioned beam, see
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Fig. 2) was based on the unbonded
post-tensioning concept proposed by
Priestley and Tao* and utilized Dy-
widag bars for connection. The bars
were designed to remain within the
elastic range of response up to the de-
sign drift of 2 percent. As a conse-
quence, the connection was capable of
accommodating large deformation
without loss of load carrying capacity,
as shown in Fig. 2(b). The elastic be-
havior also ensured minimal residual
deformation on load removal.

Unit TCY (see Fig. 3) incorporated
blockouts through the beams and em-

bedded corrugated pipes in the column
to accommodate placement of rein-
forcement. Continuity reinforcement
was placed in the beam blockouts, slid
through the column, tied in place and
subsequently grouted. The hysteretic
response, shown in Fig. 3(b), repre-
sents dependable response for drift
levels substantially larger than the de-
sign drift limit of 2 percent.

Based on the results observed dur-
ing the laboratory tests, analytical con-
nection models have been developed
to be included in the general purpose
finite element program DRAIN-2DX.
The model behavior is characterized
by the moment-rotation curves ob-
served during the laboratory tests.
Two connection models have been
formulated, representative of the non-
linear-elastic and tension-compression
yielding concepts, respectively.

These models have been utilized in
the numerical analyses of two com-
plete precast frame systems, one five
stories and the other fifteen stories,
subjected to a variety of loads simulat-
ing available earthquake records. The
results from these analyses provide the
behavior of the proposed connections
when utilized in a multistory structure
subjected to earthquake loading. Pre-
liminary results indicate that precast
frame systems may experience only
slightly larger displacements than
those of monolithic concrete frame
structures.

More complete information on the
project is available in Refs. 7 and 8.

Ductile Connections for Precast
Concrete Frame Systems (Part Il)

Principal Investigator: Michael E.
Kreger, University of Texas at Austin

The work at the University of Min-
neapolis has been complimented by a
parallel study at the University of
Texas at Austin. Test units based on
the NLE, TCY, and CF concepts (see
Fig. 1) have been tested. The TCY unit
differed from the companion Univer-
sity of Minneapolis unit in that the
connecting bars were located above
and below the beam rather than on ei-
ther side. It was found that detailing of
force transfer from the beam to the
connection was more difficult with this
detail, and as a consequence, structural
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Fig. 4. Unit UT-PTS non-linear elastic subassemblage with pretensioned beam

(University of Texas at Austin).

degradation commenced earlier.

Figs. 4 and 5 show concepts tested for
the NLE and CF concepts, respectively.
The non-linear elastic concept differed
from the University of Minneapolis unit
and from the tests at the University of
California at San Diego (UCSD), de-
scribed subsequently. In this case, the
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beam was continuous and pretensioned
with strand debonded for a distance on
either side of the column [see Fig. 4(a)],
with precast columns connected through
the beam with couplers.

Lateral force-displacement re-
sponse, shown in Fig. 4(b), indicated
that the expected NLE behavior of low

residual drift, low energy dissipation
and high residual stiffness was ob-
tained up to the design drift limit of 2
percent. At higher drifts, energy dissi-
pation increased, possibly due to fric-
tion between strand and concrete as
the debonded length increased, but
also possibly due to joint distress.

The added damping concept of Fig.
5 is based on work conducted by Gre-
gorian, Yang, and Popov.” The top of
each beam was connected to the col-
umn by a steel plate assembly that per-
mitted sliding along clamped plate sur-
faces faced with brass. The bottom
connection acted as a hinge so that all
inelastic action occurred in the top
connection.

Note that the concept could be in-
verted so that the hinge connection was
located at the top with friction sliding
at the bottom. This would have the ad-
vantage of avoiding large inelastic dis-
placements in the plane of the floor
slab, thus reducing damage in moder-
ate earthquakes. As may be seen from
Fig. 5(b), the lateral force-displace-
ment response involves high energy
dissipation and very repeatable re-
sponse under cyclic loading.

More complete details on the project
are available in Refs. 7 and 8.

Behavior of a Six-Story Office
Building Subjected to Moderate
Seismicity

Principal Investigator: Maher K.
Tadros, University of Nebraska-Lincoln

Co-Investigators: Arturo E. Schultz,
National Institute for Standards and
Technology (NIST); Rafael Magaiia,
LEAP Associates International, Inc.

The project has involved two stages
of experimental work. The first stage
related to the performance of a gravity
precast frame system with wide shal-
low beams tested at the University of
Nebraska-Lincoln. Full scale tests
were carried out on beam-to-column
subassemblages [see Fig. 6(a)] to de-
termine the ability of the gravity frame
to sustain the displacement levels im-
posed by response of the lateral brac-
ing system, without strength degrada-
tion. Typical results, shown in Fig.
6(b), indicate that the connections
were competent to high drift levels
and would also contribute signifi-
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cantly to seismic resistance.

A second experimental program in-
vestigating the seismic performance of
horizontal and vertical joint connections
in precast walls has been carried out at
NIST. The connections were designed
to be ductile and to be the major loca-
tion of inelastic response of the struc-
ture. Vertical joint connections included
different designs of welded loose plates
(see Fig. 7) and bolted ductile connec-
tions (see Fig. 8) incorporating flexural
yield, tension/compression yield (TCY),
shear yield (SY) and friction
sliding/coulomb friction (CF) concepts.

The most dependable response was
obtained from the VJF (vertical joint
friction) and UFP (U-shaped flexure
plate) connections, as shown in Figs.
8(b) and 8(c), respectively, where de-
pendable hysteretic behavior was ob-
tained up to relative vertical displace-
ments as high as 4 cm (1.6 in.). The
force-displacement response for these
units is shown in Figs. 9(a) and 9(b),
respectively. Note that these units
were tested in a horizontal configura-
tion for convenience so the lateral
force and lateral displacement shown
translate to vertical force and relative
vertical slip in the intended configura-
tion. More complete details are avail-
able in Refs. 7, 10, and 11.

Seismic Response Evaluation of
Precast Structural Systems for
Various Seismic Zones and Site
Characteristics

Principal Investigators: Stephen P.
Pessiki, Richard Sause, and Le-Wu
Lu, Lehigh University

This project is based on the re-
sponse of prototype precast frame and
panel structures that have been de-
signed for regions of moderate and
high seismicity. Connection response
is characterized by fiber beam-to-col-
umn elements using the DRAIN-2DX
program. Precast systems representing
NLE connections have so far been
considered, with non-linearity in
beam-to-column connections, panel-
to-panel connections, and panel-to-
foundation connections. Fig. 10(a)
shows the analytical model used to
represent an NLE post-tensioned
beam-to-column connection and an
envelope prediction of response com-
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Fig. 5. Unit UT-FR added-damping subassemblage (University of Texas at Austin).

pared with a typical experimental re-
sult. Fig. 10(b) shows the model repre-
sentation of a six-story precast wall.
The fiber models have been found
to give good predictions of response in
PRESSS component tests. Current re-
search involves inelastic time-history
analysis parameter studies on both
components and prototype frame-wall
structures designed for zones of both
moderate and high seismicity.’

Dynamic Response of
Precast Concrete Frames

Principal Investigator: Daniel P.
Abrams, University of Illinois at Ur-
bana-Champaign

Co-Investigators: Sharon L. Wood,
University of Texas at Austin and Neil
M. Hawkins, University of Illinois at
Urbana-Champaign

The objective of this research is to
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Fig. 6. Lateral response of a gravity-load precast frame for regions of low seismicity (University of Nebraska-Lincoln).

investigate non-linear dynamic re-
sponse of precast concrete frame sys-
tems through a series of shaking table
tests on six-story, reduced-scale struc-
tures [see Figs. 11(a) and 11(b)]. In
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particular, differences in response of
non-linear, inelastic systems are being
contrasted with response of non-linear,
elastic systems by testing two different
frame types.

Beam and column members of the
first frame type (dog-bone connection,
DB1), as shown in Fig. 11(c), are
joined using steel bolts that are de-
signed to yield in tension and com-
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pression and serve as the weak link or
fuse element for dissipating inelastic
energy. Members of the second frame
type (post-tensioned connection, PT1),
as shown in Fig. 11(d), are joined by
post-tensioning beams to column
faces with horizontal unbonded ten-
dons. A series of static load reversal
tests are done to define non-linear
force-deflection properties of the ten-
sion-compression yielding and pre-
stressed connections.

Measured response of the two shak-
ing table test structures provides: (a) a
demonstration of seismic performance
for precast concrete frame systems; (b)
benchmark data for evaluating compu-
tational models; and (c) exploratory
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data for development of simplified an-
alytical models.’

To date, both structures have been
tested. Dynamic test data have been re-
duced for the first test structure (DB1)
and results have been analyzed. Data
from the second structure (PT1) are
now being reduced and analyzed. All
of the static tests of beam-to-column
connections have been completed.

Testing of the two test frames re-
vealed that a precast frame could be
designed to respond at desired limit
states for various earthquake intensi-
ties. Small-amplitude vibrations were
linear elastic as the frame system emu-
lated cast-in-place construction. For
the DB1 test structure, large-amplitude

vibrations were non-linear inelastic as
the connecting bolts yielded. Damage
was localized at the connecting bolts;
precast beam or column members did
not crack. For the PT1 test structure,
large-amplitude vibrations were non-
linear but remained elastic until the
post-tensioning tendons yielded. Dam-
age was limited to crushing at the ends
of beam members. Little or no crack-
ing was observed.

The period of the DB1 test struc-
ture lengthened with progressive
damage, and thus lateral inertial
forces did not increase proportion-
ately with the intensity of base mo-
tion as indicated on spectral response
curves computed from measured base
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motions [see Fig. 12(a)]. The se-
quence and frequency content of base
shear and deflection histories [see
Fig. 12(b)] were similar even with
non-linear behavior suggesting that a
simplified substitute structure ap-
proach might be admissible for esti-
mating response maxima.

The measured base shear vs. drift
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history [see Fig. 12(c)] clearly indi-
cated non-linear action, yet lateral
force distributions were triangular and
lateral deflected shapes [see Fig.
12(d)] were invariant with the ampli-
tude of vibration. These findings sug-
gest that nonlinear dynamic response
could be represented with a single
generalized coordinate.

Precast Frames Connected with
Unbonded Post-Tensioning

Principal Investigators: M. J. Nigel
Priestley and Frieder Seible, Univer-
sity of California at San Diego

Testing of six precast frame sub-
assemblages connected by unbonded
prestressing tendons is being carried
out as a continuation of a pilot study
recently reported in the PCI JOUR-
NAL." The structural system consists
of perimeter seismic frames of multi-
story precast columns with single bay
precast beams, connected by tendons
stretching the full length of the build-
ing. The pilot study established that
dependable performance could be ob-
tained with low residual deformation,
low damage, and high residual stiff-
ness up to very large drifts despite
very low levels of transverse rein-
forcement in the columns, beams, and
particularly the joint regions.

In the current program, the concept is
being refined based, in part, on a joint
shear force transfer model described in
Ref. 12. A redesigned base connection
detail has also been adopted, as shown
in Fig. 13(a). Both interior and exterior
joints are being tested and variables in-
clude the level of joint reinforcement,
extent of special confinement in the
beam plastic hinge region, beam mo-
ment/shear ratio, prestress level, and
the influence of variable axial load. Re-
sults from an interior joint test are
shown in Fig. 13(b) in the form of lat-
eral force-displacement hysteresis
loops. Very dependable behavior at
high drift levels is apparent.

Results from other tests indicate that
the shear strength of the prestressed
beams is considerably higher than that
predicted by current codes. Depend-
able beam-to-column joint perfor-
mance can be obtained with low trans-
verse steel ratios and a coefficient of
friction of u = 1 is appropriate at the
beam-to-column interfaces, even with-
out special preparation of the surfaces.

High Performance Fiber
Reinforced Concrete (FRC)
Energy Absorbing Joints for
Precast Concrete Frames

Principal Investigators: Antoine E.
Naaman and James K. Wight, Uni-
versity of Michigan

PCI JOURNAL



The main goal of this research is to
contribute to the development of a
high energy absorbing joint (or joints)
for precast concrete structures in seis-
mic zones. The joint is made from
high performance fiber reinforced ce-
ment composites (HPFRCC) such as
high fiber content fiber reinforced
concrete and SIFCON (slurry infil-
trated fiber concrete).

The joint is designed to act as an
energy dissipating connector between
the beam and the column elements.
The immediate objective of the re-
search is to understand the fundamen-
tal mechanisms that control the prop-
erties of the joint and its response
under monotonic and cyclic loads,
with particular attention to the issue
of bond of reinforcing bars and the
shear resistance of the joint material.

Tests to determine the bond vs.
stress slip relationship of the interface
between reinforcing bars and
HPFRCC under monotonic and cyclic
loads have been completed; parame-
ters include four different matrix com-
positions with target compressive
strengths of 5 and 9 ksi (34.5 and 62
MPa), pull-push and pull-pull type of
loading, and the use of spiral confine-
ment for comparison.”

Fig. 14 describes the bond stress vs.
slip response of a reinforcing bar em-
bedded in a slurry infiltrated fiber con-
crete (SIFCON) composite subjected
to reversed cyclic loading. It is ob-
served that significantly high levels of
stress can be maintained at relatively
high slips. Moreover, no spalling of
the concrete cover was observed dur-
ing the test. These characteristics are
important in seismic design for energy
absorption and for maintaining the in-
tegrity of the structure.

A medium scale test setup to deter-
mine the shear response of HPFRCC
joints under monotonic and cyclic load-
ing has been built. The setup simulates
an exterior beam-to-column subassem-
blage. It is made out of steel beam and
column elements connected to the rein-
forced concrete “joint” by threaded
bars and nuts. Seven joint specimens
have been tested so far. The parameters
include three different shear spans, a
plain concrete matrix, a fiber reinforced
concrete matrix, and a confined con-
crete matrix. Tests are still in progress.
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A typical specimen made with fiber
reinforced concrete is shown in Fig.
15 where the fine crack distribution
and the failure mode can be observed.
Analysis of the test results and a re-
lated doctoral thesis are planned for
completion by December 1996.

Codified Design Provisions
for PRESSS

Principal Investigator: Neil M.
Hawkins, University of Illinois at Ur-
bana-Champaign

The objective of this project is to
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develop design rules for PRESSS that
can be integrated directly into the
NEHRP Recommended Provisions for
Seismic Regulations for new buildings®
and to provide a design guide for the
use of those provisions. Initial work
on this project has resulted in provi-
sions being placed in the 1994
NEHRP provisions for “strong con-
nection” design, particularly for frame
structures where following the provi-
sions will result in structural perfor-
mance emulating that of an equivalent
reinforced concrete structure.

A second design approach, appro-
priate for “ductile connection” sys-
tems, has been incorporated within an
Appendix to the 1994 NEHRP provi-
sions. That Appendix represents a
compilation of the understanding of
how best to proceed with the seismic
resistance design of structural systems
composed of interconnected precast
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concrete elements. The Appendix is
not to be used as a basis for a submis-
sion of designs to building officials,
but for user review, comment and trial
designs. After adequate feedback is
obtained, it is intended that a modified
version will be integrated into the
body of future NEHRP provisions.

The Appendix contains sections
dealing with general provisions, lateral
force resisting system requirements,
connection performance requirements,
and connection design requirements.
Acceptance of a new structural system
must be based on appropriate experi-
mental evidence of both connection
and overall structural competence.
Rather severe limitations are currently
imposed on many structural systems
being investigated in PRESSS Phase I1
— particularly those of the non-linear
elastic category (see Fig. 1).

Current activities involve design

studies of specific “strong-connection”
and “ductile-connection” structures
using the 1994 NEHRP provisions. In
addition to providing feedback on the
practicalities and consequences of
those provisions, the information will
be used to develop design guides.’

Seismic Behavior and Design
of Double-Tee Panel Precast
Systems

Principal Investigators: Jose A.
Pincheira and Michael G. Oliva,
University of Wisconsin at Madison

The purpose of this project is to ex-
amine the ability of precast double-tee
floor diaphragm and wall systems to
perform adequately under in-plane
seismic forces. Work on the project is
divided into three major phases:

1. Behavior of connections between
double-tees
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Fig. 12. Selected measured dynamic response of precast model Frame DB1 (University of lllinois at Urbana-Champaign).

2. Analytical modeling of connec-
tors, and diaphragm and wall systems

3. Development of design guide-
lines for double-tee diaphragms and
wall systems

This project was initiated later than
the other Phase II projects and, as a
consequence, is not as far advanced.
Current work has primarily been on
the first phase of the project where
three different systems providing con-
nection between the flanges are being
investigated.

Connector Type 1 [see Fig. 16(a)]
consists of two #3 reinforcing bars
that are fillet (“stick”) welded to the
steel plate at an angle of 45 degrees in
the plane of the double-tee flanges. In
a plane perpendicular to the steel
plate, reinforcing bars are welded at an
angle of about 10 degrees.

Connector Type 2, shown in Fig.
16(b), consists of two */s in. (9.5 mm)
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diameter deformed anchor studs (here-
after, referred to as studs) that are
welded using a stud gun. The studs
employed in this first test series are
welded at a 90-degree angle in the
plane of the flanges and at a 10-degree
angle in a plane perpendicular to the
steel plate. The third connector to be
studied, Connector Type 3, is essen-
tially the same as that of Connector
Type 2, except that the welded studs
are bent at a 45-degree angle in the
plane of the flanges [see Fig. 16(b)].

PRESSS Coordination —
Displacement-Based Design
Procedures

Principal Investigator: M. J. Nigel
Priestley, University of California at
San Diego

The PRESSS coordination project
has responsibility for coordinating

U.S. PRESSS activities, organizing
annual meetings of the U.S. re-
searchers, and, formerly, providing li-
aison with a parallel Japanese research
effort that has now been completed. In
addition to the formal coordination ac-
tivities, this project has taken respon-
sibility for development of displace-
ment-based seismic design procedures
for precast seismic systems.

Incorporation of ductile precast sys-
tems within existing force-based code
seismic design procedures has prob-
lems because energy dissipation char-
acteristics (as illustrated in Fig. 1) and
concepts of “yield displacement” dif-
fer considerably from the elasto-
plastic behavior assumed in develop-
ing existing code design approaches.

It appears that a more consistent de-
sign approach may be obtained for all
structures, and in particular for those
with non-standard hysteretic response,
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Fig. 13. Interior precast beam-to-column unit with unbonded tendons (University of

California at San Diego).

by a complete inversion of the design
process. In this inversion, the starting
point is the specification of design
drift and the end products of the de-
sign process are the required strength
and initial stiffness of the structure.

34

The procedure is illustrated by refer-
ence to a single degree of freedom ap-
proximation of a precast structure.
Structural stiffness is characterized by
the secant stiffness K, at maximum re-
sponse, as shown in Fig. 17(a), rather

than the initial elastic stiffness K;. This
is used in conjunction with a level of
equivalent damping appropriate to the
hysteretic characteristics of the struc-
tural system and the ductility achieved
at maximum displacement response,
following the substitute structure ap-
proach of Sozen et al."*"” Together with
a set of elastic displacement response
spectra for different levels of equiva-
lent viscous damping, as shown in Fig.
17(b), this enables the design to pro-
ceed along the following steps:

1. An initial estimate for the struc-
tural yield displacement A, is made.
Because final results are not particu-
larly sensitive to the value assumed,
A, could be based on a typical drift
angle of about 6, = 0.003 for precast
frame structures.

2. The design drift limit 6, is deter-
mined. This will be a function of the
importance of the structure, and hence,
the need to limit damage and drift, and
will also depend on the section geom-
etry and acceptable level of transverse
reinforcement in plastic hinges.

3. The maximum acceptable dis-
placement A, at the center of seismic
force, corresponding to the plastic ro-
tation limit of the most critical plastic
hinge (in this initial discussion, this is
the hinge at the base of the vertical
cantilever) is found from the structure
geometry and drift.

Thus:

A,=6,L (1)
where L is the height from plastic
hinge to center of mass of the equiva-
lent vertical cantilever.

4. An estimate of effective struc-
tural damping is made based on the
implied ductility level u, = A, /A,
from Fig. 17(c) where curves are
given for hysteretic characteristics of
different generic connection systems.

5. With reference to the design elas-
tic displacement response spectra for
the site [e.g., Fig. 17(b)], the effective
response period at maximum displace-
ment response can now be estimated.
The effective stiffness K, of the sub-
stitute structure at maximum displace-
ment can thus be found from:
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4r?
K, ,=—5M 2
of =2 (2)

From Fig. 17(a), the required struc-
ture ultimate strength, or base shear
capacity is:

Fll = K(f/_;/All

6. With a knowledge of the required
strength F,, the member sizes can now
be proportioned and an initial estimate
of reinforcement made. The elastic
stiffness can thus be calculated, and a
refined estimate of the yield displace-
ment obtained.

7. The structure ductility, and
hence, effective structural damping are
thus revised, and Steps 4 to 6 are re-
peated until a stable and satisfactory
solution is obtained. Individual flexu-
ral strength requirements for potential
plastic hinges are finalized based on
statics.

The approach outlined above has
considerable flexibility because plastic
hinge rotational capacity can be related
to transverse detailing (or vice versa)
and the design is not dictated by arbi-
trary decisions about force-reduction
factors. The approach is described in
greater detail in Ref. 16.

Application of displacement-based
design to multistory precast frame
buildings requires some additional as-
sumptions to be made. The two critical
pieces of information required are:
(1) the relationship between maximum
interstory drift and structural displace-
ment at the height of the center of
seismic force; and (2) the shape of the
lateral force vector to be applied.

These aspects are illustrated in Fig.
18 for an idealized frame of n stories
each of equal height /. The center of
seismic force is approximately two-
thirds of the building height and the
maximum displacement at this height
can thus be expressed as:

A :A‘+znh9 K 3)

u 'y 3 4 S

where K < | defines the non-unifor-
mity of drift up the building height
and 6, is the maximum acceptable ro-
tation of the plastic hinges and, hence,
the maximum story drift angle. For
typical reinforced concrete frame
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structures, a value of K = (.75 appears
appropriate.'” However, for precast
panel structures and for frame struc-
tures with NLE characteristics, it ap-
pears that drift may be rather uniform
with height, resulting in K = 1.0.
Having determined the required
strength of the ductile connections by
the above approach, a capacity design

approach is used to ensure that inelas-
tic action occurs only within the con-
nections in the anticipated mecha-
nism." Finally, the design is checked
by inelastic time-history analysis, or
by elastic analysis of a substitute
structure” where stiffness of members
containing hinges is reduced in pro-
portion to their expected ductility.
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PL 1/4" x Hence, if beam hinges are expected to
11/2° x 6°

have rotational ductilities of uy; =7
/ \_5:3/4' (which might correspond to a structure
displacement ductility of u, = 4), then

the appropriate stiffness for the beams
in the elastic analysis would be:
K
K,=—%=0.14K,
Hg

The adequacy of the design can thus

3/8" dia. be checked by a lateral elastic analysis
’5:22:’2? of the substitute structure.

10 degrees If the inelastic displaced shape can
be approximated by Fig. 18, it follows
that the vector of lateral inertial forces

2 to be applied to the structure should
W also take the same shape.
174" The design approach outlined above
(a) Type 1 Connector appears to have adyantgges wt?en dej-
s sign of precast systems, whose hys-
1= & 1" ._F teretic characteristics do not replicate
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monolithic reinforced concrete, is con-
sidered. In these systems, the concepts
of a “yield displacement” and “initial
stiffness,” may be inappropriate, but
based on experimental results, rela-
tionships between drift and resisting
force and between drift and equivalent
viscous damping can be determined.
Although there may be doubts about
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174"
(b) Type 2 Connector PRESSS PHASE Il

PROPOSED PLAN

3/4" .
1 4 4" ,_g The PRESSS research project was
T — conceived as a three-phase program

with Phase III integrating the compo-
nents of experimental and analytical
research developed in Phases I and II.
The basis for this is intended to be
studies built around the performance
of two structural systems: (1) a precast
frame building; and (2) a precast panel
structure. For each building, the stud-
ies will consist of the following:
® Design studies
® Analytical studies
® [arge-scale super-assemblage test
* Final design recommendations

174" The components of the two studies

interact as illustrated schematically in

(c) Type 3 Connector Fig. 19. It is intended that desiygn.
analysis and super-assemblage experi-

PL6 x11/2" x 1/4"
ASTM A36 Steel

3/8" dia. deformed studs

10 degrees

N

Fig. 16. Flange connectors for double-tee units (University of Wisconsin-Madison).
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ment tasks be undertaken by separate
research teams. A key element of each
study will be the input from an indus-
try advisory group whose tasks will
include assisting in translating the
generic connection systems selected
for study into technically and econom-
ically feasible design details, assis-
tance with design details of the super-
assemblage experiment, as well as
providing a general technical and eco-
nomic overview of the studies.

Precast Frame Project

Precast frame studies for ductile-
connection systems have been suffi-
ciently developed in Phases I and II
for detailed plans for Phase III to be
initiated. An overview of the planned
project follows.

Design studies — Two buildings,
one five stories tall and the other fif-
teen stories tall, will be designed for
two different sites, representing UBC
Zone 2 and Zone 4 seismicity, respec-
tively. At least two of the generic con-
nection systems discussed above will
be adopted for the structural system.
Based on the initial results from these
designs, the structural system for the
super-assemblage experiment will be
selected by the design teams with input
from the industry advisory group.

A detailed design for the super-as-
semblage structure will then be pre-
pared using the displacement-based
design approach outlined above. It is
expected that this task will be carried
out by a consortium of researchers
from Nakaki and Englekirk and the
University of Washington, with input
from PRESSS Phase II researchers.

Analytical studies — The analyti-
cal group will take the designs pre-
pared by the design group and subject
them to dynamic inelastic time-history
analyses using the DRAIN family of
computer codes developed in Phase I
of the PRESSS program. Seismic
input will be artificial or “massaged”
accelerograms matched to the Zone 2
or Zone 4 design spectra. Larger-than-
design level earthquakes will also be
run to determine response and damage
levels under extreme events, such as
ground motion recorded in the 1994
Northridge earthquake, which in the
near-field region significantly ex-
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Fig. 17. Elements of displacement-based design procedure.

ceeded that implied by UBC Zone 4.
Further tasks will involve develop-
ment of the input motion for the
super-assemblage experiments and a
prediction of the experimental re-
sponse. This will be carried out before
the experiment (i.e., a true prediction
not a “post-diction,” as is more com-
mon). This task is scheduled to be

carried out by Lehigh University.
Super-assemblage experiment —
The purpose of the super-assemblage
experiment is to provide experimental
confirmation of design and analyses
studies using a physical model of suffi-
cient size and complexity to represent
all the typical connections and interac-
tions of a typical structure. For a pre-
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cast frame structure, the minimal
super-assemblage structure is repre-
sented by Fig. 20. A five-story two-bay
by two-bay frame representing a pre-
cast building with perimeter seismic
frames and an internal gravity support
system is modeled at eight-tenths full-
size to enable the structure to be tested
at the Charles Lee Powell Structural
Research Laboratories of the Univer-
sity of California at San Diego. Model
story height will be 10 ft (3 m), with a
bay length of 20 ft (6 m).

In addition to providing experimen-
tal verification of the design and analy-
sis procedures developed in the
PRESSS program, particular interest in
the testing will be focused on the per-
formance of the precast floor system
and the gravity support system. The
design and industry advisory group
will have to decide whether the floor
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system should be untopped or topped.
In order to investigate floor connec-
tion and performance to the maximum
extent possible, the precast floor system
will be laid transversely and longitudi-
nally at alternate floors with respect to
the direction of applied seismic forces
and displacements. An internal “non-
seismic” column will be designed to
sustain the deformation imposed by lat-
eral response of the seismic-resisting
frames. Inadequate design of non-seis-
mic columns was a problem in the per-
formance of precast buildings in the
Northridge earthquake,” and confirma-
tion by this test that such details can be
made to perform well will be a valuable
addition to the program.
Consideration is being given to
model construction using different
generic structural systems for the two
seismic frames parallel to the loading

direction. Although this would add
complexity to the test program, it
would provide valuable additional
data. An alternative approach would
be to use a slightly smaller scale (ap-
proximately six-tenths full-size) and
to use different structural systems for
the longitudinal and transverse seis-
mic frames. After initial testing of
one structural system, the model
could be jacked up off the floor, ro-
tated 90 degrees and retested in the
orthogonal direction. The reduced
scale would be necessary to accom-
modate the diagonal dimension of the
building within the test hall dimen-
sions during rotation.

The structure will be subjected to
four successive levels of seismic exci-
tation, using multi-degree-of-freedom
pseudo-dynamic test techniques,
which have previously been success-
fully developed at UCSD for a full-
size five-story masonry super-assem-
blage.” The levels will represent: (1)
elastic response at close to “yield”
level; (2) serviceability limit state; (3)
design level excitation; and (4) “ex-
treme” seismic event, taken as 1.5
times the design level excitation.

Existing hydraulic equipment, data
acquisition systems, test and reference
frames, control and data recording
computers available from the earlier
five-story masonry building test and
subsequent large scale experiments
make the super-assemblage test rela-
tively inexpensive in terms of hard-
ware acquisition. It is expected that
the industry will provide the precast
elements to further reduce the costs to
the extent that the cost can be met by
the PRESSS financial sponsors.

Final design recommendations —
Much of the design recommendation
work has been carried out in PRESSS
Phases I and II. However, the design
and analytical studies carried out in
Phase III will be essential to provide
final calibration of the proposed de-
sign procedures. In particular, refine-
ment is required of information on the
inelastic deflection profiles developed
at maximum response of the generic
connection systems for use in the dis-
placement-based design approach, and
capacity-design factors relating re-
quired strength of elastically respond-
ing elements and connections is re-

PCI JOURNAL



quired for the different systems for
both force-based and displacement-
based design approaches.

The ultimate goal will be to develop
design guidelines for precast/pre-
stressed concrete structures in various
seismic zones that can be incorporated
into the model building codes.

Precast Panel Project

The precast panel building project is
less well developed at this stage than
that for the frame building project.
This is a consequence of the reduced
level of funding that has thus far been
available from NSF for panel struc-
tures. It is intended that proposals will
be submitted to NSF in the near future
to seek funding for additional research
on precast panel structures. Following
this research, the Phase III panel pro-
ject will be initiated. Thus, it is ex-
pected that the frame and panel com-
ponents of PRESSS Phase III will be
undertaken sequentially, rather than in
parallel, although it is likely that some
overlap will occur. Financial con-
straints also point to the need for se-
quential phasing of the research in
Phase III.

CONCLUDING REMARKS

Viable connection systems and de-
sign methodologies have been devel-
oped in PRESSS Phases I and II for
precast frame and panel structures.
Particular emphasis has been given
to the determination of the hysteretic
characteristics of different generic
connection systems, rather than of
specific design, to maximize the util-
ity of the information provided by
the PRESSS program. The anticipa-
tion that the PRESSS research would
be converted into innovative, spe-
cific, technically and economically
feasible design details has already
started with the development of the
Pankow system® and the Englekirk/
Nakaki system.*

Plans are being prepared for
PRESSS Phase III, which will consist
of design and analysis studies of com-
plete precast frame and panel struc-
tures. Of particular emphasis will be
the displacement-based design ap-
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Fig. 20. Eight-tenths full-size precast frame super-assemblage.

proach, which appears particularly
suitable for precast systems whose in-
elastic deformation characteristics dif-
fer significantly from reinforced con-
crete or structural steel systems.

The Phase III studies will be an-
chored by near full-scale experiments
on super-assemblages that model the
important interactions between orthog-
onal seismic-resistant bracing ele-
ments, between seismic and gravity
supporting systems, and between floor
systems and seismic bracing systems.
The super-assemblages will provide

verification of the design and analysis
procedures developed in PRESSS and
give valuable confirmation of the ex-
cellent seismic performance and low
damage possible with properly de-
signed precast systems.

The ultimate goal is to develop de-
sign guidelines that emphasize the in-
herent advantages of precast systems
for seismic resistance. These guide-
lines will be prepared for precast/pre-
stressed concrete structures in various
seismic zones that can then be incorpo-
rated into the model building codes.
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