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Abstract

Concrete shear walls are a cost-effective way of providing lateral load resistance
for structural systems located in seismic regions. If concrete shear walls are
precast and rely on unbonded post-tensioned tendons for flexural reinforcement,
then the structural damage observed in conventionally reinforced cast-in-place
shear walls arising from tensile stress transfer can be avoided altogether. Over
the past decade, it has been recognized that excellent seismic performance of
precast concrete shear walls can be mobilized by utilizing post-tensioned
unbonded vertical reinforcement in precast shear walls to create extensible
connections that allow controlled rocking. Another important advantage of post-
tensioned precast concrete shear walls, and one which has not been studied
extensively, is their superior self-centering characteristic. The self-centering
property of unbonded post-tensioned walls is generally attributed to the presence
of the post-tensioning force. However, the experimental results presented in this
study indicate that the post-tensioning force may completely die out during
cyclic loading while the wall retains its self-centering characteristic. Moreover,
analytical study, verified with experimental results, indicates that with proper
design of end-anchorages for post-tensioned tendons, self-centering can be
achieved even when the post-tensioning force dies out completely. The study
summarized here investigates the self-centering ability of unbonded precast
concrete shear walls, particularly the effects of post-tensioning force, tendon
layout, and the end-anchorage detail.

Keywords:  seismic performance, self-centering, unbonded tendons, precast
concrete, shear walls, post-tensioning.
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1 Introduction

Conventional concrete shear walls that are a part of monolithic structures are
expected to undergo significant structural damage (flexural and shear cracking,
toe crushing, and rebar fracture and buckling) and residual lateral displacement
during seismic events. Thus, the economic impacts of the associated seismic
damage can be significant. Precast concrete shear wall structures, on the other
hand, are significantly different in terms of expected structural behavior. As
such, different design philosophies have been developed for precast structures in
the USA [1, 2] where precast concrete structural systems fall into two design
categories. The first design one is “emulation construction”, in which precast
structures are detailed to emulate monolithic reinforced concrete structural
systems. The second alternative is “jointed construction”, in which precast
members are interconnected predominantly by dry joints (i.e., requiring no
concrete to be cast at the site).

In general, the non-emulative design philosophy is preferred as it allows
certain joints between the precast members to undergo inelastic deformations
without significant damage. This inherent characteristic can be used for seismic
resistance. For precast shear wall, joints between panels may open and close, and
undergo inelastic deformations without significant damage. These locations
provide deformation capacity and, possibly, energy dissipation in precast
structural systems [3].

Over the past decade, it has been recognized that the seismic performance of
precast concrete structures can be improved if the flexural reinforcement is post-
tensioned and placed inside ducts that are left ungrouted (i.e., unbonded). Due to
the lack of bond between reinforcement and concrete, damage is not introduced
in the concrete through bond stress transfer from the reinforcement [3, 4-7].
However, there is limited information related to their self-centering capability
precast walls. Their self-centering capability has generally been attributed to the
presence of post-tensioning force, which has led to concerns that the post-
tensioning force may significantly decrease or completely die out during seismic
loading as the wall rocks and the tendon is elongated. However, this relationship
and its underlying causes have not been investigated explicitly, and a detailed
investigation of the self-centering mechanism of precast shear walls is needed.

2 Background

Figure 1 shows a test specimen representing a typical post-tensioned precast
concrete shear wall with tendons that are placed in ducts and left unbonded over
wall height. During erection, the only wet concrete that is used is dry-pack grout
between panels, footings and floor slabs. The only locations where wet concrete
is placed during erection are the connection surfaces between wall panels, or
between the panels and footing or floor slabs, where dry-pack grout is used to fill
the gaps and provide uniform bearing stress transfer.
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Figure 1: Test specimen of unbonded, post-tensioned precast shear wall.

Unbonded tendons are anchored to the wall panels only at anchorage and
tensioning locations, of which feature eliminates bond stress transfer and the
associated tensile cracking damage in the concrete. For the case of oversize
ducts and straight tendons, friction losses are negligible, and the uniform strain
distribution along the tendons delays tendon yielding and rupture. Under seismic
loading, the loading and unloading branches of the force-displacement relation
are close to each other by virtue of small amount of damage to the materials.
And, upon unloading, little residual drift is observed.

An extensive research program conducted in the USA to utilize the concept of
jointed precast concrete structures [8] has shown that unbonded, post-tensioned
shear walls can be used as the primary lateral load carrying element in regions of
high seismicity. This study culminated with a series of pseudo-dynamic tests of a
large-scale (1:0.6) five-story precast concrete building. The behavior of the
unbonded precast shear wall was excellent, with only minor non-structural
damage in the loading direction that included shear walls. The residual drifts in
the wall direction after design level excitation did not exceed 0.06% after
sustaining a top drift of 1.8% of structure height.
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3 Experimental investigation

Schultz et al. [3] conducted an experimental investigation, as part of the PRESSS
program, investigate the characteristics of connection regions in jointed precast
shear walls. One shear wall specimen (PTT), which featured unbonded, post-
tensioned tendons (PTT) at a horizontal joint, was a 2/3-scale representation of
the lowest two stories of a prototype precast concrete shear wall in a six story
precast office building. Concrete with a compression strength of 34.5 MPa
(5,000 psi) was used in conjunction with 1,124 MPa (163 ksi) post-tensioning
bars, the latter which were spliced using standard couplers. The vertical bars
were placed in oversized ducts and anchored to the walls at the top and at the
foundation level. A 19mm (3/4 in.) thick layer of high-strength dry-pack mortar
was placed between panels at horizontal joints.

Six tendons with a 16mm (5/8 in.) diameter were uniformly placed in the
connection region, even though PRESSS recommendations suggest tendon
placement near the middle of the wall to protect them from large tension strains.
Uniform distribution was used to limit out-of plane movement. The bars were
initially post-tensioned to 60% of tendon strength (i.e., 695 MPa, 95 ksi). Spiral
reinforcement was provided at the edges of the panels to confine the concrete as
large compression strains were expected in these regions due to wall rocking.

Specimen PTT was tested at the National Institute of Standards and
Technology (NIST) using the Tri-directional Test Facility (TTF) [9] under quasi-
static loading. In-plane horizontal drift and overturning moment were applied to
specimen PTT, in addition to a constant vertical load for a net vertical
compression stress equal to 689 Pa (100 psi).

200

150

100

wn
(=]
|

Lateral Load (kN)
&
[ [
| |

Lateral Load (kips)

7 g / : ; Experiment | | -30
150 7 ‘ Z / A 7 | —e— Analysis N

-200 } } } } }
-3 -2 -1 0 1 2 3
Top Drift (%)

Figure 2: Specimen PTT experimental and analytical response.
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Figure 3: Bar force-drift relationship for tendon EI.

The overturning moment at the top of the specimen represented the continuity
moment at an elevation equal to one-third of total wall height from the base of
the prototype six-story shear wall.

The lateral force-drift response of specimen PTT (Fig. 2) was stable with
small, but finite energy dissipation capacity and good self-centering capacity.
High initial stiffness and linear behavior were observed until a gap began to open
along the horizontal joint, after which the behavior became nonlinear. The
stiffness of the wall, at a drift of approximately 0.2%, started to decay gradually
due to both yielding of the reinforcement and gap opening at the joint region.
The peak lateral load capacity of 178 kN (40 kips) was maintained throughout
the loading history despite the fact that most tendons lost their post-tensioning
force by the end of the loading history (Fig. 3). In spite of the decay in both
stiffness and post-tensioning force, the wall preserved its self-centering ability
during the test, with almost no residual displacement up to a maximum drift of
2.5%. The test was stopped because the stroke capacity of actuators was reached.

4 Analytical modeling

Nonlinear static analyses of specimen PTT were carried out using a model
developed with the DRAIN-2DX program [10]. Kurama et al. [11] first
described the use of DRAIN-2DX for the analysis of precast concrete shear walls
with unbonded, post-tensioned tendons. Four types of elements (truss, concrete
fiber, rigid link, and tension link) were used. Concrete fiber elements served to
model the wall panels and they did not include reinforcement because the
unbonded post-tensioning tendons were the only reinforcement placed
continuously through the horizontal joint. Vertical and horizontal non-
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prestressed reinforcement were not continuous beyond panel edges. Truss
elements were used to model the post-tensioning tendons, and these elements
were not connected (i.e., unbonded) to the concrete panels. A rigid link element
was used at the top of the wall to connect the degrees of freedom of the truss
elements (i.e., tendons) to those of the fiber elements (i.e., wall panels) and
ensure compatibility. Tension link elements (rigid in tension and slack in
compression) were used at the ends of each tendon to prevent them from
developing compression. The tendons did not bear against any surface beyond
the anchor plates to develop such compression resistance (Fig. 1).

The load sequence included an initial application at the top of the wall of a
constant vertical load of 214 kN (48.0 kips), 13 kN (3.0 kips) of which was wall
weight. Then a post-tensioning force of 121 kN (27.3 kips), which was slightly
higher than the test value 118 kN (26.6 kips), was applied to each tendon. The
post-tensioning force decreased to the test value upon application due to elastic
shortening of the concrete. The experimental cyclic lateral drift and top moment
histories were applied next to obtain the response of the wall (Fig. 2). No
significant differences in stiffness, lateral load capacity and absorbed energy are
observed in the computed response relative to that measured in the experiments.
Most importantly, the self-centering behavior of the model shows good fidelity
with the experimental results.

Figure 3 shows the computed and measured force versus lateral displacement
relationships for the third tendon (EI), from the left edge of the specimen. The
force-drift curve for tendon EI predicted with the DRAIN-2DX model is slightly
stiffer than that obtained from the experiment, specifically in unloading branches
where the specimen exhibited stiffness degradation with increasing drift.
Figure 3 also indicates that the post-tensioning force vanished at a drift ratio
equal to zero after the drift ratio had achieve a value of approximately 2.2%. This
means that the remaining tendons lost their post-tensioning force at smaller drift
values given their proximity to the edges of the panel. Yet, specimen PTT
exhibited good self-centering behavior through all of the cycles at 2.5% drift,
even though all of the post-tensioned force was lost for drift values larger than
2.2%.

5 Self-centering ability of post-tensioned shear walls

The superior self-centering behavior of unbonded, post-tensioned walls is, in
general, attributed to the presence of a finite post-tensioning force. However, the
experimental and analytical findings presented suggest that post-tensioning force
is not the only source of self-centering behavior. Vertical compression is
generated by permanent loads (e.g., wall weight plus any additional dead load),
semi-permanent loads (e.g., live loads), and transient loads (e.g., loads associated
with vertical seismic excitation). In the case of specimen PTT, wall weight and
external compression provided 214 kN (48 kips) of constant vertical load which
was present to resist lateral loading even when post-tensioning force vanished.
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The effect of several structural design parameters on the self-centering
response of specimen PTT are investigated below. These parameters include:
(1) tendon end-anchorage detail; (2) initial tendon stress; and (3) tendon location.

5.1 Tendon end-anchorage detail

The tendons used for specimen PTT (Fig. 1) were anchored in pockets which did
not allow bearing of the tendon ends, such that the bars could not develop
compression once the post-tensioning force died out. Tendons with anchorages
that cannot undergo compression are referred to as “compression-prevented”
tendons, whereas tendons with anchorages that allow compression are referred to
as “compression-allowed” tendons. Thus, a variation of the analytical model for
specimen PTT was developed which did not include the “rigid-slack” link
elements described earlier, such that the tendons were modeled as “compression-
allowed” to investigate the effect of the end-anchorage detail on wall behavior.
Figure 4 shows the force-displacement response predicted by the model with
compression-allowed tendons.
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Figure 4: Predicted response of specimen PTT with tendons that develop
compression, or tendons that do not develop compression (but have
no initial prestress).

Despite the presence of the post-tensioning force, the predicted self-centering
behavior of the wall with compression allowed tendons is inferior to that of the
wall with compression prevented-tendons (Fig. 3). This difference is due to
permanent elongation of the compression-allowed tendons, which take place at
large drifts when the post-tensioning force has vanished.
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5.2 Initial tendon stress

Another variation of the DRAIN-2DX model of specimen PTT was used to
investigate the effect of the magnitude of post-tensioning stress on self-centering
behavior. For that case, no post-tensioning force was applied to the tendons
(0y=0) which were modelled as “compression-prevented”. Figure 4 shows the
predicted lateral force-top drift response of the wall for such conditions.

The absence of initial post-tensioning force resulted in large reductions in
initial stiffness and energy dissipation during cyclic loading. However, the model
preserved its superior self-centering behavior despite the absence of post-
tensioning force. The presence of axial load and compression-prevented tendons
was sufficient to preserve the self-centering behavior of the wall under cyclic
loading. Tendons that are initially unstressed, but snug tight (i.e., with no slack),
develop force as soon as the horizontal joint opens under lateral loading.

5.3 Tendon location

Two additional variations of specimen PTT were modeled by varying tendon
location. In the first model, the outermost tendons on both sides of the wall were
removed, and the area of the remaining two tendons (i.e., centered tendons) was
tripled. The modified wall had the tendons were concentrated over the middle of
wall length. In the second model, the four tendons closest to the wall center were
removed, and the area of the two outermost tendons (i.e., edge tendons) was
tripled. Thus, the tendons were concentrated along the wall edges. In both cases
the tendons were not allowed to develop compression.
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Figure 5: Predicted response of specimen PTT with compression-prevented
tendons that are placed in the center of the wall, or along the edges.
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The predicted lateral load-drift relationships for the “centered tendon” and
“edge tendon” models of the wall are presented in Fig. 5. The stiffness and
energy absorption capacities of “centered tendon” model are considerably
smaller than those of the “edge tendon” model, or even the original model
(Fig. 2). These differences are due to the reduction in tendon arm (i.e., distance
from tendon to wall center) which decreases tendon strain change per unit of gap
opening. However, the response of the walls indicates that moving the tendons
towards the center or the edge of the wall does not affect self-centering behavior.

6 Conclusions

Based on the experimental observations cited and the results predicted by the
analytical models developed in this study, the following conclusions are made:

1. The DRAIN-2DX modeling techniques described here can be used to
predict the lateral load response of precast concrete shear walls with
unbonded, post-tensioned tendons.

2. Unbonded, post-tensioned precast concrete shear walls rely on the total
combination of post-tensioning force, wall weight and net external vertical
compression load to develop resistance to lateral loads as well as self-
centering ability.

3. The end-anchorage detail of unbonded tendons can significantly affect the
hysteresis and self-centering behavior of unbonded walls.

4. Initial post-tensioning force has negligible effect on self-centering behavior
of unbonded walls if the tendons are compression-prevented.

5. The distribution of tendons has negligible effect on self-centering behavior
of the walls, but it may significantly affect the lateral stiffness and energy
absorption capacity of the walls.
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