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Recent research has shown that post-tensioned precast concrete lateral
load resisting walls that do not emulate the behavior of monolithic
cast-in-place reinforced concrete walls have desirable seismic
characteristics such as a sell-centering capability and an ability to
undergo nonlinear lateral displacements with little damage. The
biggest disadvantage of these walls under earthquake loading is an
increase in the lateral displacements as a result of small energy
dissipation. This paper investigates a “hybrid” precast wall system that
uses mild steel reinforcement in addition to the post-tensioning steel
for flexural strength and inelastic energy dissipation. An analytical
parametric study is conducted to compare the expected seismic
behavior of a series of prototype walls with different amounts of mild
steel and post-tensioning steel. Nonlinear dynamic time history
analyses of the walls indicate that the use of mild steel reinforcement
results in a considerable reduction in the lateral displacements of the
walls under earthquake loading, particularly for walls in regions of
high seismicity and with shorter periods of vibration. The results of
these analyses are used to present preliminary design implications for
the use of hybrid post-tensioned precast walls in seismic regions.

I
n recent years, a significant amount
of research has been conducted on
precast concrete wall systems for

seismic regions of the United States as
a part of the PRESSS (PREcast Seis
mic Structural Systems) research pro
gram1-3and other research programs.4
One of the precast wall systems that
has successfully emerged from the
PRESSS program is the unbonded
post-tensioned wall system.

As an example, Fig. 1(a) shows the
elevation and cross section of a six
story wall, which is constructed by
post-tensioning precast wall panels
across horizontal joints using high
strength post-tensioning bars that are
not bonded to the concrete.”2The
post-tensioning (PT) bars are placed
inside oversize ducts that are not
grouted, and they are anchored only at
the roof and at the foundation. The
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bars provide flexural reinforcement to
the wall to resist lateral loads.

Dry-pack or grout may be used be
tween the wall panels to maintain con
struction tolerances and alignment.
Spiral reinforcing steel is used in the
base panel to confine the concrete near
the ends of the wall at the base. Wire
mesh is used as bonded steel rein
forcement in the wall panels. The wire
mesh reinforcement is not continuous
across the horizontal joints and, thus,
does not contribute to the flexural
strength of the wall.

Under lateral loads, the desired non
linear behavior of unbonded post-ten
sioned precast walls is an axial-flexu
ral behavior that is governed by the
opening of discrete gaps along the
horizontal joints between the wall pan
els and between the wall and the foun
dation [see Fig. 1(a)].1’2 A design ap
proach to achieve this behavior in the
walls under earthquake loading is ex
plained in Kurama et al.1

The opening of the first gap in a
wall is expected to occur along the
base-panel-to-foundation joint when
the precompression stresses at the base
of the wall due to gravity and post-ten
sioning loads are overcome by the
flexural stresses that develop at the
tension side of the wall due to the lat
eral loads.12

The opening of the gaps along the
horizontal joints occurs with little or
no cracking in the wall panels since
the post-tensioning bars are not
bonded to the concrete and, thus, the
stress transfer between the post-ten
sioning steel and the concrete due to
bond is eliminated. The size of the
gaps is controlled by the restoring ef
fect of the post-tensioning steel, which
develops as the bars are stretched (i.e.,
elongated) due to the opening of the
gaps. This restoring force closes the
gaps upon unloading of the wall from
a nonlinear lateral displacement.

As a result of the use of unbonded
steel bars as flexural reinforcement
and the opening of discrete gaps along
the horizontal joints, the behavior of
unbonded post-tensioned precast walls
under lateral loads is significantly dif
ferent from the behavior of flexural
monolithic cast-in-place reinforced
concrete walls (i.e., cast-in-place walls
with behavior under lateral loads gov
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post-tensioning steel and, thus, the
nonlinear straining (i.e., yielding) of
the post-tensioning steel during the
lateral displacements of a wall is sig
nificantly delayed or prevented. Fur
thermore, cracking in the wall panels
is reduced. Compared with monolithic
cast-in-place walls, unbonded post-
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Fig. 1. Precast walls: (a) unbonded post-tensioned wall; (b) hybrid wall.

erned by flexural deformations rather
than shear deformations). Compared
with monolithic cast-in-place walls,
unbonded post-tensioned walls are ex
pected to have the following desirable
seismic characteristics:”2

I. The use of unbonded bars results
in a uniform strain distribution in the
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tensioned precast walls can undergo
large nonlinear lateral displacements
with little damage.

2. The restoring force provided by
the post-tensioning steel results in a
self-centering capability of the walls
upon unloading (i.e., an ability to re
turn to the original undisplaced posi
tion upon unloading from a large non
linear displacement). This means that
the residual (i.e., permanent) lateral
displacements of an unbonded post-
tensioned wall at the end of a severe
earthquake are expected to be small.

The most significant disadvantage
of unbonded post-tensioned precast
walls under seismic loading is that the
amount of inelastic energy dissipation
is small since the yielding of the post-
tensioning steel is delayed or pre
vented due to the use of unbonded
bars. As a result, the lateral displace
ments of an unbonded post-tensioned
wall during an earthquake can be con
siderably larger than the displace
ments of a comparable monolithic
cast-in-place reinforced concrete
wall.”4’5

In order to increase the amount of
energy dissipation, the use of supple
mental metallic-yield dampers along
vertical joints between two or more
walls has been investigated experimen
tally by Priestley et al.3 and analyti
cally by Perez.6 The use of friction

dampers and viscous fluid dampers in
the walls was investigated by Ku
rama.4’5

As an alternative, this paper investi
gates a “hybrid” precast wall system
that uses bonded mild steel reinforce
ment crossing the horizontal joints, in
addition to the unbonded post-tension
ing steel. First, an analytical paramet
ric investigation is conducted on the
nonlinear behavior of twelve proto
type walls with different amounts of
mild steel and post-tensioning steel
under combined gravity and lateral
loads. Then, a series of nonlinear dy
namic time history analyses are car
ried out to investigate the effect of the
mild steel on the expected behavior of
the walls under earthquake loading.

Walls designed for regions with
high seismicity (e.g., coastal Califor
nia), as well as for regions with mod
erate seismicity (e.g., Boston, Mas
sachusetts), are considered. The effect
of the number of stories on the behav
ior of the walls is investigated. Based
on the results from the parametric
analyses, preliminary recommenda
tions for the use of the walls as pri
mary lateral load resisting systems in
seismic regions are provided. These
recommendations may be useful as
background in the development of
seismic design guidelines for hybrid
precast walls.

As an alternative to using supple
mental energy dissipation devices
such as metallic-yield, friction, and
viscous fluid dampers, it is also possi
ble to reduce the seismic displace
ments of unbonded post-tensioned
precast walls by using bonded de
formed mild steel reinforcement cross
ing the horizontal joints, particularly
the base-panel-to-foundation joint as
shown in Fig. 1(b). Properly designed
and detailed mild steel reinforcement
will yield in tension and compression
during the cyclic lateral displacements
of a wall, thus dissipating energy.

The concept of combining post-ten
sioning steel for flexural strength and
self-centering with mild steel for in
elastic energy dissipation has been
previously applied to beam-to-column
joints in precast concrete lateral load
resisting frames at the National Insti
tute of Standards and Technology
(NIST)7-9and at the University of Cal
ifornia at San Diego.3”°

As an example, Fig. 2 shows a hy
brid precast frame beam-column sub-
assemblage with multi-strand post-ten
sioning tendons and mild steel bars
used through the beam-to-column
joints. The mild steel bars are located
near the top and bottom of the beams
in order to maximize the nonlinear
strains in the bars and, thus, the
amount of energy dissipated during an
earthquake.

The post-tensioning tendons and the
mild steel bars are placed inside ducts
preformed in the beam and column
members as described by Stone et al.7
and Stanton et al.8 Each beam has a
rectangular cross section at its ends
and, near midspan, it has a trough at
the top and bottom. During construc
tion, the mild steel bars are placed in
the trough and passed through the ducts
at the end of the beam, which align
with matching ducts in the column.

The bond between the post-tension
ing tendons and the concrete is pre
vented inside the column and over a
certain length at the ends of the beams
to delay the yielding of the tendons
and to reduce the cracking of the con
crete. Similarly, the bond between the
mild steel bars and the concrete may
be prevented over a certain length at

Beam Beam

Fig. 2. Hybrid precast frame beam-column subassemblage.
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the ends of the beams (by wrapping
the bars) to prevent fracturing of the
mild steel and reduce cracking of the
concrete during the deformations of
the bars in tension. Adequate anchor
age is provided to the mild steel bars
by grouting the ducts inside the beams
and the column.

Previous experimental and analyti
cal investigations3’7-’0of systems sirni
lar to the system in Fig. 2 have shown
that hybrid precast frames possess ex
cellent seismic characteristics, includ
ing self-centering capability and sig
nificant energy dissipation. The
results of these investigations have
led to the successful development and
application of guidelines for the de
sign of hybrid precast frame structures
for use in seismic regions.”13 Similar
seismic design guidelines and recom
mendations are needed for hybrid pre
cast walls.

In the hybrid precast wall system in
vestigated in this paper, most of the
mild steel reinforcement is placed near
the two ends of the wall [see Fig. 1(b)]
similar to the placement of the mild
steel reinforcement near the top and
bottom of the beams in Fig. 2. As
compared with monolithic cast-in-
place reinforced concrete walls with
similar flexural strength and stiffness,
the amount of mild steel that would be
needed in a hybrid precast wall is
smaller because a portion of the wall’s
resistance to lateral loads is provided
by the post-tensioning steel.

Similar to the construction of the
hybrid precast frame system described
above, the mild steel bars are passed
through preformed ducts in each wall
panel, which align with matching
ducts in the other panels and the foun
dation. The mild steel reinforcement is
anchored to the foundation and the
wall panels by grouting the ducts, and
is extended a sufficient height above
the base of the wall, after which it may
be terminated [Fig. 1(b)].

In order to reduce cracking of the
concrete and prevent fracturing of the
mild steel, the bond between the steel
and the concrete may be prevented
over a certain height above the base-
panel-to-foundation joint and at the
panel-to-panel joints by wrapping the
reinforcement in a manner similar to
that shown in Fig. 2.

ANALYTICAL MODELING

Analytical modeling of the walls in
vestigated in this paper is based on a
previous model developed for walls
without mild steel reinforcement. The
previous model is described in detail
by Kurama et al.2”4 As an example,
Fig. 3(a) shows the analytical model
for a six-story wall. Fiber beam-col
umn elements are used to represent the
concrete wall panels, and truss ele
ments are used to represent the Un-
bonded post-tensioning steel. The ver
ification of the model is described in
Kurama et al.2 and Kurama.5

Modeling of the Wall Panels

Each fiber beam-column element
[Fig. 3(a)] modeling the wall panels
consists of a number of parallel fibers
in the direction of the height of the
panel. The fiber elements used to
model the wall panels described in
Kurama et al.2”4 do not include any
steel fibers (i.e., only concrete fibers
are used to model a wall panel). This
is because the walls investigated by
Kurama et al. do not have any bonded
steel reinforcement crossing the hori
zontal joints to provide flexural
strength to resist lateral loads.

Different from this previous model,
the analytical model described in this
paper includes steel fibers to represent
the bonded mild steel reinforcement
used in the wall panels. Similar to the
previous model, the wire mesh used in
the panels is not included in the fiber
elements since the wire mesh is not
continuous across the horizontal joints
and, thus, does not contribute to the

.-.1 .-.c÷i-. 11
1Is,,AuraI L1L’1i5L.L1 ‘.ii Wa11.

Each concrete or steel fiber used in
the analytical model has a location in
the panel cross section, a cross-sec
tional area, and a uniaxial stress-strain
relationship. The mild steel reinforce
ment is assumed to be adequately an
chored and fully bonded to the con
crete, ignoring any slip due to
anchorage or bond failure. Thus, the
strains in adjacent steel and concrete
fibers (across the wall thickness) are
assumed to be the same.

Typically, a larger number of fiber
elements and fibers are used to model
the wall panels near the base of a wall
where the nonlinear behavior is ex

pected to concentrate (as compared
with the upper story wall panels). The
stress-strain relationship of each fiber
is a multi-linear idealization of the
smooth uniaxial stress-strain relation
ship for either the mild steel, the spiral
confined concrete, or the unconfined
concrete (i.e., concrete ‘outside the spi
rals) in the panels.

The assumed stress-strain relation
ship for the mild steel is shown in Fig.
3(b), which is based on experimental
results reported by Paulay and Priest
ley.’5 The stress-strain relationships of
the unconfined concrete [Fig. 3(c)]
and the spiral confined concrete are
based on a model developed by Man
der et al.’6 Young’s modulus for con
crete, E, is assumed to be equal to
57,000 [j (in psi). The concrete con
finement provided by the wire mesh
used in the wall panels is ignored.

Modeling of the Unbonded
Post-Tensioning Bars

Each unbonded post-tensioning bar
in a wall is modeled using a series of
truss elements connected to each other
at the floor levels. The post-tensioning
of the wall is simulated by initial ten
sile forces in the truss elements, which
are equilibrated by compressive forces
in the fiber elements.

At the base of the wall, the truss ele
ment nodes are assumed to be fixed to
the foundation. At the top of the wall
(i.e., at the roof), the truss element
nodes are kinematically constrained to
the fiber element node to model the
anchorages between the post-tension
ing bars and the wall [see Fig. 3(a)].
Thus, the horizontal, vertical, and ro
tational displacements of the truss ele
ment nodes at the roof are constrained
to the displacements of the fiber ele
ment node at the roof.

At each floor level, the truss ele
ment nodes are kinematically con
strained to the corresponding fiber ele
ment node at the same level assuming
that the post-tensioning bars and the
wall panels go through the same lat
eral displacements. Only the horizon
tal displacements of the truss element
nodes are constrained to the displace
ments of the fiber element nodes at the
floor levels. The vertical and rota
tional displacements of the truss ele
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ment nodes at the floor levels are not
constrained since the post-tensioning
bars are not bonded to the concrete.

The stress-strain relationship of the
truss elements is a bilinear idealization
of the smooth stress-strain relationship
assumed for the post-tensioning steel,
as shown in Fig. 3(d). The yield

strength of the truss elements is as
sumed to be equal to the linear limit
stress (i.e., stress at the limit of pro
portionality) of the post-tensioning
steel stress-strain relationship, frn,.

The linear elastic stiffness of the
truss elements is assumed to be equal
to Young’s modulus for the post-ten-

sioning steel, E. The post-yield stiff
ness of the truss elements, is de
termined by fitting a straight line to
the nonlinear portion of the post-ten
sioning steel stress-strain relationship
between the yield stress, f, and the
ultimate (i.e., peak) stress, f,,,. Since
the steel is not bonded to the concrete,
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Table 1. The prototype walls.

Note: UP = Unbonded post-tensioned wall; HY = Hybrid wall: EM = Emulative wall.

the maximum strains in the post-ten
sioning bars during an earthquake are
expected to remain well below the
strain e corresponding to f, and,
thus, the behavior of the post-tension
ing steel beyond r, is not modeled.

Modeling of Gap Opening

In unbonded post-tensioned precast
walls without bonded mild steel rein
forcement crossing the horizontal
joints, the opening of discrete gaps at
the joints with little or no cracking in
the wall panels can occur since the
post-tensioning steel is not bonded to
the concrete. As a result of gap open
ing, large compressive stresses de
velop near the regions of a wall panel
in contact with another panel or with
the foundation (i.e., contact regions),
while the tensile stresses in a signifi
cant portion of the panel are equal or
close to zero.’7

The compressive behavior of the
wall panels in the contact regions is
modeled using the uniaxial compres
sive stress-strain relationship of the
concrete fibers in the fiber beam-col
umn elements. To model the gap
opening behavior in walls without
mild steel reinforcement, the tensile
strength and stiffness of the concrete
fibers representing the wall panels are
set to zero as described in Kurama et

and verified in Kurama.5
Thus, the gap opening displace

ments that occur at the horizontal
joints are modeled as distributed ten
sile deformations that occur in the
fiber elements over the height of the
wall panels. The reduction in the flex
ural stiffness of a wall as a result of
gap opening’2 is represented by the
zero stiffness of the concrete fibers
that go into tension when the precom
pression stresses due to gravity and

post-tensioning forces are overcome
by the flexural stresses that develop at
the tension side of the wall due to lat
eral loads.

For walls with mild steel reinforce
ment crossing the horizontal joints, the
opening of discrete gaps at the joints is
restricted since the mild steel rein
forcement is assumed fully bonded
and anchored to the concrete. The
steel fibers that are used to represent
the bonded mild steel bars in the wall
panels capture this effect in the analyt
ical model.

While the tensile stresses in the wall
panels above and below a gap at a hor
izontal joint are expected to remain
small, significant tensile stresses may
develop (and cracking may occur) in
the panels away from the horizontal
joint as a result of the bond between
the mild steel reinforcement and the
concrete. To represent these stresses,
the tensile strength of concrete is con
sidered in the modeling of the wall
panels away from the horizontal joints
[see Figs. 3(c) and 3(e)].

For walls with bonded mild steel re
inforcement only (i.e., with no post-
tensioning steel) emulating monolithic
cast-in-place reinforced concrete
walls, the tensile strength of concrete
away from the horizontal joints, fe,, is
assumed to be equal to 7.5 JFJ(in psi).
For walls with no mild steel (i.e., with
post-tensioning steel only), represent
ing unbonded post-tensioned precast
walls, the tensile strength of concrete
is assumed to be equal to zero for the
entire wall as described above.

To achieve a smooth transition be
tween the prototype walls with mild
steel only (i.e., emulative walls) and
the prototype walls with no mild steel
investigated in this paper, the tensile
strength of concrete is assumed to de
crease with the amount of mild steel

used in the walls as shown in Fig. 3(e).
In Fig. 3(e), the amount of mild

steel used in the hybrid walls divided
by the amount of mild steel used in the
emulative walls is referred to as r5.
For example, for a hybrid system with
one-half the amount of mild steel rein
forcement used in the emulative sys
tem (i.e., rse = 0.50), the tensile
strength of concrete is assumed to be
equal to 0.5ft 3.75

Advantages and Limitations
of the Analytical Model

A significant advantage of using
fiber beam-column elements for the
wall panels is that a reasonably accu
rate model can be developed using
only uniaxial stress-strain models for
the concrete, mild steel, and post-ten
sioning steel, and the dimensions of
the wall. The model, referred to as the
fiber wall model, accounts for the
axial-flexural interaction in the wall,
the gap opening along the horizontal
joints, and the hysteretic behavior of
the mild steel, post-tensioning steel,
spiral confined concrete, and uncon
fined concrete (including cracking and
crushing of concrete). Note that buck
ling and low cycle fatigue fracture of
the mild steel bars are not modeled.

The degradation (if any) in the flex
ural stiffness and resistance of the
walls due to increasing lateral dis
placements is modeled; however, any
additional degradation under repeated
displacement cycles to a constant am
plitude is not captured.

As described in detail by Kurama et
al.,”2 the desired behavior of un
bonded post-tensioned precast walls
under lateral loads is governed, pri
marily, by the opening of gaps along
the horizontal joints and, to a smaller
extent, by the axial-flexural deforma

- High seismicity Moderate seismicity
Four-story Six-story j Ten-story . Six-story
p,, p. T p T p p, T : p p5 T

System Wall (%) (%) (see) Wall (%) (%) (see) Wall (%) (%) (sec) Wall (%) (%) (see)
UP PH4 1.55 0 0.48 PH6 1.44 0 0.64 PH1O 1.43 0 0.99 PM6 0.41 0 0.99

— — —

— HH6-25 1.03 0.49 0.63 —
— — . — . — — —

FlY — — — — HH6-50 0.68 0.96 0.61 — — —tHM6-50 0,22 0.32 0.98
— — -

- HH6 7033 1 9 0 59 — — — — — -

EM EH4 0 1.94 0.43 EE16 0 1.83 0.58 EHIO 0 1.88 0.89 : EM6 0 0.62 0.97
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Hg. 4. Elevation and cross section (half wafl length near base) of unbonded post-tensioned walls: (a) PH4; (b) PH6; (C) PH1O; (d) PM6.

tions of the wall panels. Shear slip
along the horizontal joints of the walls
is not desired and is prevented by de
sign,1 because there is no restoring
force to control and reverse the shear
slip displacements that may occur dur
ing an earthquake. Therefore, shear
slip behavior between the wall panels
and between the base panel and the
foundation of the prototype walls in
vestigated in this paper is not expected
and is not modeled.

The fiber wall model accounts for

the linear and nonlinear axial-flexural
(including gap opening) deformations
and linear shear deformations of the
wall panels under lateral loads; how
ever, nonlinear shear deformations of
the wall panels are not modeled. The
nonlinear shear deformations of the
wall panels may be significant, depend
ing on the wall height-to-length aspect
ratio, especially for walls with signifi
cant amounts of bonded mild steel rein
forcement restricting gap opening be
havior (e.g., the emulative walls).

According to Paulay and Priestley,’5
shear deformations in monolithic cast-
in-place reinforced concrete walls
with aspect ratios smaller than 4.0
may need to be considered in seismic
analysis and design. The aspect ratios
of the four-, six-, and ten-story proto
type walls investigated in this paper
(described below) are 2.8, 4.1, and
5.1, respectively. Thus, shear defor
mations of the wall panels may play
an important role in the seismic be
havior of the four-story prototype
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Fig. 5. Plan view of prototype buildings: (a) four-story, high seismicity; (b) six-story, high seismicity; (C) ten-story, high seismicity;
(d) six-story, moderate seismicity.

walls. It is recommended that the re
suits presented below for the four-
story walls be used with caution, keep
ing in mind that the nonlinear shear
deformations of the wall panels were
not modeled.

The foundations for the walls are as
sumed to be fixed to the ground, ig
noring any soil-structure interaction
that may occur during an earthquake.

THE PROTOTYPE WALLS
This section describes the prototype

walls that are investigated in this
paper. A total of four unbonded post-
tensioned walls, four walls that emu
late the behavior of monolithic cast-in-
place reinforced concrete walls under
lateral loads (referred to as emulative
walls), and four hybrid walls are con
sidered as follows (see Table 1).

Unbonded Post-Tensioned Walls
The prototype unbonded post-ten

sioned precast concrete walls were de
signed using the procedure described

by Kurama et al.”2 and the provisions
of IBC-2000.’8A total of four walls
were designed as follows:

1. Wall PH4: a four-story wall for a
region with high seismicity (e.g.,
coastal California).

2. Wall PH6: a six-story wall for a
region with high seismicity.

3. Wall PH1O: a ten-story wall for a
region with high seismicity.

4. Wall PM6: a six-story wall for a
region with moderate seismicity (e.g.,
Boston, Massachusetts).

The walls were designed for a site
with a “medium” soil profile (Site
Class D) using a response modifica
tion coefficient of R = 5 as recom
mended in IBC-2000 for special rein
forced concrete bearing shear walls.
The elevation and cross section views
of the walls and the plan views of the
office buildings for which the walls
were designed are shown in Figs. 4
and 5, respectively.

It is assumed that the walls provide
the entire lateral load resistance in the
north-south direction of the prototype

buildings. The lateral load resisting
frames in the east-west direction of the
buildings are not addressed in this
paper.

The total area of the post-tensioning
steel as a percentage of the gross
cross-sectional area of each prototype
wall (referred to as the post-tensioning
steel ratio, p) is given in Table 1. The
assumed design properties of the con
crete and post-tensioning steel are
shown in Figs. 3(c) and 3(d), respec
tively.

The compressive strength of uncon
fined concrete is assumed to be equal
to f’ = 6.0 ksi (41.4 MPa). The yield
strength and ultimate strength of the
post-tensioning steel are assumed to
be equal to f = 120 ksi (827 MPa)
andf = 160 ksi (1103 MPa), respec
tively, as shown in Fig. 3(d). Young’s
modulus for the post-tensioning steel
is assumed to be equal to E = 29,000
ksi (199955 MPa).

The axial forces near the base of the
walls, Gd and G1, due to the unfactored
design dead loads and the unfactored
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Fig. 6. Cross section (half wall length near base) of emulative walls: (a) EH4; (b) EH6; (c) EH1 0; (d) EM6.

unreduced design live loads, respec
tively, are shown in Fig. 4.

Emulative Walls

Four emulative precast walls,
namely, Walls EH4, EH6, EH1O, and
EM6, were determined using the four
unbonded post-tensioned precast
Walls PH4, PH6, PH1O, and PM6, re
spectively, described above.

One of the objectives of this paper
is to compare the expected seismic be
havior of walls with similar flexural
strengths and initial stiffnesses (and,
thus, similar linear elastic fundamental
periods), but with different amounts of
energy dissipation. Thus, the emula
tive walls investigated in the paper
were determined by replacing the un
bonded post-tensioning steel in the Un-
bonded post-tensioned walls with a
sufficient amount of bonded mild steel
reinforcement to result in similar flex
ural strengths to resist lateral loads.

Note that there may be other meth
ods to emulate the behavior of mono
lithic cast-in-place reinforced concrete
walls, such as by using ductile con
nectors along the horizontal joints be
tween the wall panels and between the
wall and the foundation. These types
of walls are not considered in this
paper since the main focus of the re
search is to investigate the use of mild
steel reinforcement in the walls. Thus,
the only significant difference be-

tween corresponding emulative and
unbonded post-tensioned walls in
Table 1 is the use of bonded mild steel
instead of unbonded post-tensioning
steel.

The cross sections of the emulative
walls are shown in Fig. 6 (for clarity,
the spiral reinforcement used near the
base of the walls is not shown). The
total area of the mild steel reinforce
ment as a percentage of the gross
cross-sectional area of each prototype
wall (referred to as the mild steel ratio,
PS) is given in Table I.

A nominal amount of mild steel (p3
0.25 percent) is distributed at 18 in.

(457 mm) spacing within approxi
mately 70 percent of the wall length in
the middle. The remainder of the mild
steel is distributed at a reduced spac
ing within approximately 15 percent
of the wall length near each end. To
simplify the analysis of the prototype
walls, the mild steel reinforcement is
assumed to extend over the entire wall
height. In practice, the reinforcement
may be terminated at a sufficient
height above the base of the wall;
however, this is not investigated in
this paper.

The yield strength and ultimate
strength of the mild steel are assumed
to be equal to f = 60 ksi (414 MPa)
and f = 97 ksi (669 MPa), respec
tively, with the ultimate strength
reached at a strain of 0.06 as shown in
Fig. 3(b). Young’s modulus for the

mild steel is assumed to be equal to E5
29,000 ksi (199955 MPa).

Hybrid Walls

Four six-story hybrid precast walls
are considered based on the unbonded
post-tensioned walls and the emulative
walls described above. Hybrid Walls
HH6-25, HH6-50, and HH6-75 have,
approximately, 0.25, 0.50, and 0.75
times, respectively, the amount of
mild steel reinforcement used in Wall
EH6 for a region with high seismicity.
Similarly, Wall HM6-50 has, approxi
mately, 0.50 times the amount of mild
steel reinforcement used in Wall EM6
for a region with moderate seismicity.

The amount of the post-tensioning
steel used in the hybrid walls was de
termined so as to result in similar flex
ural strengths as Walls PH6 and PM6
for regions with high and moderate
seismicity, respectively. The cross
sections of the hybrid walls are shown
in Fig. 7 (for clarity, the spiral rein
forcement used near the base of the
walls is not shown). The post-tension
ing steel ratio, p, and the mild steel
ratio, p5, of the walls are given in
Table 1.

BEHAVIOR OF THE WALLS
UNDER LATERAI LOADING

Figs. 8 to 10 show the expected base
shear versus roof drift (V-i) behavior
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Fig. 7. Cross section (half wall length near base) of hybrid walls: (a) HH6-25; (b) HH6-50; (c) HH6-75; (d) HM6-50.

of the prototype walls under combined
gravity loads and reversed cyclic lat
eral loads. The gravity loads acting on
each wall are assumed to be equal to
1 .OOD + O.25L, where D and L are the
unfactored design dead load and the
unfactored unreduced design live load,
respectively. This combination of dead
and live loads is assumed to represent
the amount of gravity load that may be
acting on the walls during an earth
quake.

The base shear, V. is equal to the
sum of the lateral forces applied at the
floor and roof levels, and the roof
drift, A, is equal to the lateral displace
ment at the roof level divided by the
wall height. The distribution of the lat
eral forces over the height of the walls
is assumed to be the same as the distri
bution of inertial forces corresponding
to the fundamental (i.e., first) mode of
vibration from a linear elastic modal
analysis of each structure. Note that
inertial force distributions signifi
cantly different than the assumed fun
damental mode distribution over the
height of the walls are possible during
a large earthquake (e.g., close to a uni
form distribution); however, this is not
investigated in this paper.

Fig. 8 shows the base shear versus
roof drift relationships of the proto

type unbonded post-tensioned Walls
PH4, PH6, PH1O, and PM6. The be
havior of the walls is nearly nonlinear
elastic, characterized by loading and
unloading hysteresis curves that are
very close to each other. The ex
tremely narrow hysteresis loops show
that the inelastic energy dissipation of
the walls is small. A detailed investi
gation of the behavior of walls similar
to the prototype unbonded post-ten
sioned walls in this paper can be found
in Kurama et al.”2

Similarly, Fig. 9 shows the base
shear versus roof drift relationships of
the prototype emulative Walls EH4,
EH6, EH1O, and EM6. Tne hysteretic
behavior of the walls resemble the ex
pected behavior of flexural monolithic
cast-in-place reinforced concrete walls
with slightly pinched hysteresis loops
and considerable energy dissipation. 19-22

There are two important differences in
the behavior of the prototype emulative
and unbonded post-tensioned walls
under cyclic lateral loading:

1. The emulative walls have much
fuller hysteresis loops, indicating sig
nificantly larger inelastic energy dissi
pation.

2. The emulative walls have less
self-centering capability, indicating
the possibility of larger residual (i.e.,

permanent) lateral displacements after
an earthquake.

Note that Wall EM6 [Fig. 9(d)],
which was designed for a region with
moderate seismicity, has a smaller
amount of inelastic energy dissipation
and a larger amount of self-centering
capability than Wall EH6 [Fig. 9(b)1,
which was designed for a region with
high seismicity. This is because the
amount of mild steel reinforcement in
Wall EM6 = 0.61 percent) is about
one-third the amount of mild steel re
inforcement in Wall EH6 (p = 1.88
percent), whereas, as shown in Fig. 4,
the axial force near the base of Wall
EM6 due to the design gravity load is
the same as that of Wall EH6 (see val
ues for Gd and G1). The restoring ef
fect of the gravity load in Wall EM6 is
large enough to provide a significant
self-centering capability to the wall.

Fig. 10 shows the base shear versus
roof drift relationships of the proto
type hybrid Walls HH6-25, FIH6-50,
HH6-75, and HM6-50. As expected,
an increase in the amount of mild steel
reinforcement results in an increase in
the amount of energy dissipation of
the walls.

The thick red lines in Figs. 8 to 10
show the base shear versus roof drift
behavior of the prototype walls under
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1000

Fig. 10. Behavior of
hybrid walls under
lateral loads:
(a) HH6-25;
(b) HH6-50;
(C) HH6-75;
(d) HM6-50.

combined gravity loads and mono-
tonic lateral loads as obtained from
static push-over analyses. Fig. 11 pro
vides comparisons between the push
over analysis results of corresponding
unbonded post-tensioned, hybrid, and
emulative walls.

Figs. 8 to 11 show that the differ
ences in the behavior of the walls
under monotonic lateral loading are in
significant as compared to the differ
ences under cyclic lateral loading. The
small differences in the behavior of the
walls under monotonic lateral loading
occur for two principal reasons:

1. The total post-tensioning force in
a wall decreases as the area of the
post-tensioning steel is decreased
(since the initial stress in the post-ten
sioning steel, f,,, is not varied as
shown in Figs. 4 and 7). This results
in an earlier reduction in the flexural
stiffness (i.e., earlier softening) of the
wall due to earlier gap opening along
the horizontal joints under lateral
loads 2

2. As shown in Table 1, the total

area of the flexural steel (i.e., area of
the post-tensioning steel plus area of
the mild steel) in a wall increases as
the post-tensioning steel is replaced
with mild steel while keeping the flex
ural strength of the wall constant
(since mild steel has significantly
lower tensile strength than post-ten
sioning steel). This increase in the
total steel area results in an increase in
the flexural stiffness of the wall. Note
that, as shown in Fig. 11, the effect of
the steel area on the wall stiffness is
greater after the opening of gaps along
the horizontal joints (i.e., the post-
softening range), since the flexural
stiffness before gap opening (i.e., the
pre-softening range) is governed by
the gross cross section of the wall.

The most significant effect of the
different amounts of mild steel and
post-tensioning steel on the behavior
of the walls under lateral loading is in
the shape of the hysteresis loops and
the amount of inelastic energy dissipa
tion per cycle of loading. This is dis
cussed in more detail below.

Inelastic Energy Dissipation

This section investigates the inelas
tic energy dissipation of the prototype
walls based on the reversed cyclic lat
eral load analysis results in Figs. 8 to
10. For this purpose, the inelastic en
ergy dissipation per loading cycle, Dh,
is calculated as the area enclosed by
the base shear versus roof drift rela
tionship during that cycle. As an ex
ample, the shaded region in Fig. 12(a)
is used to determine Dh for the last
loading cycle (to ±4 = ±2.5 percent,
where z is the maximum roof drift
reached during the cycle) of Wall EH6
in Fig. 9(b).

The inelastic energy dissipation per
cycle, Dh, is normalized with the en
ergy absorbed by an “equivalent” lin
ear elastic system, Ue, which is equal
to the sum of the hatched triangular
areas in Fig. 12(a). As described in
Kurama4 and IBC-2000,18the normal
ized inelastic energy dissipation, dh =

Dh/Ue, is a measure of the amount of
viscous damping in the equivalent lin
ear elastic system that would result in
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Fig. 11. Behavior of
prototype walls

under monotonic
loading:

(a) four-story,
high seismicity;

(b) six-story,
high seismicity;

(c) ten-story,
high seismicity;

Cd) six-story,
moderate

seism icity.

the same amount of energy dissipation
as the nonlinear system.

Note that the behavior of the proto
type walls is symmetric in the positive
and negative directions of loading and,
thus, the amount of energy absorbed
by the equivalent linear elastic system
in the positive direction is the same as
the energy absorbed in the negative di
rection. The stiffness of the equivalent
linear elastic system is assumed to be
the same as the secant stiffness, ksec,
corresponding to the maximum posi
tive and negative roof drift reached
during the cycle, ± 4.

The normalized inelastic energy dis
sipation, d, of the four-story, six-
story, and ten-story prototype walls in
regions with high seismicity and the
six-story walls in regions with moder
ate seismicity are shown in Figs. 12(b)
to 12(e), respectively. The horizontal
axes show the maximum roof drift
reached during each loading cycle, k.
The walls for regions with high seis
micity are displaced to roof drift values
of ±4, ±0.5, ±1.0, ±1.5, ±2.0, and
±2.5 percent during each cycle and the

walls for regions with moderate seis
micity are displaced to roof drift val
ues of ±z = ±0.3, ±0.7, ±1.0, ±1.3,
and ±1.7 percent (see Figs. 8 to 10).

Table 2 gives the normalized energy
dissipation of the hybrid and emula
tive walls divided by the normalized
energy dissipation of the correspond
ing unbonded post-tensioned walls, rh

= dh/dh, during the first four roof drift
cycles (i.e., rhP,1 to rh,4 in Table 2).

The results in Table 2 show that the
inelastic energy dissipation of the
walls is significantly increased as a re
sult of the use of mild steel reinforce
ment. For the six-story walls in re
gions with high seismicity, the energy
dissipation of the unbonded post-ten
sioned Wall PH6 can be increased to
over two, three, and four times by pro
viding 0.25, 0.50, and 0.75 times the
amount of mild steel used in the emu
lative Wall EH6, respectively. The en
ergy dissipation of the emulative wall
is over five times that of the unbonded
post-tensioned wall.

A similar measure of inelastic en
ergy dissipation is defined using the

relative energy dissipation ratio, I, in
the ACI Standard and Commentary
“Acceptance Criteria for Moment
Frames Based on Structural Testing”
(T1.1-01 and T1.1R-01).23 It can be
shown that the relative energy dissipa
tion ratio, f3, is equal to 1/4 times the
normalized inelastic energy dissipa
tion, dh, defined above.

In the ACT Standard T1.l-0l,23 the
smallest acceptable value of /3 is spec
ified as 0.125, which corresponds to a
value of 0.5 for dh. The ACI Standard
recommends that if /3 is smaller than
0.125, there may be inadequate damp
ing for the frame as a whole, and the
oscillations of the frame may continue
for a considerable time after an earth
quake, possibly producing low-cycle
fatigue effects and excessive displace
ments.

Similar guidelines on the required
amount of energy dissipation need to
be developed for precast concrete wall
systems. In the absence of these guide
lines, the shaded regions in Figs. 12(b)
to 12(e) show the cases for which dh
0.5 for the prototype walls. For a wide
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Table 2. Normalized energy dissipation.

High seismicity Moderate seismicity
Four-story Six-story Ten-story Six-story

Wall Thp I r1. r,3 rh, 4 Wall r1 r5,2 rhP3 r Wall rhP 1 rh - rhp,3 r,1,,4 Wall TJjp5 1hp2 rh,,,,J T64

PH4 1.00 1.00 t:flOj1.OO PHÔ 1.OO_ j_l.00 1.00 I f’HIO 1.00 1.00 1.00 11X1 PM6 1.00 11)0 1.00 1.00
— — — —

— HH6-25 .50 01 02 2.22 — — — —

— — — —

— 1H6-50 14.97 3.26 3.30 3.57 — — -

— J 6-50 7.56 2.62 2.60 2.83

—

LQ 4.68 4.49 4.83 — - —

EH4 8.68 5.75 5.63 6.21 EH6 11.7 6.22 5.60 5.96 EHIO 17.7 6.58 6.27 6.21 EM6 16.4 4.70 4.60 4.84

range of cases, the results suggest that
it may be possible to increase the dh
values of unbonded post-tensioned pre
cast walls in regions with high seismic
ity to 0.5 by providing at least 0.50
times the amount of mild steel used in
the corresponding emulative walls.

For a given target dh value, the
amount of mild steel needed (as a pro
portion of the amount of mild steel
used in the corresponding emulative
wall) increases as z decreases, the
number of stories increases, or the
seismicity of the region decreases.

BEHAVIOR OF THE WALLS
UNDER EARTHQUAKE

LOADING
In this section, the nonlinear dy

namic behavior of the prototype walls
under earthquake loading is examined
and compared with respect to the roof
drift time history, maximum roof drift,
number of “large” roof drift peaks,
and maximum absolute roof accelera
tion.

As shown in Table 1, the four-story,
six-story, and ten-story walls for re
gions with high seismicity represent a
considerable variation in the linear
elastic fundamental period, T (T varies
between 0.43 and 0.99 second). Thus,
the effect of the fundamental period
on the dynamic behavior of the walls
is investigated. In addition, the effect
of the seismicity of the region (i.e.,
high seismicity versus moderate seis
micity) on the results is discussed.

The nonlinear dynamic time history
analyses of the prototype walls were
conducted using the fiber wall model
with a time step of 0.01 second. Previ
ous analyses24 of similar walls show
that the differences between results
from analyses conducted using a time
step of 0.001 second and 0.01 second
are not significant. Thus, the time step

of 0.01 second is adequate to capture
the dynamic characteristics of the
walls.

The dynamic analyses were con
ducted using a viscous damping ratio
of 3 percent in the first and third
linear elastic modes of vibration of the
walls (using mass and stiffness pro
portional Rayleigh damping25).

The gravity loads acting on each
wall were assumed to be equal to
1.OOD + 0.25L as described earlier.
The total mass of each prototype
building was assumed to be distributed
equally among the walls used in that
building. The masses assigned to the
walls were lumped at the floor and
roof fiber element nodes.

Ground Motion Records

Seven ground motion records in
cluding five natural records and two
artificial (i.e., generated) records
(Table 3) were used in the dynamic
analyses of the prototype walls. These
ground motion records are considered
to be representative of records on sites
with a “medium” soil profile similar to
the site soil condition used in the de
sign of the prototype walls (i.e., Site
Class D in IBC-200018).

The ground motion records were
scaled to a constant maximum incre
mental velocity (MIV) as described in
Kurama.5The MIV of a ground motion
is equal to the maximum area under
the acceleration time history of the
ground motion between two successive
zero-acceleration crossings. Recent re
search has shown that a strong correla
tion exists between the MIV and the
severity of a ground motion.5’26’27

Note that other methods of ground
motion scaling based on the funda
mental period of vibration of the struc
ture have been proposed by other re
searchers.27’28 The use of these scaling

methods requires that different scaling
factors (and, thus, different sets of
scaled ground motion records) are
used in the analyses of walls with dif
ferent fundamental periods.

It may be desirable to use a ground
motion scaling method that is indepen
dent of the structure period so that
comparisons between the dynamic re
sponses of walls with different funda
mental periods can be made based on
the same set of scaled ground motion
records. Since MIV is a period-inde
pendent quantity,5 the same set of
scaled records are used in the analyses
of the prototype walls investigated in
this paper.

For regions with high seismicity, the
ground motion records were scaled to
an MIV value of 67 in. per second
(1700 mm per second). As described
in Kurama,5 the scaled records with
MIV = 67 in. per second are consid
ered to be representative of maximum
credible ground motions that can be
expected in regions of the United
States with high seismicity (e.g.,
coastal California). For regions with
moderate seismicity, the ground mo
tion records were scaled to an MIV
value of 27 in. per second (690 mm
per second).

More information on the ground
motion records, including linear elas
tic single-degree-of-freedom accelera
tion response spectra, is given by Ku
rama.5 Table 3 shows the factors that
were used to scale the ground motion
records, as well as the peak accelera
tion (PGA) and peak velocity (PGV)
of the MIV-scaled records. The peak
accelerations of the ground motions
for regions with high seismicity vary
between 0.52g and 1.lg, and the peak
accelerations of the ground motions
for regions with moderate seismicity
vary between 0.21g and 0.44g, where
g is the gravitational acceleration.
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S I

Roof Drift Time History Response

As examples of representative be
havior, Fig. 13 shows the roof drift
time histories of the prototype walls
under the MIV-scaled Northridge-Syl
mar (NOSY) ground motion. For re
gions with high seismicity [Figs. 13(a)
to 13(c)], an increase in the amount of
mild steel reinforcement has two im
portant effects on the dynamic re
sponse of the walls:

1. The maximum roof drift de
creases.

2. The number of large roof drift

n 2
0

a
1.5

1

.

0.5

peaks decreases because the response
of the wall decays faster.

These differences are, to a large ex
tent, due to the increase in the inelastic
energy dissipation of the walls as the
amount of mild steel reinforcement is
increased. For regions with moderate
seismicity [Fig. 13(d)], the differences
between the responses of the walls
with different amounts of mild steel
are less pronounced.

The nonlinear dynamic time history
analysis results in Fig. 13 show that
the amount of mild steel does not have
a significant effect on the self-center-

ing capability of the walls as indicated
by the oscillations of the hybrid and
emulative walls about close-to-zero
drift positions.

The residual (i.e., permanent) roof
drift of the prototype walls due to each
ground motion was determined by
conducting a free vibration analysis of
each wall (i.e., by bringing each wall
to “rest”) after the nonlinear time his
tory analysis under that ground motion
was completed. The accelerations, ve
locities, and displacements, together
with the stiffness properties of each
wall at the end of a time history analy
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Table 3. MIV-scaled ground motion records.

High seismicity Moderate seismicity

Recording station or Scale PGA 1 PGV MIV Scale PGA PGV MIV
Earthquake method of generation factor (g) (infsec) (inisec) factor (g) (inJsec) (inJsec)

LPHO-LomaPriera, 1989 Hollister-South and Pine 1.40 0.52 L_35 67 0.56 0.21 14 27
LAYE-Landers, 1992 Yermo-Fire Station 255 0.62 I 51 67 1.02 015 20 27

NONW-Nohide,1994 Newhall-LA County Fire St. 1.11 0.66 42 67 0.44 0.26 17 27
SFOR-SanFernando, 1971 LA8244OrionBLlstfloor 3.72 0.95 44 67 1.49 0.38 18 27
NOSY-Northridge, 1994 Sy1mno5p?) 1.15 0.97 58 67 0.46 0.39 23 27

G1M generated5 SEAOC Spectrum Compatible 1.01 1.0 107 67 0.40 0.40 43 27
G2M-generated5 UsingKanai-TajimiFilter 1.07 1.1 112 67 0.43 0.44 45 27

Note: 1 in. = 25.4 mm.

sis, were used as initial conditions for
the subsequent free vibration analysis,
which was continued until the oscilla
tions of the wall were sufficiently
small.

In general, the dynamic analyses of
the prototype walls did not show signifi
cant residual drifts under the seven
MIV-scaled ground motions, even for
the emulative walls (the residual roof
drifts for Walls EH4, EH6, EH1O, and
EM6 were smaller than 0.25, 0.099,
0.070, and 0.0073 percent, respectively).

Note that the small residual roof
drift values obtained from the dynamic

analysis results of the emulative walls
are contrary to expectations, since the
nonlinear static reversed cyclic analy
ses in Figs. 8 to 10 show that walls
with larger amounts of mild steel tend
to have larger amounts of residual
drift upon unloading from a nonlinear
lateral displacement. Furthermore,
previous comparisons1’24between the
expected dynamic responses of Un-
bonded post-tensioned precast walls
and monolithic cast-in-place rein
forced concrete walls have shown sig
nificant residual drifts for the cast-in-
place walls.

The differences in the estimated
residual roof drift values between the
previous results1’24 and the results pre
sented in this paper may be due to
several factors, including:

1. The previous results are based on
the ground motion records in Table 3
scaled to a constant peak acceleration,
PGA, of 1.Og, resulting in signifi
cantly larger intensities for the LPHO,
LAYE, and NONW ground motions.
The largest residual drift values from
the previous analyses were obtained
under these records.

2. The increase in the post-softening

Fig. 13. Roof drift
time history:
(a) four-story,
high seismicity;
(b) six-story,
high seismicity;
(c) ten—story,
high seismicity;
(d) six-story,
moderate seismicity.
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high seismicity.

stiffness (i.e., the stiffness in the post-
softening range) (see Fig. 11) of the
walls as the amount of mild steel rein
forcement is increased was not consid
ered in the previous research. A larger
post-softening stiffness usually results
in a larger self-centering capability
and, thus, a smaller residual drift since
a larger amount of elastic energy is
stored during the loading of the
wall.2’29

3. In the previous research, the non
linear behavior of the monolithic cast-
in-place concrete walls was modeled
using a zero-length rotational spring el
ement24 at the base of the walls. This
rotational spring element is not sensi
tive to the restoring effect of the grav
ity loads applied on the walls. In the
current research, the nonlinear behav
ior of the walls is modeled using fiber
beam-column elements, which are
axial-flexural elements that can capture
the restoring effect of the gravity loads.

Note that despite the apparently
small residual drifts, the emulative
walls are expected to have signifi
cantly more damage (due to yielding
of the mild steel reinforcement and
cracking of the concrete) than the Un-
bonded post-tensioned walls. The
small residual drifts estimated for the
emulative walls indicate that, upon
unloading, the walls may have a suffi
cient amount of restoring energy (due
to gravity loads and increased post-
softening stiffness) to yield the mild
steel reinforcement in compression
and close the cracks.

It is recommended that further re
search be conducted on the self-cen

tering capability of the emulative and
hybrid walls. In particular, the nonlin
ear shear deformations of the wall
panels, which may be significant for
Wall EH4, were not included in the
analytical model as described earlier.
The lateral displacements of Wall
EH4 due to the nonlinear shear defor
mations may be difficult to restore
during and after an earthquake, result
ing in larger residual drifts than esti
mated herein.

Maximum Roof Drift

The average maximum roof drift,

m’ from the dynamic analyses of the
prototype walls are given in Table 4.
The 21m value for each wall was deter
mined by calculating the average of
the maximum roof drift, Am, values
obtained from the dynamic analyses of
the wall under the seven MIV-scaled
ground motion records. The results are
discussed below.

Unbonded Post-Tensioned Walls
— With the exception of the four-
story Wall PH4, the Zm values for the
prototype unbonded post-tensioned
walls are acceptable for the design and
detailing of the walls as described in
Kurama et al.1’2 The Am value for
Wall PH4 (which is equal to 4.21 per
cent) is too large, indicating that the
wall may need to be redesigned; how
ever, this is not done in this paper.

For the six- and ten-story walls in
regions with high seismicity, the dif
ferences between the maximum lateral
displacements of the unbonded post-
tensioned and emulative walls are con-

siderable. The maximum roof drift val
ues of the unbonded post-tensioned
Walls PH6 and PHIO are, on average,
43 and 44 percent larger than those of
the corresponding emulative Walls
EH6 and EHIO, respectively. Note that
these results are similar to previous re
sults reported by Kurama et al.”24

If desired, the maximum lateral dis
placements of the unbonded post-ten
sioned walls can be significantly re
duced by using supplemental energy
dissipation. For this purpose, recent
research4’5has shown that, on average,
up to 60 percent reduction in the maxi
mum roof drift of the walls can be
achieved by using supplemental fric
tion dampers and viscous fluid
dampers distributed along the height
of the walls.

It may be possible to use these sup
plemental energy dissipation devices
to reduce the maximum lateral dis
placements of the prototype unbonded
post-tensioned Walls PH4, PH6, and
PH1O to below the displacements of
the corresponding emulative walls.

For regions with moderate seismic
ity, the maximum roof drift values of
Wall PM6 are, on average, 7 percent
larger than those of Wall EM6. This
suggests that the differences between
the maximum lateral displacements of
unbonded post-tensioned and emula
tive precast walls in regions with mod
erate seismicity are small.

Hybrid and Emulative Walls —

The dynamic analysis results indicate
that the decrease in the maximum roof
drift of the walls as a result of the use
of bonded mild steel reinforcement
crossing the horizontal joints depends
on the amount of the mild steel. In
order to investigate this effect, Fig. 14
shows the maximum roof drift of the
six-story prototype walls in regions
with high seismicity, Am, divided by
the maximum roof drift of the un
bonded post-tensioned Wall PH6, Amp.
This ratio is referred to as rdP =

Am/Limp.
The horizontal axis in Fig. 14 shows

the mild steel ratio of the walls, p, di
vided by the mild steel ratio of the em
ulative Wall EH6, p, referred to as
rse Ps1’Pse as described earlier. Each
data marker () in Fig. 14 represents
the rd value for a wall determined
using one ground motion, and the

1.2

0.8

C 0.6
‘I

. 0.4 P116 11116-25 11116-50 11116-75 EH6

0.2
— — — average

0 p
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normalized mild steel ratio, r = P1 P

Fig. 14. Normalized maximum roof drift for the six-story walls in regions with
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Table 4. Maximum roof drift.

Note: UP = Unbonded post-tensioned wall; HY = Hybrid wall; EM = Emulative wall.

thick dashed red line shows the aver
age value, idp, considering the seven
MIV-scaled ground motions used in
the dynamic analyses of the walls. The
relationship between 3dp and rse 5

close to linear, indicating that the re
duction in the maximum roof drift is,
on average, nearly proportional to the
amount of mild steel.

Table 4 gives the values for the
prototype walls investigated in this
paper. The average values of the Fde =

ArnMme ratio (i.e., the maximum roof
drift of the walls, Am, divided by the
maximum roof drift of the correspond
ing emulative walls, -1me) are also
given in Table 4.

For the six-story hybrid Walls HH6-
25, HH6-50, and HH6-75 (with rse =

0.25, 0.50, and 0.75, respectively),
the rdP values are equal to 0.91, 0.82,
and 0.75, respectively, indicating re
ductions in the maximum lateral dis
placements that range, on average, be
tween 9 and 25 percent (as compared
with the displacements of the un
bonded post-tensioned Wall PH6).

These displacement reductions are
considerably smaller than the dis
placement reductions of up to 60 per
cent (on average) that can be achieved
by using supplemental friction
dampers or viscous fluid dampers dis
tributed along the height of the walls
as investigated by Kurama.4’5Thus, it
is concluded that the use of mild steel
reinforcement to reduce the lateral dis
placements of precast walls in seismic
regions may not be as effective as the
use of supplemental dampers dis
tributed along the height.

Note, however, that the use of
bonded mild steel reinforcement in a
wall may be more cost effective than
the use of supplemental friction
dampers or viscous fluid dampers, de
pending on the amount of reduction

needed in the displacements. A cost-
benefit analysis may be needed to
evaluate the different alternatives in
reducing the seismic displacements of
the wall to a desired target displace
ment level.

Table 4 shows that the dp value for
Wall EH4 (with rse = 1.00) is consid
erably smaller than the Fd values for
Walls EH6 and EH1O. This suggests
that the effectiveness of the mild steel
reinforcement in reducing the maxi
mum roof drift may be larger for
short-period structures (with T —0.5
second) than for medium- and long-
period structures.

For Walls EH6 and EHIO, the 3dp

values are similar, indicating that the
effect of the structure period on the re
suits may be small for medium- and
long-period structures (with T> —0.5
second). Note that the method used in
the scaling of the ground motion
records may have an influence on
these findings; however, this is not in
vestigated in this paper.

The rdP value for Wall EM6 is
equal to 0.94, indicating that the effect
of mild steel reinforcement on the
maximum roof drift of walls in re
gions with moderate seismicity is
small.

Number of Large Roof Drift Peaks

As shown in Fig. 13, the prototype
walls with bonded mild steel rein
forcement crossing the horizontal
joints go through significantly fewer
large roof drift peaks than the walls
without mild steel reinforcement. This
is because the response of the walls
decays faster as a result of the in
creased energy dissipation with the
use of mild steel.

It is not desirable for a wall to un
dergo a large number of large drift

peaks during a ground motion because
this indicates that the dynamic oscilla
tions of the wall may continue for a
considerable time after the earthquake,
which may lead to low-cycle fatigue
effects.23

In order to investigate this effect,
Fig. 15 shows the average number of
roof drift peaks, from the dynamic
analyses of the prototype walls under
the seven MIV-scaled ground motion
records. The horizontal axes show the
amplitude of the roof drift peak con
sidered, A, divided by the amplitude
of the largest peak, m (i.e., the peak
corresponding to the maximum roof
drift), during each ground motion.
This ratio is referred to as = Ac/Am.

The i value corresponding to a
value in Fig. 15 represents the average
number of roof drift peaks with ampli
tudes greater than or equal to A dur
ing the dynamic analyses of the walls.
For example, the value for ô = 1.0
is equal to 1.0, because this corre
sponds to the maximum roof drift (i.e.,

= Am) in each dynamic analysis.
Similarly, the value corresponding
to 5 = 0.50 is equal to the average
number of peaks (under the seven
MIV-scaled ground motions) with am
plitudes greater than or equal to 0.50
times the maximum roof drift during
each ground motion.

The results in Fig. 15 demonstrate
that the decay rate in the displacement
response of the prototype walls tends
to increase as the amount of mild steel
is increased, particularly for walls in
regions with high seismicity.

Note that these results do not in
clude the reduction in the maximum
roof drift of the walls as a result of the
mild steel reinforcement. In order to
examine this effect, the horizontal
axes in Fig. 16 show the amplitude of
the roof drift peak, A, divided by the

Hi,h séismlcity ‘

Four-story - Six-story
—

System Wall (percent) ,, ij6 Wl (pt) e -

UP PH4 4.21 jj.00-2.12 P116 35 L00_jj.43
- — — -.

— HH6-25 2.13 0.91 1.30

HY — — — — HH6-50 1.90 1 0.82: 1.17
-

- HH6-75i34751.07
EM EH4 1.94 0.59 1.00 EH6 1.63 0.70 1.00

Ten-story

fm

WaIl (percent)

PHIO 2.28

EHIO 1.56

rd rde

1.00 1.44
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Wall L(pe1et) F,

PM6 138i.OOi.07

HM6-50; 1.34 I 0.97 1.03

EM6 1.32 0.94 1.000.72 1.00
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Fig. 15. 75 versus
ö: (a) four-story,
high seismicity;

(b) six-story,
high seismicity;

(C) ten—story,
high seismicity;

(d) six-story,
moderate

seismicity.

maximum roof drift of the correspond
ing unbonded post-tensioned wall,

referred to as = Ac/Amp. As an
example, the ñ, value for = 0.50 is
equal to the average number of peaks
(under the seven MIV-scaled ground
motions) with amplitudes greater than
or equal to 0.50 times the maximum
roof drift of the corresponding un
bonded post-tensioned wall during
each ground motion.

Thus, Fig. 16 combines two effects
of the mild steel reinforcement on the
roof drift response of the walls as fol
lows:

1. The increase in the decay rate of
the response.

2. The decrease in the maximum
roof drift.

The results in Fig. 16 indicate that
there is a significant reduction in the
number of large roof drift peaks during
the time history of the prototype walls
as a result of the use of the mild steel
reinforcement, particularly for the
walls in regions with high seismicity.

For example, the six-story hybrid
and emulative Walls HH6-25, HH6-

50, HH6-75, and EH6 go through, on
average, 2.0, 1.0, 0.43, and 0.29 peaks,
respectively, with amplitudes greater
than or equal to 0.75 times the maxi
mum roof drift of the unbonded post-
tensioned Wall PH6 (i.e., ô,,, = 0.75),
whereas Wall PH6 goes through an
average of 3.4 peaks [solid circular
data markers in Fig. 16(b)].

In order to compare the results in
Fig. 16, the number of roof drift peaks
of the hybrid and emulative walls (cor
responding to a t5,,, value) during an
earthquake, n, is divided by the num
ber of roof drift peaks of the corre
sponding unbonded post-tensioned
wall, ne,,. This ratio is referred to as

= n/n. Fig. 17 shows the average
value of the ratio, 3,, under the
seven MIV-scaled ground motion
records. The values for 5,, equal to
0.90, 0.80, 0.70, and 0.60 are given in
Table 5 (p,9o through rCP,60, respec
tively).

For example, the cp6O values for
the six-story hybrid and emulative
Walls HH6-25, HH6-50, HH6-75, and
EH6 are equal to 0.74, 0.49, 0.36, and

0.24 [solid circular markers in Fig.
17(b)], respectively, indicating, on av
erage, a 26, 51, 64, and 76 percent, re
spectively, reduction in the number of
roof drift peaks with amplitudes
greater than or equal to 0.60 times the
maximum roof drift of the unbonded
post-tensioned Wall PH6.

In general, the reduction in the num
ber of roof drift peaks is larger for:

1. Walls with larger amounts of
mild steel.

2. Walls with shorter periods of vi
bration.

3. Walls in regions with higheiseis
micity.

Fig. 17 shows that the reduction in
the number of roof drift peaks tends to
increase for larger values. The ef
fect of the mild steel reinforcement on
the response of the walls in regions
with moderate seismicity is small [see
Figs. 16(d) and 17(d)].

Roof Acceleration Response

Table 6 shows the average maxi
mum absolute roof acceleration, m
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8

Fig. 16. —n
versus
(a) four-story,
high seismicity;
(b) six-story,
high seismicity;
(C) ten—story,
high seismicity;
(d) six-story,
moderate
seismicity.

Fig. 17.
versus
(a) four—story,
high seismicity;
(b) six-story,
high seismicity;
(C) ten—story,
high seismicity;
(d) six-story,
moderate
seismicity.
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Table 5. Number of roof drift peaks.

High seismicity Moderate seismicity
Four-story Six.story Ten.story Six.story

Wall 1cp,9O r,8o Tq,,70 1ep,6O Wall 1cp,7O 6[Wa p,9O 1cp,80 ‘cp,7O1ep.6O Wall p,9O r.8o cp,7O F,6o
PH4 1.00 1.00 1.00 1.00 PH6 1.00 1.00 1.00 TPH1O 1.00 1.00 1.00 1.00 PM6f 1.00 1.00 1.00 1.00
-

— ———HH6-25?ii0.63 0.58074 —. — — — — — — — — —

— ———--IHTH6-50 0.140.140.390.49 — HM6-500.82 0.87 0.81 1.25

HH6-75 0.00 0.140.160.36 — — — — —

EH4 0.00 0.00 0.12 0.18 EH6 0.00 0.00 0.13 0.24 EH1O 0.00 0.29 0.21 0.30 EM6 0.57 0.75 0.81 0.76

(where the absolute acceleration is cal
culated as the relative acceleration of
the roof with respect to the ground
plus the ground acceleration), from the
dynamic analyses of the prototype
walls under the seven MIV-scaled
ground motion records.

In order to compare the responses,
the maximum roof accelerations of the
walls during each ground motion, am,
are divided by the maximum roof ac
celeration of the corresponding un
bonded post-tensioned wall, amp. This
ratio is referred to as rap = am/amp.

Similarly, the rae ratio is calculated
by dividing the maximum roof accel
erations of the walls, am, by the maxi
mum roof acceleration of the corre
sponding emulative wall, ame. The
average values rap and ae based on
the results obtained using the seven
MIV-scaled ground motions are given
in Table 6.

The results indicate that, on average,
there is a reduction in the maximum
roof acceleration of the walls as the
amount of mild steel reinforcement is
increased (except for Wall HH6-25).

PRELIMINARY DESIGN
IMPLICATIONS

The results of this investigation
show that significant reductions in the
lateral displacements of post-ten
sioned precast walls under earthquake
loading can be achieved by using
bonded mild steel reinforcement
crossing the horizontal joints of the
walls. Thus, hybrid precast concrete
walls represent a viable primary lat
eral load resisting system for use in
seismic regions.

The amount of mild steel reinforce
ment needed in a wall depends on the
amount of reduction needed in the lat
eral displacements. As compared with
monolithic cast-in-place reinforced

concrete walls, the amount of mild
steel that would be needed in a hybrid
precast wall is smaller because a por
tion of the flexural strength of the wall
to resist lateral loads is provided by
the post-tensioning steel.

For the prototype walls investigated
in this paper, mild steel reinforcement
is not needed for walls in regions with
moderate seismicity. For walls in re
gions with high seismicity, further re
search is needed to develop an ap
proach for the seismic design of the
mild steel reinforcement to achieve a
target reduction in the lateral displace
ments, similar to the design ap
proaches developed for walls with
supplemental friction dampers and
viscous fluid dampers as described by
Kurama.4’5

The results presented in this paper
indicate that considerable reductions
in lateral displacements of the walls
can be achieved by using at least 0.50
times the amount of mild steel used in
the corresponding emulative wall.

The most important horizontal joint
for the use of the bonded mild steel re
inforcement is the base-panel-to-foun
dation joint. The reinforcement used
in a wall should be properly anchored
to the foundation and should be ex
tended to a sufficient height above the
base of the wall to allow for the devel
opment of the yield strength of the
steel in tension and compression at the
base-panel-to-foundation joint.

Note that the termination of the mild
steel reinforcement over the height of a
wall results in a reduction in the flexu
ral strength of the wall cross section
where the bars are terminated. This
may lead to the opening of gaps along
the upper floor joints of the wall larger
than the gaps along the lower floor
joints, even though the design moment
is expected to decrease from the bot
tom (i.e., base) to the top of the wall.

The opening of large gaps along the
upper floor joints of a wall is undesir
able because the steel and concrete
strains to attain a given lateral dis
placement at the roof would be greatly
increased, resulting in the need for ex
pensive special detailing. For exam
ple, heavy spiral reinforcement may
be needed to confine the concrete in
the upper story wall panels.

It would be more rational to ensure
that the gap opening decreases from
the bottom to the top of a wall by ex
tending the mild steel reinforcement
used at the base up to a sufficient
height of the wall. Bar termination
(i.e., cut-off) points may be staggered
to achieve a reasonable curtailment
pattern for the reinforcement over the
wall height [see Fig. 1 (b)1. The design
approach developed for the mild steel
reinforcement should include a proce
dure to determine where the bars may
be terminated.

CONCLUSIONS
This paper has investigated the ex

pected seismic behavior of twelve pro
totype precast walls with different
amounts of unbonded post-tensioning
steel and bonded mild steel reinforce
ment, including walls that emulate the
behavior of monolithic cast-in-place
reinforced concrete walls (i.e., emula
tive precast walls). Based on the re
sults of the investigation, the follow
ing conclusions can be drawn:

1. Nonlinear static reversed cyclic
lateral load analyses show that the in
elastic energy dissipation of unbonded
post-tensioned precast walls can be
significantly increased by using
bonded mild steel reinforcement
crossing the horizontal joints. It may
be possible to increase the energy dis
sipation of the walls to considerable
levels by providing 0.50 to 0.75 times
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Table 6. Maximum roof acceleration.

Note: UP = Unbonded post-tensioned wall; HY = Hybrid wall; EM = Emulative wall.

the amount of mild steel used in the
corresponding emulative walls.

2. For regions with high seismicity,
the use of mild steel reinforcement has
two important effects on the dynamic
response of a wall under an earth
quake: (1) the maximum lateral dis
placement of the wall decreases; and
(2) the number of large displacement
peaks decreases because the response
of the wall decays faster.

3. For regions with moderate seis
micity, the differences among the dy
namic responses of unbonded post-ten
sioned (i.e., with post-tensioning steel
only), hybrid (i.e., with post-tensioning
steel and mild steel), and emulative
(i.e., with mild steel only) precast walls
with similar strengths and stiffnesses
under lateral loads are small.

4. The use of mild steel reinforce
ment does not have a significant effect
on the self-centering capability of the
walls as indicated by the oscillations
of the emulative and hybrid walls
about close-to-zero displacement posi
tions, with little residual (i.e., perma
nent) displacements at the end of a
ground motion. This may be because
of the restoring effect of the gravity
loads acting on the walls and because
of the increase in the “post-softening”
stiffness of the walls as a result of the
mild steel reinforcement.

5. With the exception of short-pe
riod walls (i.e., with linear elastic fun
damental period T —0.5 second), the
average maximum lateral displace
ments of the prototype unbonded post-
tensioned walls investigated in this

paper are acceptable for the design
and detailing of the walls.

6. For medium- and long-period
walls (i.e., with T> —0.5 second) in re
gions with high seismicity, the maxi
mum lateral displacements of the pro
totype unbonded post-tensioned walls
are, on average, 40 to 45 percent
larger than the displacements of the
corresponding emulative walls. In re
gions with moderate seismicity, the
differences between the maximum dis
placements of the unbonded post-ten
sioned and emulative walls are not
very large (the differences are, on av
erage, about 7 percent).

7. The amount of mild steel rein
forcement needed in a wall depends
on the amount of reduction needed in
the lateral displacements. For the pro
totype walls investigated in this paper,
the reduction in the maximum dis
placements is, on average, nearly pro
portional to the amount of mild steel.

Further research is needed to de
velop an approach for the seismic de
sign of the mild steel reinforcement to
achieve a target reduction in the lateral
displacements of a wall under earth
quakes. For the prototype walls in re
gions with high seismicity, consider
able reductions in the lateral
displacements can be achieved by
using at least 0.50 times the amount of
mild steel reinforcement used in the
corresponding emulative walls.

8. The effectiveness of the mild
steel reinforcement in reducing the lat
eral displacements of the walls may be
greater for short-period structures

(with T —0.5 second) than for
medium- and long-period structures.
The effect of the structure period on
the results appears to be small for
medium- and long-period structures.

9. The dynamic analysis results in
dicate that using mild steel reinforce
ment to reduce lateral displacements
of the walls may not be as effective as
using supplemental friction or viscous
fluid dampers distributed along the
height of the walls as investigated by
previous research.

10. On average, the maximum abso
lute roof accelerations of the walls
tend to decrease as the amount of mild
steel reinforcement is increased.
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High seismicity Moderate seismicity

Four-story Six-story Ten-story Sx-story

System Wall(g) a WalI(g) i Wall(g)

UP PH4 1.18 1.00 1.31 PH6 1.61 1.00 1.40 PHIO 1.89 1.00 1.29 PM6 0.61 1.00 1.36

— ——

— HH6-25’l.691.05 1.47 — — . — — —

HY —

— —
— HH6-50 1.28 0.80 1.11 — — — — HM6-50 0.53 0.90 1.22

.---- HH6-75i.220.76i5-r--,
-

EM EH4 0.94 0.82 1.00 EH6 1.17 0.73 1.00 EHIO 1.46 0.79 1.00 EM6 0.44 0.74 1.00
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APPENDIX A — NOTATION

am = maximum absolute roof acceleration
= average am under seven MIV-scaled ground mo

tions
ame = maximum absolute roof acceleration of emula

tive wall
amp maximum absolute roof acceleration of un

bonded post-tensioned wall
a = area of a post-tensioning bar
dh = normalized inelastic energy dissipation
dhp = normalized inelastic energy dissipation of un

bonded post-tensioned wall
D unfactored design dead load

= inelastic energy dissipation per loading cycle
= Young’s modulus for concrete

E = Young’s modulus for post-tensioning steel
= post-yield stiffness of truss elements modeling

post-tensioning bars
E5 Young’s modulus for mild reinforcing steel

f’ = unconfined concrete compressive strength

f = concrete tensile strength

f = initial stress in post-tensioning bars

f = ultimate strength of post-tensioning steel

f = yield strength of post-tensioning steel
= ultimate strength of mild reinforcing steel

f = yield strength of mild reinforcing steel
g = gravitational acceleration
Gd = axial force near base of wall due to unfactored

design dead loads
G1 axial force near base of wall due to unfactored

unreduced design live loads
ksec = secant stiffness of equivalent linear elastic sys

tem
1 = wall length
L = unfactored unreduced design live load
MIV = maximum incremental velocity

= number of roof drift peaks
= average n, under seven MIV-scaled ground mo

tions
= number of roof drift peaks of unbonded post-ten

sioned wall
peak ground acceleration
peak ground velocity
am/a,,

average rae under seven MIV-scaled ground mo
tions

rap = am/a

= average rap under seven MIV-scaled ground mo
tions

=

= average i-1, under seven MIV-scaled ground mo
tions

for 5= 0.60
for ô,= 0.70
for = 0.80
for ,= 0.90

4mMme
average rde under seven MIV-scaled ground mo
tions

r, AmMmp
rdp = average r, under seven MIV-scaled ground mo

tions

dhIdh for first roof drift cycle
dh/dh for second roof drift cycle
dh/dh for third roof drift cycle
dh/dhp for fourth roof drift cycle

Ps’Pse
response modification coefficient
time
wall thickness
fundamental (i.e., first) linear elastic period
energy absorbed by equivalent linear elastic system
base shear force
relative energy dissipation ratio

1IcMmp
roof drift
maximum roof drift reached during a loading
cycle/amplitude of roof drift peak

4n = maximum roof drift during dynamic response
= average 4m under seven MIV-scaled ground mo

tions
= maximum roof drift during dynamic response of

emulative wall

4mp = maximum roof drift during dynamic response of
unbonded post-tensioned wall

= strain corresponding tof
= yield strain of post-tensioning steel
= viscous damping ratio

p, = post-tensioning steel ratio
= mild reinforcing steel ratio

Pse = mild reinforcing steel ratio of emulative wall
= spiral reinforcement ratio

r,6o =

r7o —

rgo =

=

rde =

rde =

rhP

rhP, 1

rhP,2

rhP, 3

rhP,4

rse

R

tw
T
Ue
V

13
oc
ocp
4

PGA =

PGV =

rae —

rae —
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