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This paper presents an investigation of the seismic
design of precast concrete wall panels connected
along vertical joints with ductile connectors and to
the foundation along horizontal joints using
unbonded post-tensioning steel. Closed-form
expressions are derived to estimate key values
defining a trilinear idealized lateral load behavior
of the walls. A proposed seismic design approach
is developed using base shear demands
recommended by current building codes.
Unbonded post-tensioned precast concrete walls
with substantial initial lateral stiffness can be
designed to resist seismic forces — without yielding
of the post-tensioning steel — by absorbing and
dissipating energy in the vertical joint connections.
In a companion paper (“Lateral Load Behavior of
Unbonded Post-Tensioned Precast Concrete Walls
with Vertical Joints” scheduled for publication in
the next issue of the PClI JOURNAL),! the authors
describe a fiber-based analytical model used in a
design parameter study of several unbonded post-
tensioned precast concrete walls with vertical
joints. The companion paper presents the results of
the analytical parameter study and uses those
results to verify the accuracy of the closed-form
expressions derived in this paper.

the superior seismic performance of buildings with
reinforced concrete walls as the primary lateral load
resisting system.? Precast concrete construction in particu-
lar offers the benefits of quality control, fast erection, cost
effectiveness, and construction efficiencies. Use of precast

The aftermath of past earthquakes has demonstrated
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concrete structural walls for earth-
quake resistance in buildings com-
bines the benefits of loadbearing
walls and precast concrete systems.
The objectives of this study are
(1) to derive closed-form expres-
sions for the base-shear-roof-dis-
placement capacities of unbonded
post-tensioned precast concrete
walls with vertical joint connectors,

and (2) to propose a design ap-
proach that relates wall capacitiesto
code-specified design demands. Fig.
1 shows an elevation view of the
prototype precast concrete wall con-
sidered in this investigation. The
wall is composed of three two-
story, full-height precast concrete
panels. Study results also apply to
walls with different numbers of
panels and different panel sizes.
Panels are attached to each other
along vertical joints with ductile
connectors, referred to as vertical
joint connectors. The wall panels
are attached to the foundation
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across horizontal joints using un-
bonded post-tensioning steel
(dashed line in Fig. 1) that is an-
chored at the top of each panel and within the foundation.
Confining reinforcement is used to encase the concrete at
the ends of each panel throughout the height of the first
story. The confining reinforcement shown in Fig. 1 consists
of interlocking steel spirals, but other confining details can
be used, including hoop reinforcement. Steel confinement
enables the bottom concrete in the panels to sustain the large
compressive strains that may develop as a result of gap
opening displacements along the base of each panel due to
lateral loads.

Unbonded post-tensioning is used across the horizontal
joints of the wall; compared to bonded post-tensioning
steel, unbonded steel yields at a larger overall member de-
formation.® The result is awall that can undergo large non-
linear lateral displacements without yielding the post-ten-
sioning steel and without a significant loss in self-centering
capability.

Vertical joint connectors consist of steel components
which are intended to provide vertical shear force transfer
between the wall panels and provide energy dissipation
under seismic loading. Various vertical joint connection de-
tails for precast concrete shear walls have been
investigated.* In this study, the vertical joint connectors are
intended to transfer shear between the wall panels and also
to dissipate energy under seismic loading by yielding in
shear. Therefore, the prototype wall shown in Fig. 1 has un-
bonded post-tensioning across horizontal joints, ductile con-
nectors along vertical joints, and confining reinforcement in
the panel compression zones. The prototype is expected to
sustain large nonlinear lateral displacements by dissipating
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Fig. 1. Precast wall with vertical joints between panels and vertical joint connectors.

energy in the vertical joint connectors, without yielding of
the post-tensioning steel, significant loss in self-centering
capability, or concrete compression failure in the wall pan-
els.

This expected behavior was validated by tests of a 0.6-
scale five-story precast concrete building, tested under sim-
ulated seismic loading at the University of California, San
Diego (UCSD). The building relied on a vertically jointed
unbonded post-tensioned precast concrete wall for seismic
resistance in one direction of the building, and precast
frames in the orthogonal direction.® Preliminary results® re-
vealed that the wall suffered only minor spalling at the base
when the building was tested (in the direction of the wall) at
an earthquake intensity of 50 percent higher than the design
level ground motion. In addition, the vertical joint connec-
tors provided considerable energy dissipation. Lastly, due to
the unbonded post-tensioning, the residual drift was very
low after the design level ground motion was applied. Re-
sults demonstrate that unbonded post-tensioned precast con-
crete walls with vertical joint connectors are well suited for
use as seismic resistance of building structures.

Design guidelines for unbonded post-tensioned precast
walls with vertical joint connectors were published by Stan-
ton and Nakaki.” The present study differs from these guide-
lines in two ways. First, the walls considered by Stanton and
Nakaki had unbonded post-tensioning steel and the gravity
loads were located at the center of each wall panel. The pre-
sent study considers two groups of post-tensioning steel that
are not necessarily located at the center of each wall panel.
In addition, the groups of post-tensioning steel in each panel
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tility to remain fully functional
during the seismic response of the
wall. No horizontal tension or

compression forces are transferred
between panels across vertical
joints, based on the rigid floor and
roof diaphragm assumption. All
vertical joints use the same num-
ber of vertical joint connectors,

and have identical geometry and
material properties.

5. Anchorages of the post-ten-
sioning steel and of the vertical
joint connectors remain fully ef-
fective during the seismic response
of thewall.

6. Elastic and inelastic deforma-
tions that may occur in the founda-

Fig. 2. Lateral load deflected shape of a precast wall with vertical joint connectors.

can have different initial prestress forces, as discussed later.
Furthermore, the gravity loads carried by each panel can
vary in magnitude along the height of the wall and have a
constant eccentricity within each panel that can vary from
panel to panel. Therefore, the walls treated by Stanton and
Nakaki are a special case of the more generalized walls con-
sidered herein.

Second, Stanton and Nakaki considered one limit state in
their design approach, corresponding to the onset of yielding
of the post-tensioning steel. This study considers additional
limit states in the design, some of which are useful in estab-
lishing the envelope lateral load response of the walls, and
others which are required to ensure overall satisfactory seis-
mic performance of the walls. An unabridged discussion of
the material presented here and in the companion paper? can
be found in References 8 and 9.

DESIGN ASSUMPTIONS

Fig. 2 shows the lateral load deflected shape of a precast
concrete wall with vertical joint connectors. The forces that
develop in each panel as the wall is deformed laterally are
shown in Fig. 3. The following design assumptions were
made:

1. Wall panels undergo in-plane axial, flexural, and shear
deformations only. Torsiona and out-of-plane deformations
are not considered.

2. Seismic forces at each floor and at the roof are trans-
ferred to the wall panels by floor and roof diaphragms
through adequate connections between the wall panels and
the diaphragms, enabling the panels to pivot about their own
neutral axis. The diaphragms are assumed to be rigid for in-
plane forces.

3. All wall panels undergo the same displacements at each
floor and roof level based on the rigid floor and roof di-
aphragm assumption.

4, Vertical joint connectors have elastic-perfectly-plastic
shear force deformation characteristics, with adequate duc-

60

tion or the supporting ground are
not considered.

7. The wall is adequately braced
against out-of-plane buckling.

DESCRIPTION OF WALL PARAMETERS

The forces acting on selected panels of awall that is com-
posed of an arbitrary number of panels and floor levels are
shown in Fig. 3. The letter k represents the panel number,
ranging from 1 to n, where n is the total number of panelsin
awall. The letter i represents the floor level, ranging from 1
tor, where r represents the total number of floor levels sup-
ported by awall. The length along the base of each panel is
denoted by |,. Therefore, the length along the base of the
wall, I, is the product of n and I,. H,, and t,, are the height
and thickness of the wall, respectively, and are the same for
al panels, asisthe length.

As shown in Fig. 3, the height of each floor level, H;, can
be expressed as afraction of the total wall height, H,, by:

Hi =rpiHy 1

where r; istheratio of the height of floor level i to the wall
height. The height of the roof level H, is calculated using
Eq. (1) with i = r. Since the height of the roof level is the
height of thewall, ry, = 1 and H, = H,,, asshown in Fig. 3.

Fig. 3 also shows the forces that act on each panel under
lateral load. These forces are (1) floor and roof lateral 1oads
transmitted to the panels by the floor and roof diaphragms
(Fy;i and Fy;), (2) apanel base shear force that isin horizon-
tal equilibrium with the panel lateral loads (Vy), (3) a gravity
force that accounts for floor and roof loads as well as the
panel self-weight (Ny), (4) post-tensioning forces (T, and
T,), (5) a concrete compression stress resultant at the base
(C), and (6) the total shear force that is transferred into the
panel across the vertical joint connectors (P;).

In Fig. 3, the lateral force acting at an arbitrary level of a
given panel is defined as Fy;, where k is the panel number
and i is the floor level. This notation is used because the
floor and roof lateral loads may be different for each panel.
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Fig. 3. Forces on each panel of an unbonded post-tensioned precast concrete wall.

Fig. 4 shows that the lateral force acting on the wall at the
roof level, Fy,,, is expressed as the sum of the panel forces
at that level, ZFy ,, wherek = 1to n. F,,, is further expressed
as afraction of the total base shear of the wall, V,,, by:

I:w,r = IFFrVw (2)

where rg, isthe fraction of the total base shear applied at the
roof level. Similarly, the lateral force on the wall at floor
level i can be expressed as;

Fw,i = rFin (3)

where rg; is the fraction of the total base shear applied at
floor level i (Fig. 4). The wall base shear, V,, in Egs. (2) and
(3), isequal to the sum of the panel base shears, ZV,, where
k=1ton (Fig. 4).

Referring to Figs. 3 and 4, the gravity force on a panel, in-
cluding the panel self-weight, is N,. Thisforce acts at an ec-
centricity ey, measured from the right edge of the panel. The
gravity force and the eccentricity may vary for each panel.
T, and T, are the post-tensioning forces acting on groups of
post-tensioning steel toward the left edge and toward the
right edge of each panel, respectively. Ty; and T, represent
the initial prestress force in the group of post-tensioning
steel toward the left edge and toward the right edge of each
panel, respectively, after the application of prestress forces
and gravity loads on the wall.

Note that T, and T, in Figs. 3 and 4 may differ from each
other, but each panel is subjected to the same values of T,
and T,. The two groups of post-tensioning steel in a panel
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are a distance of 2e, apart, where g, is the eccentricity of the
post-tensioning steel measured from the centerline of the
panel to the centroid of the group of steel. The eccentricity
of the post-tensioning steel is constant for all panels.

The compression stress resultant acting at the base of an
arbitrary panel k is defined by C, (see Figs. 3 and 4). The
compression stress resultant after the application of prestress
forces and gravity loads, but prior to the application of lat-
eral loads on a panel, is defined as C,;. The length of the
compression block at the base of the panel is ¢,. Figs. 3 and
4 illustrate two compression stress distributions at the base
of each panel (represented by a dashed and a solid line) and
the corresponding locations of the compression stress resul-
tant. The stress distribution represented by the dashed lineis
a linear stress distribution which corresponds to a state in
the lateral load response of the wall where the gaps at the
horizontal joint at the base of each panel have propagated
beyond the centerline of the wall panels (see Fig. 2), but the
concrete at the compression end of each panel remains in
the elastic range.

As discussed later, this linear stress distribution is as-
sumed when calculating the wall base shear corresponding
to the effective linear limit state, Vg, [EQ. (4)]. The stress
distribution represented by the solid line in Figs. 3 and 4
corresponds to a state in the lateral load response of the wall
where nonlinear behavior in the concrete at the compression
end of each panel occurs after significant gap opening of the
horizontal joint at the base. A nonlinear stress distribution is
assumed when calculating the wall base shear corresponding
to yielding of the post-tensioning steel, V, [Eq. (11)].

A wall may have numerous vertical joint connectors
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Fig. 4. Forces on an unbonded post-tensioned precast concrete wall with multiple panels.

transferring shear across a given vertical joint. However,
only the total shear force transferred between panels across
avertical joint (P; in Figs. 3 and 4) is considered.

This paper presents the derivation of closed-form expres-
sions that are used to estimate various capacities of an un-
bonded post-tensioned precast concrete wall under com-
bined gravity and lateral loads. The closed-form expressions
are derived using free-body diagrams similar to those shown
in Figs. 3 and 4, and consider awall that is loaded laterally
to the right, causing the wall to displace to the right. For a
wall that is loaded to the right, the locations of T, and T5,
and the location of N (defined by e\), are as defined above.
However, if the lateral 1oads are applied to the left (a case
that should be considered for a wall with different prestress
forces, T, and T,, or with eccentric gravity loads, N), then
the closed-form expressions are still valid aslong as T, and
T, are interchanged and ey is measured from the left edge of
the panels.

TRILINEAR IDEALIZED
LATERAL LOAD BEHAVIOR
The idealized lateral load behavior of an unbonded post-
tensioned precast concrete wall with vertical joints and duc-

tile connectors is presented below and is defined using a tri-
linear |oad-displacement response curve.

Wall Limit States

The limit states considered for unbonded post-tensioned
precast concrete walls are introduced using the idealized lat-
eral load behavior shown in Fig. 5. The limit states are (1)
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decompression at the base of the wall (DEC), (2) yielding of
vertical joint connectors (LLJ), (3) effective limit of the lin-
ear-elastic response of the wall (ELL), (4) yielding of post-
tensioning steel (LLP), (5) base shear capacity, (6) loss of
prestress under cyclic lateral load, (7) crushing of confined
concrete (CCC), and (8) fracture of post-tensioning steel.
These limit states are described below. Limit States 3
(ELL), 4 (LLP), and 7 (CCC) define the trilinear idealized
lateral load behavior shownin Fig. 5.

Decompression — Decompression at the base of the wall
occurs when the precompression due to post-tensioning and
gravity loads is reduced to zero at one edge of the base of a
wall panel by the overturning moment due to lateral loads.
Since the wall comprises multiple panels, this limit state is
defined as the first occurrence of decompression in any of
the wall panels. Under a specified lateral 1oad distribution,
decompression of the wall can be related to a specific level
of base shear and roof displacement, Vg and Ay, respec-
tively. Decompression is accompanied by the initiation of
gap opening along the horizontal joint at the base of the
wall. Ve and Age: can be determined from nonlinear lateral
load analyses using the fiber model described in the com-
panion paper.t

Yielding of vertical joint connectors — The walls ex-
amined in this study employ ductile connectors along the
vertical joints. Vertical joint connectors are intended to yield
in shear. Since a wall may contain several vertical joints,
this limit state is defined as the first occurrence of yielding
of the vertical joint connectors across one vertical joint. The
base shear and roof displacement corresponding to the shear
yield strain of the vertical joint connectors are designated
Vi and 4;, respectively. V;; and 4;; can be determined from
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nonlinear lateral load analyses using the
fiber model described in the companion
paper.*

Effective linear limit — The lateral
load response of a wall is essentialy lin-
ear elastic immediately after decompres-
sion. With continued displacement, how-
ever, a substantial reduction in lateral
stiffness (called softening) results from
the progression of gap opening along the ok
horizontal joints at the base of the wall.
The point at which the softening is appar- V. 4
ent is referred to as the effective linear
limit. The base shear and roof displace-
ment corresponding to the effective linear ks i
limit are denoted as Vg, and 4y, respec-
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describe this point on the lateral load re-
sponse of a wall. As a result of the
smooth softening behavior, there is no
specific stress condition associated with
this point. Vg and Ay, are estimated using
closed-form expressions derived later.

Yielding of post-tensioning steel — Yielding of the post-
tensioning steel occurs when the strain reaches the yield
strain of the steel. For the walls considered in this study, the
post-tensioning steel does not yield smultaneoudly in al the
panels. Therefore, this limit state is defined as the first oc-
currence of yielding in the post-tensioning steel. The base
shear and roof displacement corresponding to yielding of the
post-tensioning steel are denoted as V,;, and 4, respec-
tively. Due to unbonding, the yield strain of the post-tension-
ing steel is usually reached after the effective linear limit is
reached (and thus after significant softening occurs).® Vy,
and 4, are estimated using closed-form expressions derived
later, and can be determined accurately from nonlinear lat-
eral load analyses using the fiber model described in the
companion paper.t

Base shear capacity — The base shear capacity of awall
is intended to be controlled by axial-flexural behavior rather
than by shear diding at the base. Thus, at this limit state, the
overturning capacity of awall controls the base shear capac-
ity. The idealized lateral load behavior shown in Fig. 5 ne-
glects strain-hardening effects in the post-tensioning steel.
As aresult, the base shear capacity of the wall is assumed to
equal the base shear at the first occurrence of yielding in the
post-tensioning steel. Therefore, the base shear capacity
equals Vy,, and the corresponding roof displacement is 4,

L oss of prestress — Prestress will be lost in an unbonded
post-tensioned wall under cyclic lateral load when the wall is
unloaded from a drift that has exceeded the drift at which the
post-tensioning steel yields. This is illustrated in Fig. 6,
which shows a typical prestressing steel stress-strain rela-
tionship. fj; is the initial stress in the post-tensioning steel
after the application of prestress forces and gravity loads on
the wall. If the steel strain remains elastic during cyclic lat-
eral loading of the wall, no loss of prestress will result (ne-
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Fig. 5. Wall limit states.

glecting inelastic deformations that may occur in the con-
crete in ahighly stressed wall). If the steel strain exceeds the
yield strain, as does Point 2 in Fig. 6, some prestress will be
lost after the lateral load is removed, since the steel unloads
elastically from Point 2. Hence, after the lateral load is re-
moved from the wall, the prestress is reduced from fj; to a
residua value f,.. Upon unloading from an even larger in-
elastic strain, such as Point 3 in Fig. 6, the entire prestress
may be lost.

Crushing of confined concrete — Failure of a wall oc-
curs when the confined concrete at the base of the panels
fails in compression. Based on the concrete confinement
model developed by Mander et al.'*2 crushing of the con-
fined concrete occurs at an ultimate concrete compressive
strain &, that is reached when the confining reinforcement
fractures. Significant loss of lateral load and gravity load re-
sistance is expected to occur when crushing of the confined
concrete occurs. The base shear and roof displacement cor-
responding to crushing of the confined concrete are denoted
as Ve and A, respectively. Ve and A can be deter-
mined from nonlinear lateral load analyses using the fiber
model described in the companion paper.t

Fracture of post-tensioning steel — Fracture of the post-
tensioning steel occurs when the strain reaches the maxi-
mum strain of the steel. Significant loss of lateral load resis-
tance as well as loss of self-centering capability is expected
to occur at fracture of the post-tensioning steel. The roof dis-
placement corresponding to fracture of the post-tensioning
steel is denoted as Zy,. 4y, can be determined from nonlinear
lateral load analyses using the fiber model described in the
companion paper.t

ESTIMATION OF WALL CAPACITIES

This section derives expressions that estimate the base
shear and roof displacement capacities corresponding to
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Fig. 6. Prestress loss due to inelastic response (adapted from
Priestley and Tao?).

Points ELL and LLP, which partly define the trilinear ideal-
ized lateral load behavior shown in Fig. 5. Expressions are
derived for the general case of an unbonded post-tensioned
precast concrete wall with n panels, r stories, and eccentric
gravity forces as shown in Figs. 3 and 4. In addition, expres-
sions are derived for the specific case of the prototype wall
(considered in the design example presented later), with
three panels, two stories, and concentric gravity forces.

Base Shear at the Effective Linear Limit State, Vy

A one-panel-wide unbonded post-tensioned precast con-
crete wall has been shown to reach the effective linear limit
state when the base moment (which is in equilibrium with
the applied lateral loads, the initial prestress forces, and the
gravity load) is between 2M e, and 3Mge, Where My IS the
base moment corresponding to the decompression limit
state.3*® Taking the effective linear limit at a base moment
equal to 2.5Mgye., and assuming a linear stress distribution
along the compression region of the base of the one-panel-
wide wall, the length of the compression region along the
horizontal joint at the base is equal to one-fourth of the
panel length (0.25l,).

This means that the gap at the base is assumed to have
propagated to 0.75 times the panel length (0.75l,) at the ef-
fective linear limit state. This result can be applied to an un-
bonded post-tensioned precast concrete wall with an arbi-
trary number of panels and with vertical joint connectors.
Assuming that the lengths of the compression regions of the
middle panels and the average length of the compression re-
gions of the two exterior panels are 0.25l, and summing mo-
ments about the extreme tension edge of the base of the left
exterior panel (Point O in Fig. 4), the base shear correspond-
ing to the effective linear limit state, Vg, can be estimated
for a wall with n panels, r stories, and eccentric gravity

forces by:
Adl + BeII + k_zz 1Cdl,k
Vy = —L 4
“TTTHS fat) @
i=1r
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Agi, Bay, and Cgy  represent the sum of moments about
Point O in Fig. 4 for the left exterior panel (Panel 1), the
right exterior panel (Panel n), and an interior panel (Panel k),
respectively, which, when added over all the panels, is in
equilibrium with the overturning moment caused by the ap-
plied lateral loads. For awall with one panel, By and ZCy i
are zero. For awall with only two panels, >Cy;  is zero (no
interior panels). A wall with three or more panels involves
Adl, Bgi, and ZCy k.

C,, C,, and C, are the compression resultants at the base
of the left exterior panel, the right exterior panel, and the in-
terior panels, respectively. C;, C,, and C, act at a distance
¢4/3, ¢/3, and ¢, /3 from the right edge of each panel, respec-
tively, corresponding to a linear compressive stress distribu-
tion (represented by a dashed linein Fig. 4). C;, C,, and C;
are in equilibrium with the gravity force, N,, where k = 1 to
n, prestress forces, T, and T,, and the vertical joint shear
force, P;.

T, and T, are assumed to be equal to the initial prestress
force on the steel, Tq; and T,;, respectively, which are the
same for al panels. Py; is the tota shear yield force in the
vertical joint connectors. Vertical joint connectors are as-
sumed to be yielding when the effective linear limit state of
the wall is reached, because at this state the gap at the ten-
sion side of the panels has opened significantly, producing
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relative displacements between adjacent panels that are
large enough for yielding of the connectors in shear. (This
assumption may not be valid if vertical joint connectors with
very large shear yield deformation capacities are used.) A
limit on the shear yield deformation capacity of the vertical
joint connectorsis given below.

The following explains the derivation of the term in the
denominator of Eq. (4). First, the lateral force on the wall at
each floor level, F,; (shown in Fig. 4), is taken as the sum
of the panel forces, F;, on that floor level (Fig. 3). The lat-
eral force on the wall at each floor level isthen expressed as
afraction of the total base shear of the wall, V,, (see Fig. 4),
by Eq. (3), with V,, = Vg,. Similarly, the total force on the
wall at the roof level is expressed as a fraction of the total
base shear of the wall by Eq. (2), with V,, = V. The height
of each floor level and the height of the roof level, measured
from the base of the wall, are expressed as a fraction of the
total wall height, H,,, by Eq. (1), wherei =1tor and ry, =
1. Summing moments about Point O in Fig. 4, the overturn-
ing moment caused by the applied lateral loads (measured
positive in the clockwise direction) that is in equilibrium
with Ae“, Be”, and ZCeII,k iswritten as:

Mg = 3 (rHiHW)(rFinI) ®)

i=1r

From equilibrium, Eqg. (5) is equal to the sum of Ay, By,
and ZCqy . Thus, factoring Vg, from Eq. (5) and dividing
through by the summation term yields Eq. (4).

Eq. (4) is derived for awall that has lateral loads applied
to the right, as shown in Fig. 4. If the lateral loads are ap-
plied to the left, Eq. (4) isvalid aslong as T, and T, are in-
terchanged, ey is measured from the left edge of the panels,
and My, is measured positive in the counter-clockwise direc-
tion.

For the prototype wall considered in the design example,
composed of two stories, three panels with the same geome-
try, the same gravity forces, N, acting at the center of each
panel, and the forces T, and T, each equal to half the total
initial prestress force on a panel, Eq. (4) becomes:

LG (13P, +8C,) + T (11P, +8C,) - {C;C,)
Var = 6H (e Frr + T rFr)(,/_ + 1/E)

(6)

where

Cl =N+ Pi — P]

C,=P;+N

C3 = Pi +N+ Pj

P =P

T]_ = T2 = Pi 12

C,, C,, and C; are the compression resultants at the base
of the left exterior panel (Panel 1), the interior panel (Panel
2), and the right exterior panel (Panel 3), respectively,
which are in equilibrium with the gravity force N, total pre-
stress force on a panel P;, and the vertical joint shear force
P;. The values rg;, g, and rg, in Egs. (4) and (6) are deter-
mined from the vertical distribution of seismic forces in ac-

January-February 2004

cordance with an applicable building code, such as
NEHRP,** UBC,* or IBC.*®

Roof Displacement at the Effective Linear Limit State, A

To estimate the roof displacement corresponding to the
effective linear limit state, Ay, the wall is modeled as a can-
tilever beam subjected to lateral loads at each floor level and
concentrated moments produced by eccentric gravity forces
at each floor level. The uncracked elastic section properties
of the wall are obtained by calculating the properties of one
panel and multiplying them by the total number of panels, n,
in the wall. The resulting bending and shear deformations
are then computed.

The stiffness of the vertical joint connectors is neglected
in the derivation of Ag, for ssimplicity; this does not imply,
however, that the stiffness of the vertical joint connectors is
small enough to be neglected. The effect of neglecting the
initial stiffness of the vertical joint connectors on the deriva-
tion of Ay, is studied in the companion paper.t Gap opening
at the base of the wall is neglected, since Ay, is an estimate
of the roof displacement when gap opening begins to appre-
ciably affect the stiffness.

An elastic analysis of awall with r stories, n panels of the
same geometry with eccentric gravity forces on each panel
that can vary along the height of the wall, and lateral loads
applied at each floor level gives the following estimation of
the roof displacement corresponding to the effective linear
limit state:

Ay = Ap + Ag + Ay + Dy (7
where
1 2. 3 1
A = r~Vr-H%——rH
Fr & 2ECIW( Fi dl) Hi Tlw Hr 3 H|D
1
A, = r-\V,r, H
S i:Z,r GCA:V(FI dl "Hi w)
1 1
Ay = i;rm Mw,i (rHi Hw)Hw%Hr _ErHi%
o 2E I,
=T
To=Ty

A, isthe eastic roof deflection of the wall in flexure due
to lateral forces. Ag, is obtained using the principle of super-
position (successively applying a concentrated lateral load,
reiVar, aong the height of the wall and adding the corre-
sponding roof deflections). The roof deflection of the wall
due to elastic shear deformations, similarly obtained using
the principle of superposition, is denoted as Ag. Ay, is the
elastic roof deflection of the wall in flexure due to the ec-
centric gravity forces. The notation M,,; in the Ay, equation
represents a concentrated wall moment (measured positive
in the clockwise direction) at floor level i, which is derived
using a wall as shown in Fig. 3. The total gravity load of
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each panel, N,, is represented by a gravity load at each floor
level, Ny;, and agravity load at the roof level, Ny,.

The eccentricities at which the gravity loads are applied,
enk measured from the right edge of the panels are the same
along the height of a given panel, but may vary from panel
to panel. The eccentric normal gravity force at each level
can be replaced by the normal force acting at the center of
the panel, plus a concentrated moment measured positive in
the clockwise direction. Summing the panel concentrated
moments due to eccentric gravity loads across al panels at a
particular floor level yields a concentrated moment in the
wall at that level. In general, the concentrated wall moment
(measured positive in the clockwise direction) at floor level
i isgiven by:

M,; = k;n Ny % _eNké (8)

Similarly, the concentrated wall moment (measured posi-
tive in the clockwise direction) at the roof level (level r) is
given by:

Mw,r = Z Nk,rBI-& _eNkE (9)

k=1n 02

In Eq. (7), Ap, is the elastic roof deflection of the wall
caused by the application of different initial prestress forces
in the left post-tensioning steel group and the right post-
tensioning steel group of each panel, denoted by T;; and T;,
respectively. The initial prestress forces, Tq; and T, are
assumed to be the same for all panels. The moment pro-
duced by the unbalanced prestress forces on a panel is added
over the panels and is applied to the wall as a concentrated
moment (measured positive in the clockwise direction) at
the roof level because, since the post-tensioning steel is un-
bonded over the entire height of the wall, the wall is sub-
jected to a constant moment over its entire height.

Vg in Eq. (7) isfound from Eq. (4). G, is the shear modu-
lus of concrete, A, is the effective shear area of the wall, E
is the elastic modulus of concrete, and 1, is the moment of
inertia of the uncracked transformed section of the wall.

Eq. (7) is derived for awall that has lateral loads applied
to the right, as shown in Fig. 3. If the lateral loads are ap-
plied to the left, Eq. (7) isvalid aslong as T; and T, are in-
terchanged, ey is measured from the left edge of the panels,
My and M, are both measured positive in the counter-
clockwise direction, and the concentrated wall moment pro-
duced by unbalanced prestress forces on the panels is mea-
sured positive in the counter-clockwise direction.

For the prototype wall composed of two stories, three
panels with the same geometry, the same gravity forces N
acting at the center of each panel, and the same forces T,
and T, each equal to half the total initial prestress force on a
panel, Eq. (7) becomes:

Ay = A + Ay (10)
where
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A, =

1 1 1
2E1 armveu )rleHw3ﬁHr —él'mﬁ"' (I'Fr\/d| )I‘HrZHW?’E'Hr - ngr %

g = FeVanTrin Ha + e Vi T Hw)

G.AL (

The notation A, is the elastic roof deflection of the wall
in flexure due to lateral forces, and Ag is the roof deflection
of the wall due to elastic shear deformations. Vg, in Eg. (10)
is computed using Eq. (6). The values of rg;, rgq, and rg, in
Egs. (7) and (10) are determined from a code-specified dis-
tribution of equivalent lateral forces.

Note that Vy, is based on gap opening in flexure along the
base of the wall (recall that the length of the gaps at the base
of the interior panels and the average length of the gaps at
the base of the two exterior panels are assumed to be 0.75l,),
while Ay is calculated from elastic deformations of the wall
without considering gap opening. The estimate of Ay, is
considered to be reasonable because the effect of gap open-
ing on the lateral displacement of the wall is small until Vg,
isreached.

From earlier discussion, the vertical joint connectors are
assumed to be yielded [P; = Py; in Eq. (4)] at the effective
linear limit state (ELL in Fig. 5). Therefore, to ensure the
validity of this assumption, a limit must be imposed on the
shear yield deformation capacity of the vertical joint con-
nectors. This limit can be defined as the relative vertical dis-
placement between adjacent panels along the vertical joints
at the effective linear limit state, A, 4.

A, g is derived by establishing a kinematic relationship
between the horizontal displacement of a panel at the roof
level (Aqy;) and the vertical displacement of the panel at its
tension edge (4, ) as the panel pivots rigidly about the neu-
tral axis location (0.75l, measured from the tension edge of
the panel). The result is A, g = 0.751,Aq, /H,,. Therefore, the
equations derived above for Vg, and Ay, are valid when the
shear yield deformation capacity of the vertical joint con-
nectorsislessthan 4, 4.

Base Shear at Yielding of Post-Tensioning Steel, V,;,

The base shear corresponding to yielding of the post-
tensioning steel, V), is derived for a wall with n panels, r
stories, and eccentric gravity forces, N,, using the free body
diagram shown in Fig. 4 and is given as:

A]Ip + BIIp + 72 QIp,k

_ k=2,n-1
\/Ilp - szz (rHirFi) (11)
where
|
Alp _Tl%_epé_-rzljz +ep%_ Nl(lx_eNl)-‘-Cl%x_éSE
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CG=N+T +T, =P
C,=N, +T +T,+P,
Ce=N+T +T,
P=h

=T

llp

T,=T,

The notation Ay, Byp, and Cyp represent the sum of
moments about Point O in Fig. 4 for the left exterior
panel (Panel 1), the right exterior panel (Panel n), and an
interior panel (Panel k), respectively; when added over
al the panels, the moment sum is in equilibrium with the
overturning moment caused by the applied lateral loads.
For awall with one panel, By, and ZC,, are zero. For a
wall with only two panels, ZCy, is zero (no interior pan-
els). A wall with three or more panels involves Ay, By,
and ZC”p’k.

The notation C,, C,,, and C are the compression resul-
tants at the base of the left exterior panel, the right exte-
rior panel, and the interior panels, respectively. The com-
pression resultants C,4, C,, and C, are located at a
distance 1,/30 from the right edge of each panel, and cor-
respond to a nonlinear compressive stress distribution
(represented by a solid line in Fig. 4). The value of 1,/30
is based on results from a fiber-based analytical model
described in the companion paper.! The values C,, C,,
and Cy are in equilibrium with the gravity force, Ny,
where k = 1 to n, prestress forces, T, and T,, and the ver-
tical joint shear force, P;. T, represents the force in the
post-tensioning steel when it reaches its yield strain. Ty
represents the initial prestress force in the post-tensioning
steel.

At the limit state under consideration (i.e., LLP in Fig.
5), P; = Py;, is based on the assumed elastic-perfectly-
plastic shear force-deformation characteristics of the ver-
tical joint connectors. In addition, the force in the post-
tensioning steel group located toward the left edge of the
panels, T, (see Fig. 4), equas Tj;,, while the force in the
steel group toward the right edge is assumed to equal the
initial prestress force, T,. Thus, since Ty, is larger than
Ty and P; = Py;, the compression stress resultants C,, C,,
and Cy are larger in Eq. (11) (at LLP) than in Eq. (4) (at
ELL).

The denominator of Eq. (11) is derived in the same
way as the denominator of Eq. (4) is derived. First, the
lateral force on the wall at each floor level, F; (shown
in Fig. 4), is taken as the sum of the panel forces, Fy;, on
that floor level (Fig. 3). The lateral force on the wall at
each floor level isthen expressed as a fraction of the total
base shear of the wall, V,, (see Fig. 4), by Eg. (3), with
Vi = Viip- Similarly, the total force on the wall at the roof
level is expressed as a fraction of the total base shear of
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the wall by Eq. (2), with V,, = V.. The height of each floor level
and the height of the roof level, measured from the base of the
wall, are expressed as a fraction of the total wall height, H,, by
Eq. (1), wherei = 1 tor and ry, = 1. Summing moments about
Point O in Fig. 4, the overturning moment caused by the applied
lateral 1oads (measured positive in the clockwise direction) that
isin equilibrium with Ay, Byjp, and 2Cy; is written as:

(12)

My, = igr(rm HW)(rFi\/IIp)

From equilibrium, Eq. (12) is equal to the sum of Ay, By,
and 2Cy, . Thus, factoring Vy;, from Eq. (12) and dividing
through by the summation term yields Eq. (11).

Eq. (11) is derived for awall that has lateral loads applied to
the right, as shown in Fig. 4. If the lateral loads are applied to
the left, Eq. (11) isvalid as long as T, and T, are interchanged,
ey is measured from the |eft edge of the panels, and My, is mea-
sured positive in the counter-clockwise direction.

For the prototype wall considered in the design example,
composed of two stories, three panels having the same geome-
try, and the same gravity forces, N, acting at the center of each
panel, Eq. (11) becomes:

Vip=

it MMt o

H,, (Nafeq 1 T
(13)

where

C=N+T+T,-R

C,=N+T, +T,

C,=N+T+T,+P

P =Ry

=T,

T, =Ty

C,, C,, and C; are the compression resultants at the base of
the left exterior panel (Panel 1), the middle panel (Panel 2), and
the right exterior panel (Panel 3), respectively, which are in
equilibrium with the gravity force, N, prestressforces, T, and T,
and the vertical joint shear force, P;. The values rg, rep, and rg,
in Egs. (11) and (13) are determined from a code-specified dis-
tribution of equivalent lateral forces.

Roof Displacement at Yielding of Post-Tensioning Steel, 4,

Consider awall panel from the precast concrete wall shown in
Fig. 3. As presented earlier, the initial stress in the post-
tensioning steel after the application of prestress forces and
gravity loads on the wall is f;. When the panel is displaced hori-
zontally at the roof level to its effective linear limit state (Ay)),
the stress in the post-tensioning steel group on the tension edge
of the panel is assumed to remain at f,;. Displacement of the roof
beyond Ay results in a gap opening aong the base of the panel
until the post-tensioning steel yields.
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Fig. 7. Structure limit states and expected performance levels (adapted from Kurama et al.'8).

Thus, the roof displacement when the post-tensioning
steel reaches the yield strain is expressed as:

Lyp=Ag) + Ay, (14)

where 4y, is the roof displacement due to the gap opening at
the base of the panel. Ay is computed from Eq. (7), and 4y,
is computed as follows:

2H 2, = £
Ay = M (15)
E, (I, +2e,)

E, is the modulus of elasticity of the post-tensioning steel
and fy is the yield stress of the post-tensioning steel. Eq.
(15) is developed by establishing a kinematic relationship
between the horizontal displacement of a panel at the roof
level (4y,) and the vertical displacement of the panel at the
location of the post-tensioning steel group on the tension
edge of the panel (4,) as the panel pivots rigidly about the
compression edge furthest from the applied lateral loads
(i.e., Point B in Fig. 3). 4, is expressed as the product of the
wall height and the change in strain in the post-tensioning
steel.

PROPOSED SEISMIC DESIGN APPROACH

Here the authors propose a seismic design approach for
building structures that use unbonded post-tensioned pre-
cast concrete walls with vertical joints and ductile connec-
tors as the primary lateral load resisting system. The pro-
posed design approach is a performance-based design
approach that alows the designer to specify and predict the
performance (degree of damage) of a building for a speci-
fied level of ground motion intensity. Performance-based
design requires identifying (1) performance (damage) lev-
els, (2) structure limit states and capacities, (3) seismic de-
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responds to the ground motion
in an essentially elastic manner
with limited cracking and yield-
ing of structural members. The collapse prevention perfor-
mance level refers to a post-earthquake damage state where
the structure sustains considerable damage and is on the
verge of partial or total collapse, but does not collapse.

Structure limit states and capacities — Structure limit
states and capacities describe the damage in various struc-
tural and non-structural elements of a building. Structure
limit states and capacities include limit states and capacities
for unbonded post-tensioned precast walls, gravity load re-
sisting frames, and non-structural elements. The limit states
for unbonded post-tensioned precast concrete walls with
vertical joints and ductile connectors were discussed earlier.
The limit state for the gravity load resisting frames is signif-
icant loss of gravity load resistance. Kurama et al.*® assumes
that gravity load resisting frames can be designed to sustain
aroof drift of 2.5 percent without failure. The same assump-
tion is made in the present study.

The limit states for non-structural elements are (1) initia-
tion of damage to the non-structural elements, and (2) dam-
age to basic access and life safety systems. Damage to non-
structural elements occurs when the story drift (relative
displacement between adjacent floors) exceeds a certain
level. In this research, the story drift is expressed as a per-
centage of the story height (relative displacement between
floors divided by the story height). Freeman® indicates that
damage to non-structural elements initiates at a story drift of
0.25 percent, while damage requiring repair occurs at a story
drift of 0.5to 1 percent. In the present study, alimit on story
drift of 2.0 percent is adopted based on the NEHRP recom-
mended provisions.*

Relationship between performance levels and structure
limit states — The performance levels and the structure
limit states are related using the idealized lateral load re-
sponse shown in Fig. 7. The immediate occupancy perfor-
mance level is reached when yielding of the post-tensioning
steel occurs (at a roof displacement of 4,,). Thus, if the dis-
placement response to an earthquake exceeds 4, the result-
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ing structural and non-structural
damage will likely require some
repair before the building can be
occupied. The collapse preven-
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motion, and (2) a maximum con-
sidered ground motion. The
maximum considered ground
motion, defined in the NEHRP*
provisions, has a 2 percent probability of being exceeded in
50 years (corresponding approximately to a 2500-year return
period). The design level ground motion is the same as the
NEHRP* design earthquake ground motion, which has a
ground shaking intensity that is two-thirds of the maximum
considered earthquake ground motion.

Structure demands — Structure demands quantify roof
displacement, story drift, and base shear demands for the
two seismic demand levels identified above. For buildings
with unbonded post-tensioned precast concrete walls as the
primary lateral load resisting system, the structure base
shear demands are established in terms of the wall base
shear demands. For the design level ground motion, the de-
mands include the wall design base shear demand, Vg, the
wall maximum roof displacement demand, 44, and the maxi-
mum story drift demand, &4 For the maximum considered
ground motion, the demands are the maximum roof dis-
placement demand, A, and the maximum wall base shear
demand, V. Estimation of the structure demands is de-
scribed later.

Design Obijectives

Performance-based design requires design objectives to
relate the expected performance levels to the seismic de-
mand levels described above. The proposed design approach
for buildings with unbonded post-tensioned precast walls
has two objectives: (1) to not exceed the immediate occu-
pancy performance level under the design level ground mo-
tion, and (2) to not exceed the collapse prevention perfor-
mance level under the maximum considered ground mation.
These objectives areillustrated in Fig. 8.

The required performance of an unbonded post-tensioned
precast concrete wall under the design level ground motion
is as follows (see Fig. 7): (1) the wall responds in a nonlin-
ear-elastic manner, with the nonlinear response primarily
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Fig. 8. Objectives of the proposed design approach (adapted from Kurama et al.*8).

due to gap opening along the horizontal joints, and partialy
from nonlinear behavior of the panel concrete in compres-
sion; (2) the vertical joint connectors yield in shear; (3) the
post-tensioning steel remains linear-elastic; (4) the wall pan-
els remain nearly linear-elastic with minimal cracking, but
with spalling of cover concrete near the base at the compres-
sion edge of the panels; (5) due to post-tensioning, the wall
has a self-centering capability resulting in minimal residual
post-ground-motion lateral displacements; (6) shear slip of
the panels along the panel-to-foundation connections does
not occur; and (7) the resistance of the wall to gravity and
lateral loads does not deteriorate. Since the immediate occu-
pancy performance level is reached when yielding of the
post-tensioning steel occurs (at 4,), the first objective is
achieved if 4, is not exceeded under the design level
ground motion (Fig. 8).

The required performance of an unbonded post-tensioned
precast concrete wall under the maximum considered
ground motion is as follows (see Fig. 7): (1) axial-flexura
compression failure in the wall panels does not occur; (2)
the post-tensioning steel yields, but the nonlinear strains in
the steel are small because the steel is unbonded; (3) some
loss of prestress occurs upon load reversal as a result of in-
elastic straining in the post-tensioning steel; (4) upon reload-
ing, the lateral stiffness of the wall deteriorates due to the
loss of prestress, but the base shear capacity is maintained
because the force in the post-tensioning steel on the tension
side of the panels (despite having lost some prestress) will
still reach its yield force; (5) due to the remaining prestress
forces, the wall has a self-centering capability resulting in
minimal residual post-ground-motion lateral displacements;
and (6) shear dlip aong the panel-to-foundation connections
does not occur.

Since the collapse prevention performance level is
reached when axial-flexural compression failure of the wall
(crushing of the confined concrete) occurs (at A..), the sec-
ond objective is achieved if Ay is not exceeded under the
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wall under lateral load, prevents a
premature reduction in the lateral
stiffness of the wall. Accordingly,
the base shear corresponding to the
effective linear limit state, Vg,
should not be less than the base
shear at which softening is accept-
able, which can be related to the
wall design base shear demand, V.
A factor ay is applied to Vg to de-
fine the base shear at which soften-
ing of awall is allowed to occur.
Thus:

Vai Zadvd:ad%- (16)

In this paper, V4 is determined
using the equivalent lateral force
procedure in the NEHRP recom-
mended provisions'* and is equal to
the linear-elastic base shear demand
for the design level ground motion,
Qq divided by a response modifica-
tion coefficient, R, equal to 5in ac-
cordance with NEHRP* (Fig. 9). A
minimum value of 0.65 is recom-
mended for ay. Dynamic analysis
results from Kurama et al.* show
that a wall designed to soften this

early (i.e., Vg = 0.65Vy) will not
undergo significantly increased
drift demands compared to a wall
that softens at Vd (i.e., Ve” = 10Vd)
In the present study, a4 = 1.0 is
used.

Criterion 2, base moment ca-
pacity — This design criterion con-
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trols the base moment capacity (as
. governed by axia-flexural behavior)
of the wall. The structure demands
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Fig. 9. Design criteria to control axial-flexural behavior (adapted from Kurama et al.8).

maximum considered ground motion (Fig. 8). Performance-
based design requires seismic design criteria to compare
structure capacities with structure demands. The design ob-
jectives are achieved if the structure capacities exceed the
structure demands.

Seismic Design Criteria

Design criteria described here are used to control the
axial-flexural behavior of unbonded post-tensioned precast
walls with vertical joint connectors. The estimation of de-
sign capacities and of design demands is covered in subse-
guent sections.

Criterion 1, softening — This design criterion, which
controls softening of an unbonded post-tensioned precast
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specified in building codes'* are
guantified in terms of base shear
under equivalent lateral forces.
Thus, the base moment capacity of the wall is expressed in
terms of the base shear capacity of the wall (as governed by
axial-flexural behavior). The base shear capacity of an un-
bonded post-tensioned precast concrete wall corresponds to
the base shear at yielding of the post-tensioning steel (V)p),
as shown in Fig. 7. According to this design criterion, Vj,
should not be less than the wall design base shear demand,
Vg A capacity reduction factor, @, is applied to V. Ac-
cordingly:

Q
D Vip 2V = T?:L a7)

If unbonded post-tensioned walls are treated as reinforced
members subjected to axial compression with flexure, a
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value of 0.7 is required for @ in
accordance with the ACI 318
Code.?! Properly designed un-
bonded post-tensioned walls,
however, are essentially flexural
members, with substantial ductil-
ity. Flexural capacity can be ac-
curately predicted,*®* and there-
fore a value of 0.9 may be
appropriate for @. In the present
study, a value of 0.75 is used for
@,

Criterion 3, yielding of post-
tensioning steel — According to
this design criterion, which con-

trolsyielding of the post-tension-
ing steel, the roof displacement
corresponding to yielding of the
post-tensioning steel, 4, should
not be less than the roof dis-
placement demand for the design
level ground motion, Ay (see Fig.
9). That is:

I,
| |
o aufe

oI T

Aipz 4y (18)

Criterion 4, gap closure at
the base — This design criterion
controls the initial prestress force
on the two groups of post-ten-
sioning steel in the panels, Ty
and T, to ensure that the gap
opening, which develops at the
base of the panels due to lateral
loads, closes after the removal of
the lateral loads. Fig. 10 shows
five displacement states that can
develop as gap opening behavior

occurs at the base of arigid inte-
rior panel under the action of lat-

eral loads, an eccentric gravity
force, and unequal initial pre-
stress forces on the groups of
post-tensioning steel: (1) undisplaced position with full con-
tact at the base of the panel; (2) gap opening with contact at
the right edge of the panel, yielding of the vertical joint con-
nectors, and yielding of the left post-tensioning steel group;
(3) undisplaced position with full contact at the base of the
panel, and areduction in prestress of the left post-tensioning
steel group where @y istheinitial prestress reduction factor,
which is selected by the designer (note that @y, = 0.75 is
used in the present study); (4) gap opening with contact at
the left edge of the panel, and yielding of the right post-ten-
sioning steel group; (5) undisplaced position with full con-
tact at the base of the panel (provided T; and T,; are large
enough), and a reduction in prestress of the right post-ten-
sioning steel group.

Summing moments about Point O in Displacement State 5
of Fig. 10 givesthe following expression:
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Fig. 10. Five displacement states of a rocking panel.

H— %TH—+e%+N
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1i DZ

||] X
(19)
where |, is the length of the panel, N is the gravity load on a
panel, ey is the eccentricity of the gravity load N measured
from the right edge of the panel, and P; is the total shear force
in the vertical joint connectors at yield. The left terms in EQ.
(19) represent the moments that force the gap to close after the
remova of lateral loads, whereas the term on the right side of
the equation represents the moment that causes the gap at the
base to remain open. If Eq. (19) is satisfied, the gap will close
at the panel-foundation joint. Eq. (19) is derived for a panel
that is subjected to cyclic lateral loads, where the lateral loads
are first applied to the right, causing Displacement State 2 in
Fig. 10, and are then reversed, causing Displacement State 4
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in Fig. 10. If the lateral loads are first applied to the left, Eq.
(19) isvalid aslong as Ty; and T, are interchanged and ey is
measured from the | eft edge of the panel.

Criterion 5, story drift — This design criterion controls
the maximum story drift under the design level ground mo-
tion to control the lateral stiffness of the walls and to control
damage to basic access and life safety systems. According
to this design criterion, the estimated maximum story drift
demand for the design level ground motion, &y, should not
exceed the allowable story drift, dy, (which in the present
study equals 2 percent based on the NEHRP* recommended
provisions). Thus:

Oq 2 O (20)

Criterion 6, crushing of confined concrete — Accord-
ing to this design criterion, which controls the axial-flexural
compression failure of the walls, the roof displacement ca-
pacity corresponding to crushing of confined concrete, A,
should not be less than the roof displacement demand for
the maximum considered ground motion, Ag. Thus:

ACCC 2 AS (21)

Criterion 7, fracture of post-tensioning steel — Ac-
cording to this design criterion, which ensures that fracture
of the post-tensioning steel does not occur, the roof dis-
placement corresponding to fracture of the post-tensioning
steel, 4, should be greater than the roof displacement cor-
responding to crushing of confined concrete, A... Thus:

Afp > Ay (22)

Other criteria — A criterion is needed to control the
length and height of the confined concrete region near the
base of the panels (Fig. 1). This criterion was developed by
Kurama et al.*® for unbonded post-tensioned walls with hori-
zontal joints, but is not considered in the present study. An-
other criterion is required to prevent shear slip along the
panel-to-foundation connections under the action of earth-
quake loads. This criterion (developed by Kurama et al.®)
compares estimated maximum wall shear demands with the
shear friction capacity of the wall-foundation joint. Finally,
a criterion is needed to prevent a premature failure of the
gravity load resisting system of the building, which is sepa-
rate from the lateral load resisting system, due to an exces-
sive lateral displacement of the structure. This criterion (de-
veloped by Kurama et al.8) states that the roof displacement
demand for the maximum considered ground motion, A,
should not exceed the roof displacement of the structure cor-
responding to failure of the gravity load resisting system,
4y As noted earlier, it is assumed that the gravity load re-
sisting system can sustain a roof drift of 2.5 percent without
failure. Accordingly, Ag should not exceed 0.025H,,.

Estimation of Structure Design Capacities

The previous section described the design criteria that are
used to control the behavior of awall. This section describes
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how the structure capacity for each design criterion is calcu-
lated.

Criterion 1 capacity (Vg;) — The base shear correspond-
ing to the effective linear limit state, Vg, of an unbonded
post-tensioned precast concrete wall with vertical joint con-
nectors is calculated using Eq. (4). Eq. (4) applies to awall
with numerous panels and floor levels and eccentric gravity
forces. For the specific case of the prototype wall consid-
ered in the design example, Vg, is calculated using Eq. (6).

Criterion 2 capacity (V) — The base shear capacity,
Viip, of an unbonded post-tensioned precast wall with verti-
cal joint connectors is computed from Eq. (11). Eq. (11) ap-
pliesto awall with numerous panels and floor levels and ec-
centric gravity forces. For the specific case of the prototype
wall considered in the design example, V, is calculated
using Eg. (13).

Criterion 3 capacity (4,,) — The roof displacement cor-
responding to yielding of the post-tensioning steel, 4, of
an unbonded post-tensioned precast concrete wall with ver-
tical joint connectorsis calculated using Eqg. (14).

Criterion 4 capacity (gap closure) — The moments that
force gap closure at the base of the wall after the lateral
loads are removed are computed by the terms on the left
side of Eqg. (19).

Criterion 5 capacity () — The maximum allowable
story drift for the design level ground motion, dy,, is equal to
2.0 percent based on the NEHRP recommended provisions.*
Thisvalue is applicable to buildings assigned to Seismic Use
Group | in the NEHRP recommended provisions.*

Criterion 6 capacity (A.;) — A closed form expression
has not been derived to estimate the roof displacement ca-
pacity corresponding to crushing of confined concrete
(Acee). However, A, can be determined by performing a
nonlinear static push-over analysis of a fiber-based model of
the wall using the DRAIN-2DX program? under a building
code-specified distribution of equivalent lateral forces. The
fiber-based model of an unbonded post-tensioned precast
wall with vertical joints and ductile connectors is discussed
by the authors in an accompanying paper.t

Criterion 7 capacity (4,) — A closed form expression
has not been derived to estimate the roof displacement ca-
pacity corresponding to fracture of the post-tensioning steel
(&) However, A, can be determined by performing a non-
linear static push-over analysis of a fiber-based model of the
wall using the DRAIN-2DX program?? under a building
code-specified distribution of equivalent lateral forces. The
fiber-based model of an unbonded post-tensioned precast
concrete wall with vertical joints and ductile connectors is
discussed by the authors in the companion paper.?

Estimation of Structure Design Demands

This section describes the estimation of design demands
for each design criterion of the proposed seismic design ap-
proach discussed earlier. The following treats buildings with
no plan or vertical structural irregularities.

Criteria 1 and 2 demands (V) — The wall design base
shear demand for the design level ground motion, Vg, is esti-
mated by distributing the building code-specified structure
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design base shear demand, Vg, between the unbonded post-
tensioned precast concrete walls and other lateral load resist-
ing members in a structure. The structure design base shear
demand depends on the properties of the structure, the seis-
micity of the region where the building is located, and the
soil profile at the building site, and is given by:

Vg = WC, (23)
where W is the seismic weight of the structure, which is
composed of the building self-weight and dead load only
(live load is excluded). Partition loads of 20 psf (98 kg/m?),
which are part of the live loads used in the design of a build-
ing as per UBC,* are included in the seismic weight compu-
tation. Cs is the seismic response coefficient defined in vari-
ous building codes. The NEHRP** definition of Cgis
adopted in this study.

Criterion 3 demand (44) — The maximum wall roof dis-
placement demand for the design level ground motion, 4, is
assumed to be equal to the linear-elastic roof displacement
demand under this ground motion. The linear-elastic roof
displacement demand is estimated by dividing the wall lin-
ear-elastic base shear demand for the design level ground
motion, Qq, by the wall initial lateral stiffness (Fig. 9). This
estimation is based on the so-called equal displacement as-
sumption. Other displacement coefficient methods could be
used.?®% The wall initial lateral stiffness can be approxi-
mated as k,; = Vai/Aq), Where Vg, is calculated using Eq. (4)
[Eq. (6) for the prototype wall] and Ay, is calculated using
Eq. (7) [Eq. (10) for the prototype wall]. Therefore:

A
A, = —d
d de

dl

(24)
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where
Qu=V4R

R is the response modification coefficient, which is equal
to 5 for special reinforced concrete shear walls in the
NEHRP provisions.**

Criterion 4 demand (gap closure) — The demand for
gap closure at the base of the wall panels in accordance with
Criterion 4 is given by the term on the right side of Eq. (19).

Criterion 5 demand (&) — The maximum story drift de-
mand for the design level ground motion, &, is determined by:

aOje _ Cd(Ai -4, -1)

c
%)== ;

(25)

where h isthe story height, Cy is the deflection amplification
factor (equal to 5 when the NEHRP recommended provi-
sions* are used), and | is the occupancy importance factor
assigned to the structure (as given in the NEHRP recom-
mended provisions). §. is the linear elastic story drift, de-
fined as the difference between the lateral deflections of the
floor level above and below the story under consideration
(4 — A1), and is computed for each story by an elastic anal-
ysis of the wall under a code-specified distribution of equiv-
alent lateral forces. The elastic lateral deflection at an arbi-
trary floor level j of a wall with r stories, n panels of the
same geometry, eccentric gravity forces on each panel that
can vary aong the height of the wall, and lateral loads ap-
plied at each floor level, can be computed by:

A = Ay +Ag + Ay + Ay (26)
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Table 1. Summary of key design parameters.

Number of panels, n 3
Panel length, I, 108 in.
Wall length, I, = nl, 324in.
Height, Hy, 336in.
. ThICkIjle$, iy 12in.
Stories, r 2
Floor 1 height ratio, ry; 05
Roof height ratio, ry, 1.0
ey 3.828 x 10°in.*
Ay 324 x 10°sqin.
Vertical joint parameter Pyj 162 kips
A, 4.0sgin.
& 27in.
E, 29,000 ksi
fo 128 ksi
fou 160 ksi
Prestress parameters foi = 0.60fy, 96 ksi
P 384 kips
Ty 192 kips
Ty 192 kips
Tip = faAY2 256 kips
@, (assumed) 0.75
I 6000 psi
) E. 4415 ksi
Concrete properties -
G 1920 ksi
Psp 7.5 percent
N 82.7 kips
L oad parameters em:em:a%.:uz >4in.
Floor 1 load ratio, rg* 0.44
Roof load ratio, rg* 0.56

Note: 1in. =25.4 mm; 1 sqin. = 645 mm? 1 kip = 4.45kN; 1 ksi = 6.895 MPa.
*Obtained from a code-specified distribution of equivalent lateral forces.

where
A :i:“ 2E.. (& V, )rHI H %Hj _—rH| E"‘
1
,zl 2E | (rF'V M %“' Er“i
A = v TeVarHy e Vol Hy
4 GA, - GA,
1
A, = JH ﬁ r,%
N i ECI Hj Hi
1
Ml rgiH
i:iz*'lf 2Ec|w W’I( " )
2
A nep(T2 —Tl)(rHJ.HW)
po 2E,
T =T
T, =T,

Eq. (26) is derived for the wall shown in Fig. 3 in the same
manner that Eq. (7) was derived for the roof displacement
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corresponding to the effective linear limit state. Ag; is the
elastic deflection of the wall at floor j in flexure due to lat-
eral loads. 4 is obtained using the principle of superposi-
tion. The first summation term in the Ag; equation represents
the total lateral deflection of floor j caused by lateral loads
applied at floor j and at all the floor levels below it. The sec-
ond summation term in the Ag; equation represents the total
lateral deflection of floor j caused by lateral loads applied at
the floor levels above floor j.

The deflection of the wall at floor j due to elastic shear de-
formations, obtained using the principle of superposition, is
denoted as Ag. 4y; is the elastic deflection of the wall at
floor j in flexure due to eccentrically applied gravity forces.
The notation M,,; in the 4y; equation represents a concen-
trated wall moment (measured positive in the clockwise di-
rection) applied at floor level i which is calculated using Eq.
(8). Ap is the elastic deflection of the wall at floor j caused
by the application of different initial prestress forces in the
left post-tensioning steel group and the right post-tensioning
steel group of each panel, denoted by Ty; and T, respec-
tively. The initial prestress forces, Ty; and T,;, are the same
for al the panels. The moment produced by the unbalanced
prestress forces on a panel is added over the panels and is
applied to the wall as a concentrated moment (measured pos-
itive in the clockwise direction) at the roof level, because the
post-tensioning steel is unbonded over the entire height of
the wall, and thus the wall is subjected to a constant moment
over itsentire height.

Eq. (26) is derived for awall that has lateral 10ads applied
to the right, as shown in Fig. 3. If the lateral loads are ap-
plied to the left, Eq. (26) isvalid aslong as T, and T, arein-
terchanged, ey is measured from the left edge of the panels,
M,y,; is measured positive in the counter-clockwise direction,
and the concentrated wall moment produced by unbalanced
prestress forces on the panels is measured positive in the
counter-clockwise direction.

To determine Jy for the prototype wall considered in the
design example, composed of two stories, three panels with
the same geometry, the same gravity forces N acting at the
center of each panel, and the forces T, and T, each equa to
half the total initial prestress force on a panel, the elastic de-
flection of the roof A, and of the first floor A, are required.
These are computed as:

&=t de 27)
and

L =0 + Ay 28)
where
A, =
T L : = JURTATIS I s M
4s = Gclp\'N (rFlVd M Hy + e Vol HW)
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1 1 1
2Ec|w nglvd)rleHwa %Hl - 5 rH1ﬁ+ (rFr%)rlestﬁHr - § rm%
1
Ag = o (reVariaHy + 16 ValiH, )

C

Ar, and A, are the elastic deflections of the roof and the
first floor level, respectively, in flexure due to lateral forces.
Agq and Ag are the deflections of the roof and the first floor
level, respectively, due to elastic shear deformations of the
prototype wall. The elastic story drift of the first story, e,
equals Ag; + Ag, and the €elastic story drift of the second
story, &, equals (Ag; + Ag) — (Ag1 + Ag), Where Ag, and
A are equal to A, and Ag, respectively, for the prototype
wall.

Criterion 6 demand (Ay) — The maximum wall roof dis-
placement demand for the maximum considered ground mo-
tion, 4, is computed as:

As= ady

As noted earlier, the NEHRP recommended provisions'
define the design level ground motion as having a ground
shaking intensity that is two-thirds of the maximum consid-
ered earthquake ground motion. Therefore, Ay = 2443, or A
= 1.54A4. According to the NEHRP recommended
provisions,* the factor of 1.5 is a lower bound estimate of
the margin against collapse of a structure. Therefore, ds
should not be less than 1.5. In the present study, a conserva-
tive value of 2.5 is used for ag. 4y in EQ. (29) is computed
using Eq. (24).

Criterion 7 demand (A.) — See Criterion 6 capacity.

(29)

DESIGN EXAMPLE

The objective is to design a prototype wall using the pro-
posed design approach presented earlier. The example con-
centrates on the seismic design of a wall for the two-story
prototype structure shown in Fig. 11 under a ground motion
in the E-W direction. Table 1 summarizes various key pa-
rameters used in the design of the wall. These include the
wall, vertical joint, prestress, and load parameters, as well as
concrete material properties. The following steps are recom-
mended for applying the proposed design approach:

1. Select initial wall, vertical joint, and prestress parame-
ters (see Table 1). These parameters describe the prototype
wall, which is two stories tall and is composed of three pan-
elsthat have the same geometry.

2. Define the load parameters (see Table 1). The magni-
tude of the gravity force on each panel, Ny (k = 1 to n), and
its location on each panel, ey (k = 1 to n), depend on the
building layout and the number of panels in awall (n). For
the prototype wall, which has three panels, the gravity forces
are assumed to act at the center of each panel. Thus, ey; =
e = ez = 1,/2 (see Table 1).

3. Define the concrete properties (see Table 1). The proto-
type wall uses interlocking spirals to confine the concrete at
the ends of each panel throughout the height of the first
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Table 2. Estimated seismic properties and demands for
the prototype structure.

W T Vi Qd
(kips) (seconds) (kips) (kips)
7289 0.24 1604 7218

Note: 1 kip = 4.45 kN.

Table 3. Estimated seismic capacities and demands
for the prototype wall.

Seismic design criteria Capacity Demand
Va2 agVg=0aqQy/R | Vg =372kips ag=1.0
Criterion 1 (0.65<ay4<1.0) (Eq. 6) Vg4 =348 kips
(Eg. 16)
@ Vi 2 Vg @ =0.75
Criterion 2 (0.7< @, <0.9) Viip = 460 Vg4 =348 kips
(Eg. 17) (Eg. 13)
Criterion 3 Dyp2 4y A, =18in. Ay3=0.98in.
(Eqg. 18) (Eq. 14) (Eq. 24)
‘Dgc [Tli(lx/2 - ep) b
Criterion 4 Ta(J/2 + &)] + 20,000 kip-ft | 18,000 kip-ft
N(Ix—en) = Py; I (Eg. 19) (Eq. 19)
(Eg. 19)
0y =20 =04
Criterion 5 O 2 0y Sjercent zdercent
(Eq- 20) (NEHRP™) (Eq. 25)
Do > A Ao > 87071 o oin.
Criterion 6 (E‘:. 21)5 (> 2 percent (Eq. 29)
roof drift)
Dy >6.70in* | A >6.70in*
Criterion 7 Lip > Doe (> 2 percent (> 2 percent
roof drift) roof drift)

Note: 1in. = 25.4 mm; 1 kip = 4.45 kN; 1 kip-ft = 1.36 KN-m.
* Closed-form expression not devel oped. Result obtained from a nonlinear static
push-over anaysis.*

story. The level of confinement provided by the spirals is
quantified in terms of a volumetric ratio of spiral reinforce-
ment, pg,. This parameter controls the capacity for Criterion
6 of the design approach.

4. Calculate the structure seismic properties and demands
in accordance with the applicable building code (the
NEHRP recommended provisions** are used in this exam-
ple). Table 2 summarizes the seismic properties and de-
mands computed for the prototype structure.

5. Calculate the wall design base shear demand, Vg, using
Eq. (16). For the prototype wall, V4 = 348 kips (1549 kN) in
accordance with the NEHRP recommended provisions.'*

6. Estimate and compare the wall seismic capacities and
demands for each criterion of the proposed design approach.
Table 3 summarizes the design criteria and shows the esti-
mated seismic capacities and demands for the prototype
wall.

Table 3 shows that the prototype wall satisfies the seismic
design criteria of the proposed design approach. If a crite-
rion of the design approach is not satisfied, certain parame-
ters can be changed to ensure that the criterion is satisfied.
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These recommendations are provided in the companion
paper! which studies the influence of certain parameters on
the behavior (capacities) of an unbonded post-tensioned pre-
cast wall with vertical joint connectors.

CONCLUSIONS

This research investigates the seismic design of walls
composed of precast concrete panels that are attached to
each other along vertical joints with ductile connectors, and
to the foundation along horizontal joints with post-tension-
ing steel that is not bonded to the concrete. Closed-form ex-
pressions are derived to estimate key values that define the
lateral load behavior of the walls. A seismic design ap-
proach for the walls is proposed using the base shear de-
mands recommended by current model building codes.

A prototype wall is designed to satisfy the seismic design
criteria of the proposed design approach. In particular, the
prototype wall satisfies nonlinear displacement demands
under code-specified design level ground motions without
yielding in the post-tensioning steel, but with yielding and
energy dissipation in the vertical joint connectors. The pro-
totype wall also satisfies nonlinear displacement demands
under maximum considered ground motions without frac-
ture of the post-tensioning steel, or compression failure of
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the concrete in the wall panels. Study results demonstrate
that unbonded post-tensioned precast walls with vertical
joint connectors are well suited for use as seismic resistance
of building structures.

A companion paper! presents results from an analytical
parameter study of unbonded post-tensioned walls with duc-
tile vertical joint connectors. The analytical study verifies
the accuracy of the closed-form expressions presented in
this paper and discusses the influence of certain wall param-
eters on the lateral load response of the walls. Based on the
analytical results, recommendations are provided to ensure
that the seismic design criteria presented in this paper are
satisfied.
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FprerT

APPENDIX — NOTATION

total cross-sectional area of post-tensioning steel
in apanel

effective shear area of wall

NEHRP deflection amplification factor
compression stress resultant in concrete after the
application of prestress forces and gravity loads
compression stress resultant at base of panel k
compression stress resultant on panel k after the
application of prestress forces and gravity loads
NEHRP seismic response coefficient

length of compression zone at base of panel k
elastic modulus of concrete

elastic modulus of post-tensioning steel
eccentricity of Ny, measured from right edge of
panel

eccentricity of post-tensioning steel from panel
centerline to centroid of post-tensioning steel
lateral force on panel k at level i

lateral force on panel k at roof level

lateral force onwall at floor i

lateral force on wall at roof level

compressive strength of unconfined concrete
stress in post-tensioning steel after the application
of prestress forces and gravity loads (also referred
to astheinitia stressin the post-tensioning steel)
yield stress of the post-tensioning steel

residual stress in post-tensioning steel after un-
loading from beyond the yield stress

ultimate strength of post-tensioning steel

shear modulus of concrete

height of floor level i measured from the base of
the wall

height of roof level measured from the base of the
wall (equa to H,)

total wall height

story height

NEHRP occupancy importance factor assigned to
structure

moment of inertia of the uncracked transformed
section of awall

floor level

floor level

wall panel number

initial lateral stiffness of wall

wall length

panel length

base moment at the decompression limit state

base moment at the effective linear limit state due
to applied lateral loads

moment applied at floor i

gravity force on a panel

gravity force on panel k

total number of panelsin awall

total force in the post-tensioning steel after the ap-
plication of prestress forces and gravity loads (also
referred to as the total initial prestress force on a
panel)

P

Py
Qq

Qd
Qs

total shear force across avertical joint

total shear yield force across a vertical joint

wall linear-elastic base shear demand for the de-
sign level ground motion

structure linear-elastic base shear demand for the
design level ground motion

wall linear-elastic base shear demand for the maxi-
mum considered ground motion

structure linear-elastic base shear demand for the
maximum considered ground motion

NEHRP response modification coefficient

total number of storiesin awall

ratio of the force at the ith floor level to the wall
base shear

ratio of the force at the roof level to the wall base
shear

ratio of the ith floor height to the total height of
the wall

ratio of the roof height to the total height of the
wall (equal to unity)

fundamental period of the structure

total force in a group of post-tensioning steel at
yield

total force in a group of post-tensioning steel to
the left of panel centerline

total initial force in a group of post-tensioning
steel to the left of panel centerline after the appli-
cation of prestress forces and gravity loads

total force in a group of post-tensioning steel to
the right of panel centerline

total initial force in a group of post-tensioning
steel to the right of panel centerline after the appli-
cation of prestress forces and gravity loads

wall thickness

base shear when confined concrete crushes

wall design base shear demand

structural design base shear demand

wall base shear at decompression limit state

wall base shear at effective linear limit state

panel base shear

wall base shear at limit state corresponding to
yielding of vertical joint connectors

wall base shear at limit state corresponding to
yielding of post-tensioning steel

wall base shear

structure seismic weight

factor used to define softening base shear demand
factor used to define maximum considered roof
displacement demand

roof displacement when confined concrete crushes
roof displacement demand under the design level
ground motion

roof displacement at decompression limit state
roof displacement at effective linear limit state
elastic deflection at floor j due to lateral forces
elastic wall deflection at roof in flexure due to lat-
eral forces
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elastic deflection of first floor in flexure due to lat-
eral forces

roof displacement corresponding to fracture of
post-tensioning steel

roof displacement corresponding to failure of the
gravity load resisting system

roof displacement due to gap opening

roof displacement at limit state corresponding to
yielding of vertical joint connectors

roof displacement at limit state corresponding to
yielding of post-tensioning steel

elastic wall deflection at floor j in flexure due to
eccentric gravity forces

elastic wall deflection at roof in flexure due to ec-
centric gravity force

elastic wall deflection at floor j due to different
initial prestressforces, T;; and Ty

elastic wall deflection at roof due to different ini-
tial prestressforces, T4; and Ty

roof displacement

January-February 2004

roof displacement demand for the maximum con-
sidered ground motion

deflection of floor j due to elastic shear deforma-
tions

roof deflection due to elastic shear deformations
deflection of first floor due to elastic shear defor-
mations

gap opening displacement along base of a panel at
location of post-tensioning steel centroid on ten-
sion side

relative vertical displacement between adjacent
panels along the vertical jointsat ELL

alowable story drift

maximum story drift demand for the design level
ground motion

linear elastic story drift

ultimate compressive strain of confined concrete
volumetric ratio of spiral reinforcement

wall base shear capacity reduction factor

initial prestress reduction factor
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