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R
esearch conducted as a part of
the PRESSS (PREcast Seismic
Structural Systems) research

program has shown that precast con
crete walls with unbonded post-ten
sioning offer significant advantages as
primary lateral load-resisting systems
in seismic regions.1-4Fig. 1 shows the
elevation and cross section near the
base of a wall, referred to as Wall
WHiM, which was designed for a re
gion with high seismicity (e.g., coastal
California) and a site with a “medium”

soil profile [a soil profile with deep
cohesiveness or stiff clay conditions
where the soil depth exceeds 200 ft
(61 m)J.

The wall is constructed by post-ten
sioning precast wall panels across hori
zontal joints using high strength bars
that are not bonded to the concrete.
Dry-pack or grout may be used be
tween the wall panels to keep them
within construction and alignment tol
erances. Spiral reinforcing steel is used
to confine the concrete near the base of
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addresses the use of these walls with rectangular openings to
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the wall. Welded wire fabric is used as
bonded reinforcement in the panels.

The post-tensioning steel bars are
anchored to the wall at the foundation
and roof. Unbonding of the post-ten
sioning steel, which is achieved by
placing the bars inside oversized un
grouted ducts, has two important ad
vantages under lateral loads:’

1. It results in a uniform strain dis
tribution in the steel and, thus, delays
nonlinear straining (i.e., yielding) of
the post-tensioning bars.

2. It significantly reduces the tensile
stresses in the concrete, and thus re
duces cracking, because the stress
transfer between the steel and the con
crete due to bond is eliminated.

Previous research on the seismic be
havior and design of unbonded post-
tensioned precast concrete walls is
limited to walls without openings. The
use of openings in the walls, however,
may be needed to accommodate win
dows, doors, and mechanical penetra
tions. Large panel openings may also
be necessary in precast concrete park
ing structures to provide passive secu
rity protection.

The seismic design of Wall WHIM
was done for a prototype structure de
scribed in Kurama et al.1 using a design
procedure developed previously for
walls without openings. This design
procedure, which is described in detail
by Kurama et al.,’-3 was used to deter
mine the wall length and thickness as
well as the required amount of post-
tensioning and spiral reinforcement.

The openings in the wall panels are
not addressed by the previous design
approach. These openings can result in
large tensile stresses and, thus, crack
ing in the panels, which can limit the
vertical and lateral load-carrying ca
pacity of the walls by causing prema
ture failure of the panels. Thus,
bonded mild steel reinforcement may
be needed in the wall panels to limit
the size of the cracks.

This paper addresses the design of
the required panel reinforcement
around the openings under post-ten
sioning and gravity loads only. The re
search, conducted as part of a Daniel
P. Jenny Research Fellowship funded
by the Precast/Prestressed Concrete
Institute, is described in detail by
Allen and Kurama.5
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OBJECTIVES AND SCOPE
The research project focuses on two

stages of loading for the walls. In the
first stage, the walls are subjected only
to vertical post-tensioning forces and
gravity loads. This is the loading stage
that a typical wall would be subjected
to during most of its service life. The
second stage of loading is the combi
nation of vertical loads with lateral
loads, such as earthquakes.

The behavior and design of the
walls for the first stage of loading is

discussed in this paper. The second
stage of loading is addressed in Allen
and Kurama,6 to be published in the
March-April 2002 PCI JOURNAL.
For each loading stage, the critical re
gions in the wall panels are identified
and a design approach to determine
the required amount of bonded panel
reinforcement to control cracking and
prevent premature failure of the walls
is proposed.

The effects of opening length and
height, wall length, and initial stress in

gravity loads
Jr
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Fig. i. Prototype Wail WHiM: elevation and cross section (half the wall length).
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the concrete due to post-tensioning
and gravity loads on the behavior and
design of the walls are investigated. A
design example for the determination
of the required panel reinforcement is
provided in Appendix B.

A series of six-story walls is investi
gated. The results can be extended to
walls with different numbers of sto
ries, as described later. It is assumed
that there is a horizontal joint at each
floor level and between the wall and
the foundation since larger panel sizes
(with fewer horizontal joints) may be
difficult to transport to the construc
tion site. Only rectangular openings
located at the center of the wall panels
are considered. It is assumed that each
story panel contains an opening and
that the opening size does not vary.

PARAMETRIC
INVESTIGATION

A parametric investigation is con
ducted on walls with openings using a
finite element model that is described
later. The objectives of the parametric
investigation are to:
• Determine the effect of the openings

on the behavior of the walls.
• Determine the critical regions in the

wall panels and the required amount
of bonded panel reinforcement in
these regions.

• Develop an approach for designing
the panel reinforcement.
Table 1 shows the parameters that

are investigated; these are:
• Opening length, 10
• Opening height, h0
• Panel (wall) length, l

• Initial stress in the concrete due to
gravity and post-tensioning,
Fig. 2 shows the elevation and cross

section near the base of the parametric
walls.

In Table 1, the opening length, 10, is
normalized with respect to the panel
length, li,, as Yi l/l. The opening
height, h0, is normalized with respect
to the height, h, of the base panel as

= hJh, where = 16 ft (4.88 m).
Similarly, the initial stress in the con
crete, f, is normalized with respect to
the compressive strength of the uncon
fined concrete, fe’. as =f1/f’, where

f = 6 ksi (41.4 MPa) is assumed. The
parametric wall with I,, = 20 ft (6.10
m) and Yf= 0.29 [Fig. 2(a)] is the same
as Wall WHiM (see Fig. 1).

Note that the findings and conclu
sions presented in this paper are lim
ited to the ranges of the parameters
that are considered, which are de
scribed below.

Opening Dimensions, 14, and h,

As shown in Table 1, the parametric
investigation of the normalized open
ing dimensions is limited to 0.10
<0.40 and 0.13 0.38. The maxi
mum length of the openings is limited
so that the post-tensioning bars can be
placed within the vertical chords at the
sides of the openings (see Fig. 1).
(The placement of the bars inside the
openings is considered unsafe.)

Moreover, under combined vertical
and lateral loads, all or most of the
axial forces in a wall (due to gravity
and post-tensioning) are transferred to
the foundation through the vertical
chord at the compression side of the

base panel (as described in more detail
by Allen and Kurama5’6).The maxi
mum length and height of the open
ings are limited to ensure that the wall
panels remain stable under these large
compression forces.

For openings that are larger than
those investigated in this paper, it may
be necessary to brace the openings to
stabilize the wall panels under com
bined vertical and lateral loads. The
presence of larger openings may also
necessitate that the walls be designed
as either coupled wall systems or
frame systems.

Panel Dimensions, Ii,, hi,, and I,

The parametric investigation of the
panel (wall) length is limited to 12 ft
(3.66 m) li,, 20 ft (6.10 m) as
shown in Table 1 and Fig. 2. The
panel height, h, is assumed to be
equal to 16 ft (4.88 m) for the base
panel and 13 ft (3.96 m) for the upper
story panels. The panel thickness, ti,, is
kept constant at 12 in. (305 mm).

The maximum size and weight of
the panels are limited to ensure that
the panels can be transported to the
construction site. The shorter panel
lengths considered in the paper can be
used in wall systems with vertical
joints, similar to the walls investigated
by Priestley et al.,4 Kurama,7 and
Perez.8

Initial Concrete Stress, f1
The initial stress in the concrete is

calculated as a nominal initial stress,
by dividing the axial force near the
base of the wall with the gross cross-
sectional area, Ag = The paramet
ric investigation of the normalized
initial concrete stress due to post-ten
sioning and gravity loads is limited to
0.057 Yj 0.29.

The total initial (i.e., after losses)
post-tensioning force in the walls is
calculated as F, = where is
the area of a post-tensioning bar and

is the initial stress in the bar. The
variation in the initial concrete stress
is achieved by varying the total area of
the post-tensioning steel as shown in
Fig. 2 to represent walls designed for
different levels of seisinicity.

The normalized initial concrete

Table 1. Parametric investigation.
Parameter 1,, = 2Oft l,,= 15 ft 1,, = 12 ft

ifh fO.29YfO.181OZW y=OM57 yf= 0.18 yf= 0.18

0.20 x j — x — —

0.30 0.13 x x x x

0.40 0.13 x — — —

0.10 0.25 x x x x x x

0.20 0.25 x x x x x x

0.30 0.25 [ x X X X X X

0.40 0.25 x x x x x

—

—

0.20 038 x — — x — —

030 038 x x x x x

0.40 0.38 x — — x —

Note: If =
4,/1,, Yh =h0th,, and Yf=L If . where h =

1 ft = 0.3048 m, I ksi = 6.895 MPa.
16 ft andf= 6.0 ksi.

52 PCI JOURNAL



—
C

a

/

0I
C

I-

I‘C
I

II!
Z

I

C

p

—
—

—

—
—

—

,

I

0UaD0r’1

—
a

0

0II
u

l-O

o

r—
.

U
L

fl

Co(a>j)
0

C
’,

L
)

C
’l
00C

”Ca

.00UCaC(a

Zrj

00

I‘C
l

I
I
l

.1
I

1
1

jjI
I

I
I

I
—

I
I

I
—

C

Zrj
I
IH



Fig. 3. Analytical model: (a) model elevation; (b) infinite elastic panel; (c) verification of results.

stress values of = 0.29, 0.18, and
0.11 in Table 1 represent walls for re
gions with high, moderate, and low
seismicity, respectively. The case with

Yf = 0.057 represents a wall with grav
ity loads only, without any post-ten
sioning.

The initial stress in the post-tension
ing bars is kept at a constant value of

f = 0.60f (which is a typical value
for unbonded post-tensioned precast
concrete walls”2), wheref = 160 ksi
(1100 MPa) is the assumed ultimate
strength of the post-tensioning steel.

The distance from the centroid of
the group of post-tensioning bars on
each side of the wall centerline to the
wall centerline is kept at a constant
proportion (34.1 percent) of the wall
length. This location is selected so that

the bars can be placed outside the
longest opening studied (i.e., y, =

0.40).
The gravity load on the walls was

determined from the tributary area
based on the prototype structure layout
given in Kurama et al.’ The resulting
total gravity axial force near the base
of the walls, Gb, is equal to 983 kips
(4370 kN). For the walls with 1,,, = 20
ft (6.10 m), the gravity axial force of
983 kips is approximately equal to 5.7
percent of A/C’ (i.e., Yf = 0.057), where
Ag = l,,t,, = 20 sq ft (1.86 m2) andf = 6
ksi (41.4 MPa).

Analysis of the Walk
In the parametric investigation,

each wall is first subjected to post-

tensioning and gravity loads, and then
to equivalent lateral loads (except for
the wall with Yf = 0.057) using the an
alytical model described below. The
results of the analyses under post-ten
sioning and gravity loads are de
scribed in this paper. The lateral load
analyses are discussed in Allen and
Kurama.6

ANALYTICAL MODEL
This section describes an analytical

model to investigate the behavior and
design of unbonded post-tensioned
precast concrete walls with rectangu
lar panel openings. Full details of the
model are given in Allen and
Kurama.5

As an example, Fig. 3(a) shows the

N__ rigid
element

nonlinear
plane stress
element

5th floor

(b)
truss
element

1.2

gap/contact
surface

0 • 3.0 6.0

10/h0

(c)

f= 1.0 ksi

in.
l=60 in. h0= 60 in. h°= 60 in.

60 in.

1 ksi = 6.89 MPa
1 in. = 25.4 mm

—— closed-form solution

— — finite element model

(a)
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analytical model for Wall WHiM.
The model, which was developed
using the finite element program
ABAQUS,9can be used to conduct
nonlinear analyses of walls with and
without openings under vertical and
lateral loads.

Modeling of the post-tensioning
bars, wall panels, and gravity loads is
described below. Modeling of the be
havior of the walls under lateral loads
is described in Allen and Kurama.5’6

Modeling of Post-Tensioning Bars

The unbonded post-tensioning bars
are modeled using truss elements. The
post-tensioning anchors at the founda
tion are represented by restraining the
vertical and horizontal translational
degrees of freedom of the truss ele
ment nodes located at the foundation
level. The post-tensioning anchors at
the roof level are modeled using rigid
elements that share nodes with ele
ments modeling the wall panels (de
scribed below).

The post-tensioning loads are simu
lated by initial tensile forces in the
truss elements, which are equilibrated
with compression stresses in the wall
panels. The “smooth” stress-strain re
lationship of the post-tensioning steel
in tension is modeled using an ideal
ized tn-linear stress-strain relation
ship.5

The yield stress of the tn-linear rela
tionship is determined from the linear
limit (i.e., limit of proportionality)
stress of the smooth stress-strain rela
tionship as f,,,, = 120 ksi (827 MPa).
The strain-hardening stiffness is deter
mined from the nonlinear portion of
the smooth stress-strain relationship
up to the ultimate strength, f, = 160
ksi (1103 MPa).

Modeling of Wall Panels and
Gravity Loads

The precast concrete wall panels are
modeled using nonlinear rectangular
plane stress elements. It is assumed
that the panels remain stable under the
applied loads. The gravity loads are
modeled as uniformly distributed
loads applied to the top of the panels
at each floor and roof level.

A series of mesh refinement analy
ses were conducted to determine the

finite element mesh.5 As shown in Fig.
3(a), a large number of elements are
used to model the wall panels. The
number of elements is increased at the
top of the wall near the post-tension
ing anchors and in the base panel,
which is the most critical panel due to
larger stresses. The size of each ele
ment in the base panel is 2 x 2 in.
(50.8 x 50.8 mm). The openings are
modeled by regions in the wall panels
without any elements.

The spiral reinforcing steel in the
wall panels is not modeled explicitly.
Instead, the effect of the spiral rein
forcement is represented using a con
fined concrete stress-strain relation
ship in the elements modeling the
wall panels as described in detail by
Allen and Kurama.5 The nonlinear
compressive stress-strain relationships
of the unconfined concrete and the
spiral confined concrete are deter
mined using a model developed by
Mander et al.1°

Variations in the concrete properties
across the thickness of the wall panels
(such as cover concrete) are ignored to
reduce the size of the analytical model
and to prevent numerical problems
due to the crushing of the cover con
crete under lateral loads. Previous in
vestigations of walls without openings
have shown that crushing of the cover
concrete under lateral loads occurs
over a small region near the bottom
corners of the base panel and does not
have a significant effect on the behav
ior of the walls.3 Thus, crushing of the
cover concrete is not modeled in this
study. The reduction in the concrete
area due to the post-tensioning ducts is
also not modeled.

Modeling of Bonded Panel
Reinforcement

The bonded panel reinforcement,
which includes the mild steel rein
forcement needed around the openings
and the welded wire fabric, is not
modeled explicitly. Since the actual
amount and location of the mild steel
reinforcement around the openings is
not known in advance, an explicit
modeling of this reinforcement would
necessitate an iterative analysis proce
dure to determine the required area,
number, and location of the bars using

an accurate representation of each ban
in the wall panels. This iterative pro
cedure would significantly limit the
number of walls that could be investi
gated by the research because of an in
creased number of analyses necessary
for each wall, difficulties in the mod
eling of individual bars and cracking
of concrete, numerical problems, and
execution time.

These difficulties are overcome by
modeling the effect of the bonded
steel reinforcement using elastic ten
sion properties in the plane stress ele
ments for the wall panels. In this
modeling approach, the following as
sumptions are made:
• The panels are reinforced with a

sufficient amount of bonded mild
steel to limit the size of the cracks.

• The panel reinforcement does not
yield.

• The reinforcement is well-dis
tributed and well-detailed in the ten
sion regions.
Based on these assumptions, the re

quired area of reinforcement can be
determined from the tensile stresses in
the wall panels.

Note that as a result of using elastic
tension properties in the wall panels,
the redistribution of panel stresses due
to concrete cracking and the actual
placement of the panel reinforcement
cannot be modeled. However, in a
properly designed panel with a suffi
cient amount of well-distributed, well-
detailed reinforcement, the cracks re
main small and, thus, are not expected
to significantly affect the behavior.

Verification of the Analytical
Model Under Vertical Loads

The finite element model under ver
tical loads is verified as described
below. The verification of the model
under combined vertical (due to grav
ity and post-tensioning) and lateral
loads is described in Allen and Ku
rama.5’6

Closed-form analytical solutions are
available for the maximum tensile
stresses in infinite elastic panels with
rectangular openings for a limited
number of load and opening configu
rations.5’11 As an example, Fig. 3(b)
shows a panel loaded with a uniform
compression stress, f.
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(a)

(b)

Fig. 4. Stress contours in the base panel: (a) maximum principal stresses; (b) minimum principal stresses.

This loading condition is similar to
the condition that exists in the wall
panels under vertical loads due to
gravity and post-tensioning as de
scribed later. The presence of an open
ing in the panel results in the develop
ment of normal stresses (in the
horizontal, x-direction) above and
below the opening as shown in Fig.
3(b). The stresses near the opening are
tensile, with the maximum tension
stress, ftm, occurring at the middle of
the opening edge.

Fig. 3(c) shows comparisons be
tween the maximum tension stress, ftm,

calculated using the closed-form solu
tion and the stress predicted using a fi
nite element model of the panel.5 The
comparisons are provided for three
different opening aspect ratios (10/h0 =

1.0, 3.2, and 5.0) under a panel load
ing off,, = 1.0 ksi (6.89 MPa). The re
suits indicate that the finite element
model is capable of accurately predict-

ing the maximum tension stress adja
cent to the opening for different values
of opening length, 4, and height, h0.

CRITICAL PANEL REGIONS
UNDER VERTICAL LOADS
As described earlier, a typical pre

cast concrete wall with unbonded
post-tensioning would primarily be
subjected to vertical loads due to grav
ity and post-tensioning during most of
its service life. Under these conditions,
cracks may form in the wall panels
due to the openings. To limit the size
of these cracks, the most critical re
gions in the wall panels need to be
identified and reinforced with a suffi
cient amount of bonded mild steel.

As an example, Fig. 4 shows the
principal stress contours in the base
panel of Wall WHiM {1, 20 ft (6.10
m) and = 0.291 using the finite ele
ment model. Figs. 4(a) and 4(b) show

the maximum and minimum principal
stress contours, respectively, in the
panel without and with an opening (y
= 0.40 and = 0.38).

The red-shaded areas in Fig. 4(a) in
dicate the critical regions of the panel
where the maximum principal stresses
exceed 7.5k in tension. The red-
shaded areas in Fig. 4(b) show regions
of the panel where the minimum prin
cipal stresses are tensile (i.e., greater
than zero). The sign convention used
for the stresses is positive for tension
stresses. Cracking is expected to occur
in the critical regions where the maxi
mum principal stresses are larger than
7.57I.

Fig. 4 shows that the presence of an
opening disrupts the flow of the com
pressive stresses from the top to the
bottom of the panel, resulting in the
formation of tensile stresses. The criti
cal panel regions under vertical loads
are along the top and bottom edges of
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the opening. The maximum tensile
stresses form at the middle of the
opening edges and may be large
enough to cause cracking.

The finite element analysis results
indicate that the directions of the criti
cal principal stresses in the panel are
mostly horizontal5 and, thus, horizon
tal reinforcement is needed parallel to
the top and bottom edges of the open
ing. The stresses above and below the
opening are similar; thus, similar
amounts of reinforcement are needed
in both regions.

As described earlier, the panels are
modeled using elastic tension proper
ties assuming that the critical regions
are reinforced with an adequate
amount of well-distributed bonded
mild steel. Thus, the tensile stresses in
the panels are allowed to exceed the
cracking stress. The required area of
the steel is determined by dividing the
stress resultant in the tension region
(which is calculated by integrating the
tensile stresses) with the assumed al
lowable strength of the steel. The ten
sile strength of concrete is ignored in
the design of the reinforcement.

Note that for the opening and panel
sizes and loads considered in this
paper, shear reinforcement is not
needed in the wall panels under verti
cal loads. Thus, the design of the panel
shear reinforcement is not addressed.

DESIGN OF PANEL
REINFORCEMENT

This section investigates the re
quired panel reinforcement above and
below the openings based on the finite
element analysis results of the para
metric walls in Table 1. A design ap
proach is proposed to estimate the
amount of required reinforcement. For
each wall, the design of the base panel
is investigated in detail; this is the crit
ical panel since the effect of the grav
ity loads is maximum at the base while
the post-tensioning force is constant
over the height of the wall.

Fig. 5(a) shows the compression
stresses, ci.,, acting at the top of a typi
cal base panel from the gravity loads
applied at.the second floor level [see
Fig. 3(a)] and from the post-tensioning
and gravity loads transferred to the
panel by the panel above. These

stresses are obtained from the finite el
ement model and are referred to as the
panel top stresses. The stress distribu
tion is shown only on the right half of
the panel due to symmetry about the
panel centerline.

The distribution of the stresses act
ing at the top of the panel is not uni
form because of the presence of the
openings. Note that the panel loading
shown in Fig. 5(a) is similar to the
loading in Fig. 3(b), except that the
stress distribution in Fig. 5(a) is not
uniform.

The compressive stresses, qç, at the
top of the vertical chord on the right
side of the opening are also shown in
Fig. 5(a). These stresses are in equilib
rium with the panel top stresses and
are referred to as the side chord
stresses.

Similar to Fig. 3(b), the presence of
the opening results in normal stresses
(in the horizontal, x-direction) in the
horizontal chord above the opening.
The tension stress resultant, T, in the
chord is determined by integrating the
stresses in the tension region over a
height of as shown in Fig. 5(a).
Then, the required area of the steel re
inforcement, A, is determined by di
viding the tension stress resultant, T,
with the assumed allowable strength
of the steel, Lii.

Truss Model

For design, the tension stress resul
tant, T, in the top horizontal chord is
estimated using a “truss” model as
shown in Fig. 5(b) and enlarged in
Fig. 5(c). As shown in Fig. 4, the
opening disturbs the flow of the com
pression stresses from the top to the
bottom of the panel. The truss model
is used to represent the flow of the
stresses around the opening.

The truss model uses only a portion
of the panel top stresses and the side
chord stresses. The portion of the
compressive stress resultant used in
the truss model is referred to as Cr,
which is calculated from the panel top
stresses and the side chord stresses
over a distance of X,- from the panel
centerline as shown by the shaded
areas in Fig. 5(b).

Let the location (measured from the
panel centerline) of the stress resul

tant, Cr, be equal to and i at the
top of the panel and at the top of the
side chord, respectively. Based on the
finite element analysis results, it is as
sumed that the location of Cr at a
height of 4,14 h [where h = (1z —

h0)12 is the height of the top chord as
shown in Fig. 5(a)] from the top of the
opening is also equal to i. Thus, the
design tension stress resultant above
the opening, T, and the required area
of the steel reinforcement, A, can be
estimated as:

(i .1
T=C (I)

4,14 )

The determination of C and i
for use in Eq. (1) is described below.

Estimation of Panel Top Stresses

The panel top stresses are estimated
by dividing the stress distribution from
x = 0 (panel centerline) to x = 4,12
(panel edge) into three regions:

• 0 x
• x s x; and
• x 4,12

where x is the distance measured from
the panel centerline. The stress distri
butions in these regions are expressed
in terms of the stresses fo fi fp2’ and

fpe at x = 0, x1, x2, and 1,,/2, respec
tively [see Fig. 5(b)].

The stress distribution in each re
gion, is approximated using a sec
ond order curve as:

(2)

where the subscript j indicates the
stress distribution in the jth region and

and are coefficients used
for each stress distribution. The stress
(0) =f at x = 0 is estimated as:

-40) +f (3)

The stress f, is equal to the uni
formly distributed stress due to the
gravity load, €4,, applied at the floor
level above the panel (e.g., second
floor for the base panel), and f is
equal to the uniformly distributed
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h,

(a)

side chord stresses

Fig. 5. Design of panel reinforcement: (a) stress distributions; (b) truss model; (C) truss model enlarged.
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3rd floor

Fig. 6. Estimation of I: (a) definition of O; (b) I versus O.

stress due to the total post-tensioning
force, P, and the sum of the gravity
loads, Ga, applied at the upper floor
and roof levels (e.g., third floor and up
for the base panel) as:

G
c P

J PP lPtp

____

Jp0
1pp

where and t1, are the panel length
and thickness, respectively.

The angle O (in degrees) is mea
sured between the panel centerline and
the bottom corner of the opening in the
upper story panel [see Fig. 6(a)1 as:

Oc =tan(’U
- ho)

where is the height of the upper
story panel (i.e., the panel above).

Fig. 6(b) shows how Eq. (3) (shown
by the solid lines) compares with the
f values obtained using the fmite ele
ment model (FEM, as shown by the
markers) for different values of Yi, Yh

and l,. The stress f is normalized
with respect to the strength of the Un-

confined concrete, f 6 ksi (41.4
MPa). The variation in the angle O in
Fig. 6(b) is a result of the variations in

and Yh.
The distances x1 and x2 are selected

such that the stresses and fp2 (at x1
and x2, respectively) can be estimated
using a linear stress distribution as
shown by the dashed line in Fig. 5(b).

(4) Based on the stress distributions ob
tained from the finite element analy
ses, it is assumed that:

2( + G + Ga)
= -f0fpe

2(fpe —f0)x2
f2=f0+

ip

0.3G

— 0 7f=O.29,lp=2Oft
— o y=0.i8,I=20ft
— ‘y=0.1i,1=20ft

0.20 — x
‘‘

0.057, l,= 20 ft
— * Yf-O.18,1p=l5ft
— * ‘yf=O.i8,I=i2ft

markers — FEM
0.10 1ines.—. Eq. (3)

lift 0.30 mJ

I I I —

1 30
e (degrees)

(a) (b)

‘p

I I I

60 90

xl = 2(X{) = qi(xi)
2

2l + l,

4

The stresses fpe’ fp2 and for the

(5) linear stress distribution at x 1,,12, x2,
and x1, respectively, are determined
as:

It is assumed that the slope of at
x = 0 is zero [i.e., u,1(0) = 0]. Then,
the three second-order stress distribu
tions, ai(O x x1), 2(x1 x s

and cr3(x2 x 1,12) can be deter
mined using the following boundary
conditions with f,,, fi and fp2 as de
termined from Eqs. (3) and (7):

u1(0)fo

2(Xl) = cr(x) =fi

a3(x2)=a2(x2)= fp2

(6) tp3(X2) 02(X2)

Xj X2

tfcr1dx + tfcJ2dx +
0

‘p

P+G+G
tfu1,3dx= P a (8)

Figs. 7(a) and 7(b) compare the esti
mated base panel top stress distribu
tions with stress distributions deter
mined using the finite element

(7) analysis results of a selected set of
parametric walls for varying values of

=

+ 2(fpe —f0)x,

ip
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= 0.25, Yr = 0.29, l =20 ft (6.10 m)

(a)

0.E -

0.4

0.3

0.2

0.1

0

1ft=O.3Om

= 0.20,
‘h

= 0.25, i, =20 ft (6.10 m)

0.1 0.2 0.3 0.4 0.5
x/1

(b)

Fig. 7. Stress distributions: (a), (b) panel top stresses; (C), (d) side chord stresses.

—
— FEM

— Y =0.18
— —. estimated

—
Yf= 0.11

0 0.1 0.2 0.3 0.4 0.5

“p

(d)

Vi [with Yh 0.25, y= 0.29, l, = 20 ft
(6.10 m)] and Yf [with y = 0.20, m =
0.25, l = 20 ft (6.10 m)], respectively.
The stresses are normalized with re
spect tof = 6 ksi (41.4 MPa).

The results in Figs. 7(a) and 7(b) in
dicate that the estimated stress distri
butions are close to the FEM distribu
tions (i.e., the distributions obtained
using the finite element model). For
the cases of 7j equal to 0.30 and 0.40
with Yh = 0.25, Yf= 0.29, and = 20 ft
(6.10 m) [Fig. 7(a)], which correspond
to two of the longer openings in Wall

WHiM, the estimated stress distribu
tions deviate from the FEM distribu
tions near the end of the panels (i.e.,
near x = l/2). However, this deviation
does not significantly affect the esti
mation of the required panel reinforce
ment since only a portion of the stress
distribution over a distance of Xr from
the panel centerline is used in the truss
model as shown in Fig. 5(b).

Estimation of Cr and 5,,

The truss model in Fig. 5(b) uses the
portion of the panel top stresses be-

tween 0 x X, with a compressive
stress resultant equal to Cr and a resul
tant location equal to

.

Based on the
finite element analysis results, it is as
sumed that:

x =-- + 0.31
‘2

(9)

where l is the length of the side chord
as shown in Fig. 5(a). Thus, Cr and
can be determined by integrating the
estimated panel top stress distribution
from x = 0 to x = x,. as:

— ;= 0.29
— FEM

— Y = 0.18 —
—. estimated

x”p

= 0.25, Yf = 0.29, = 20 ft (6.10 m) = 0.20,
‘h

= 0.25, i =20 ft (6.10 m)

1—

0.8

0.6

0.4

0.2

b

0 0.1 0.2 0.3 0.4 0.5
x /l

(c)
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Cr =t(fa1dx + fa2dx)

Estimation of Side Chord Stresses
and

The compressive stress distribution
at the top of the side chord is esti
mated as follows. The stress distribu
tion from x = 1,12 to x = l,,12 is divided
into two parts, a and a2, between
1I2 X Xr and Xr x 1,I2, respec
tively [where x,. is given in Eq. (9)].
The compressive stress resultant for
0s1 is assumed to be equal to Cr and
the compressive stress resultant for U2

is assumed to be equal to (P1 + G +

Ga)/2 — Cr.
The stress fsr at X = Xr is estimated

using a uniform stress distribution in
the side chord as shown by the dashed
line in Fig. 5(b) as:

P+G +G
fsr=

2lt

a

Then, the stress fse at x l,I2 is de
termined assuming a linear stress dis
tribution for 032 as:

— 1 + G + Ga — 2Cr
Jse

— (i / 2
— Xr)tp

Finally, a second order stress distri
bution is assumed for which can
be determined using the following
boundary conditions:

Gsi(Xr) = O’,2(Xr) Lr

U1(X,)U2(Xr)
fsr fse

1I2
— Xr

stress resultant Cr at the top of the side
chord, can be determined as fol
lows:

Xr

t,, fa1xdx

Figs. 7(c) and 7(d) compare the esti
mated base panel side chord stress dis
tributions with stress distributions de
termined using the finite element
analysis results of a selected set of
parametric walls for varying values of
Y [with Yh = 0.25, Yf= 0.29, 1,, = 20 ft
(6.10 m)] and Yj [with Vi 0.20, Yh =
0.25, l, = 20 ft (6.10 m)], respectively.
The stresses are normalized with re
spect tof = 6 ksi (41.4 MPa). The re
sults indicate that the estimated stress
distributions are close to the FEM dis
tributions.

Placement of the Panel
Reinforcement

The design approach described
above can be used to determine the
panel reinforcement needed to limit
the size of cracks that can occur at an
opening. The finite element analysis

(11) results indicate that the tensile stresses
above and below the opening are simi
lar. Thus, the reinforcement deter
mined for the top of the opening can
and should also be used at the bottom
of the opening. It is recommended
that:
• The welded wire fabric used in the

panels be ignored, and
• A minimum reinforcement of two

(12) No. 5 bars [with an area Amj = 0.61
sq in. (394 mm2)] be used along the
top and bottom edges of the open
ing.
The reinforcing bars should be

placed as close to the top and bottom
edges of the opening as possible (with
adequate concrete cover and clear dis
tances between the bars) on both faces
of the panel. The reinforcement should
be placed horizontally within the
depth of the tension region, h15,, above
and below the opening [see Fig. 5(a)].
Based on the finite element analysis
results, it may be assumed that:

h11, = y h

For the walls investigated in this
study, the proposed design require
ments can be met without using very
large bars since the amount of rein
forcement needed in the panels is not
excessive, as shown later.

(14) The reinforcing bars should be ex
tended a sufficient distance on both
sides of the middle of the opening to
provide adequate length for the devel
opment of the steel strength. The ten
sion regions at the top and bottom of
the opening extend the entire length of
the opening [see Fig. 4(a)]. Thus, the
length of each bar should be greater
than the opening length to provide suf
ficient embedment beyond the open
ing corners.

Design of the Upper Story Panels

The finite element analysis results
of the parametric walls show that ten
sile stresses form along the top and
bottom edges of the openings in the
upper story panels, similar to the base
panel. The magnitude of these tensile
stresses is most significant in walls
with large amounts of post-tensioning
(e.g., Yf= 0.29).

As an example, Figs. 8(a) and 8(b)
show the maximum principal stress
contours over the height of Wall
WHiM [Yf= 0.29 and 1,, = 20 ft (6.10
m)] without and with openings (Vi =
0.40 and Yh = 0.38), respectively. The
red-shaded areas indicate regions of
the wall panels where the maximum
principal stresses exceed 7.5j7 in
tension and, thus, where cracking is
expected to occur.

Fig. 8(b) shows that the size of the
critical regions with tensile stresses
larger than 7.5U7 decreases in the
upper story panels. Several of the
upper story panels in Fig. 8(b) do not
have any regions with tensile stresses
exceeding However, the finite
element analysis results show that sig
nificantly large (but less than 7.5)
tensile stresses do form along the top
and bottom edges of the openings in
these panels and, thus, bonded mild
steel reinforcement is recommended.

The proposed design approach can
be used for the upper story panels sim
ilar to the design of the base panel de
scribed earlier. The only differences

(15) between the base panel and the upper

= tp

.rl XJ.

fa,1xdx + fa2xdx
o

(10)
Cr

Note that x1 <Xr < X2; thus, both °,i

and G,2 need to be estimated to deter
mine Crand

.

— 112
x=

Cr

- fsr

(13)

tfa51dx = Cr

After finding u, the location of the
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story panels. Note that the proposed
design approach cannot be used for
the roof panel where there is no panel
above and concentrated post-tension
ing anchor forces are applied. This
paper does not address the design of
the roof panel for the post-tensioning
anchor forces.

For walls where the post-tensioning
forces are significantly larger than the
gravity loads, it is recommended that
the reinforcement designed for the
base panel be used in the upper story
panels since the critical tensile stresses
in the panels will be similar. For walls
with little or no post-tensioning, it
may be more economical to determine
the reinforcement needed in each indi
vidual panel.

story panels for the design of the panel
reinforcement are the amount of grav
ity load and, possibly, the panel
height. Thus, the proposed design ap
proach can be applied to the upper
story panels by using the appropriate

panel height and the gravity loads act
ing on the panel.

As in the base panel, a minimum re
inforcement of two No. 5 bars is rec
ommended along the top and bottom
edges of the openings in the upper

RESULTS OF STUDY
For each parametric wall, the re

quired reinforcing steel area, A, above
and below the opening in the base
panel is predicted using the proposed
design approach and compared with
the steel area determined using the fi
nite element model (referred to as the
FEM steel area). To determine the
FEM steel area, the tensile stresses
above the opening were integrated
over the height of the tension region,
h1, and then divided by the assumed
yield strength of the steel, f. of 60 ksi
(414 MPa).

Note that even though the required
steel area, A, for the walls investi
gated in this paper is determined based
on the assumed yield strength of the
steel, f,,, a more conservative allow
able steel strength fait equal to 0.5f is
recommended for use in practice.
Then, the required steel areas given
below should be multiplied by 2.0.

Table 2 compares the predicted and
FEM steel areas, A, for the base pan
els of the parametric walls normalized
with respect to the horizontal chord
area resulting in the required rein
forcement ratio, p, as:

p,=— (16)

In Table 2, the values in bold corre
spond to the cases where the predicted
reinforcement ratio is less than the
FEM reinforcement ratio.

(a) (b)

Fig. 8. Principa’ stress contours in Wafl WH1 M (y= 0.29, I,, = 20 ft): (a) without
openings; (b) with openings (y = 0.40, Yh = 0.38).
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Table 2. Required reinforcement at top and bottom of opening.
. 1=20ft l15ft l=12ft

Yj=O.29 Yf=0•’8 0.11 Yf=O•0_ yf=OJX Yf°•18
Pv P Pr P Pr Pr Pr P P P Pr P

(percent) (percent) (percent) (percent) (percent) (percent) (percent) (percent) (percent) (percent) (percent) (percent)
y y, FEM Pred. FEM Pred. FEM Pred. FEM Pred. FEM Pred. FEM Pred.

0.10 O.130.11 0.11 I — —

— 0.021 0.021 — —

0.20 0.13 0.20 0.22 —
—

0.041 0.046 — — — —

0.30 0.13 0.28 0.32 0.18 0.21 0.12 0.14 0.058 0.069 0.17 0.18 0.15 0.16
0.40 0.13 0.34 0.40 — — — — 0.071 0.092 — — — —

0.10 0.25 0.12 0.12 0.076 0.078 0.049 0.051 0.023 0.070 0.O66Q,Q, 0.055
0.20 0.25 0.22 0.23 0.14 I 0.15 0.092 0.10 0.044 011 0.10
0.30 0.25 0.28 0.32 0.18 0.21 0.12 0.14 0.059 0.071 0.18 0.19 0.17
0.40 0.25 0.31 0.37 0.21 0.25 0.14 0.17 0.070 0.091 0.22 0.24 0.22 0.23
0.10038 0.13 0.14 — — — 0.026 0.028 — — — —

0.20 0.38022 0.24 — — — — 0.046:0.0521 — — — —

0.30 0.38 0.26 0.29 0.17 0.19 0.11 0.13 0.058 0.070 0.18 0.19 0.18 0.18
0.40 — — — — 0.066 0.085

— — — —

avg(predJFEM) 1.10 1.12 1.14 1.16 1.05 0.99
Note: The P values should be multiplied by 2.0 if)’,,1 = 0.5)’). is used in design.

, = 4,/I,,, )‘ = hr/hp. and Yf=f, /f,, where h = 16 ft andf, = 6.0 ksi.
1 ft = 0.3048 m, 1 ksi = 6.895 MPa.
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Fig. 9. Reinforcement ratio, p,,: (a) effect of yl; (b) effect of yh; (C) effect of h1,/I; Cd) effect of y.
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Selected results from the observed
trends and comparisons based on the
parametric analyses are given in Fig.
9, which shows the predicted and
FEM reinforcement ratios for different
values of Yi’ Yh’ l, and The results
indicate that the required reinforce
ment ratio, p, increases as Vi increases
and increases.

Table 2 shows the average of the
predicted reinforcement ratios divided
by the FEM reinforcement ratios for
each combination of and The re
sults indicate that the design approach,
on average, provides a reasonably close
and conservative [except for = 12 ft
(3.66 m)] estimate for the required
panel reinforcement in the walls.

CONCLUSIONS AND
RECOMMENDATIONS

A brief summary and the conclu
sions drawn from the investigation are
given below. The behavior and design
of the walls under combined vertical
loads and lateral loads, such as earth
quakes are discussed in Allen and Ku
rama.6

This paper has described research
on the behavior and design of un
bonded post-tensioned precast con
crete walls with rectangular openings
under vertical loads only. This is the
loading stage that a typical wall is sub
jected to during most of its service
life.

1. The presence of openings can
cause cracking in the wall panels
under post-tensioning and gravity
loads only. Bonded mild steel rein
forcement is needed in the panels to
limit the size of these cracks.

2. A finite element model is devel

oped to investigate the behavior and
design of walls with openings. The fi
nite element model is verified by com
paring the maximum tensile stresses
around the openings with available
closed-form analytical solutions.

3. The finite element model is used
to conduct a parametric investigation
on the behavior and design of a series
of walls. The parameters studied are
the opening length, opening height,
panel length, and initial stress in the
concrete due to post-tensioning and
gravity loads.

4. The parametric analyses show
that the most critical regions in the
wall panels under vertical loads are at
the top and bottom of the openings.
The tensile stresses above and below
an opening are similar and, thus, simi
lar amounts of reinforcement are
needed in both regions.

5. A design approach to determine
the amount of reinforcement needed at
the top and bottom of the openings is
proposed. The design approach can be
used for walls with and without post-
tensioning.

6. The required panel reinforcement
predicted by the proposed design ap
proach compares closely with the rein
forcement determined using the finite
element model. On average, the design
approach is conservative.

7. For the walls investigated in this
study, the proposed design require
ments can be met without the need for
using very large reinforcing bars since
the amount of reinforcement needed in
the panels is not excessive.

8. The required panel reinforcement
should be placed in two layers (near
the faces of the panels), as close to the
top and bottom edges of the openings

as possible. The reinforcement should
be placed horizontally within the ten
sion region and should be extended a
sufficient distance beyond the corners
of the openings with adequate length
to develop the steel strength.
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APPENDIX A — NOTATION
Ag = gross cross-sectional area of wall
Amin = minimum area of mild reinforcing steel (two No. 5

bars)
= area of a post-tensioning bar

first coefficient for cr
A area of required mild reinforcing steel
b3 second coefficient for
c = third coefficient for
C = compression stress resultant in truss model
C = compression stress resultant in horizontal chord

fati = allowable strength of mild reinforcing steel

f’ = compressive strength of unconfined concrete
= initial stress in concrete

f,, = compression stress applied to panel

fo = compression stress at top of panel at centerline

fi compression stress at top of panel at x1

fp2 compression stress at top of panel at x2

fpa = uniformly distributed stress transferred from panel
above

fpe = compression stress at top of panel at edge (based
on a linear stress distribution)

f = initial stress in post-tensioning steel

f, = uniformly distributed stress due to gravity load ap
plied at floor level above panel

f = ultimate strength of post-tensioning steel

f = yield strength of post-tensioning steel

fse = compression stress in side chord at edge of panel
= compression stress in side chord at x,.

f1 = maximum tension stress at top of opening

f = yield strength of mild reinforcing steel
Ga = sum of gravity loads applied at upper floor and

roof levels
Gb = total axial force in base panel due to gravity loads
G = gravity load applied at floor level above panel
h height of horizontal top chord or bottom chord

h0 = height of opening
h = height of panel

= height of upper story panel
height of wall

l length of side chord
10 = length of opening

= length of panel
P1 = sum of initial forces in post-tensioning bars

= thickness of panel
T = tension stress resultant at top of opening
x = horizontal distance measured from centerline of

panel
= location where o,,i changes to
= location where 2 changes to 0,3

= resultant location of Cr at top of panel
Xr = distance over which stresses are integrated to de

termine Cr
= resultant location of Cr at top of side chord

yf = ratio off, tof

Yh = ratio of h0 to
= ratio of 10 to l
= angle to determinef (in degrees)
= angle for truss model (in degrees)
= volume of spiral reinforcing steel divided by vol

ume of confined concrete core
= required mild steel reinforcement ratio

a,,, = panel top stress distribution
= second order panel top stress distribution in Region 1
= second order panel top stress distribution in Region 2
= second order panel top stress distribution in Region 3

cr = second order panel top stress distribution in Regionj
= side chord stress distribution
= second order side chord stress distribution in Region 1

0s2 = first order side chord stress distribution in Region 2
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APPENDIX B — DESIGN EXAMPLE
The following example demonstrates the implementation

of the proposed design approach to determine the required
panel reinforcement in a six-story wall with l, = 20 ft (6.10
m), Yf= 0.18, y= 0.30, and Yh = 0.38. The dimensions of the
wall and the placement of the post-tensioning bars are
shown in Fig. 2(b). The applied loads, wall and opening di
mensions, and material properties are given below.

Data

Post-tensioning and gravity loads:
P, = 228Okips(lOl4OkN)

= 172 kips (765 kN) at the second floor level, 167
kips (743 kN) at the third through sixth floor levels,
and 143 kips (636 kN) at the roof

Gb= 172+4x167+143=983kips(4370kN)

Wall and panel dimensions:
l = 240 in. (6100mm)
h = 192 in. (4880 mm) for the base panel and 160 in.

(4060 mm) for the upper story panels
t = l2in.(305mm)

Opening and chord dimensions:
10 = 72in.(1830mm)

4, = (240— 72)12 = 84 in. (2130 mm)
h, 72in. (1830 mm)
h = (192 — 72)/2 = 60 in. (1520 mm) for the base panel

and (160— 72)/2 44 in. (1120 mm) for the upper
story panels

Material properties:

f = 6 ksi (41.4 MPa)

f = 60 ksi (414 MPa)

Design Overview

The design of the base panel, which is the most critical
panel, is presented below. The post-tensioning forces for the
wall are significantly larger than the gravity loads. Thus, the
reinforcement determined for the base panel will be used in
the upper story panels as described at the end of the design
example.

Estimation of Panel Top Stresses

In order to determine the amount of reinforcement re
quired at the top and bottom of the opening in the base
panel, it is necessary to solve Eq. (1) for T and A. The first
step is to estimate the stresses at the top of the panel by
using Eq. (2) for the regions 0 x x1 and x1 x x2,

where x is measured from the centerline of the panel. Using
Eq. (6):

x1= 72/2 = 36 in. (914 mm)
= (2 x 72 + 240)/4 = 96 in. (2440 mm)

The stressesfi andf2 (at x1 and x2, respectively) are esti

mated using a linear stress distribution as shown by the
dashed line in Fig. 5(b). For the base panel,

G = 172 kips (765 kN)
Ga= 4x167+143=8ilkips(3610kN)

Thus,f andfpa can be determined from Eq.(4) as:

f, = 172/(240 x 12) 0.0597 ksi (0.4 12 MPa)

fpa = (2280 + 811)/(240 x 12) = 1.07 ksi (7.38 MPa)

The angle O is calculated using Eq. (5). For the base
panel, = 160 in. (4060 mm) and, thus,

e = tan-’[(160
—

72)/72] = 50.7 degrees

The stresses andf0 and the angle O, are then used in
Eq.(3):

fo = 1.07(50.7 — 40)145 + 0.0597 = 0.3 15 ksi (2.17 MPa)

The stressesfpe,fp2, andfi are determined using Eq. (7):

fpe = 2(2280 + 172 + 811)/(240 X 12)— 0.315
= 1.96 ksi (13.5 MPa)

fp2 = 0.315 + 2 X 96(1.96 — 0.315)/240
= 1.63 ksi (11.2 MPa)
= 0.315 + 2 x 36(1.96 — 0.315)/240
= 0.809 ksi (5.58 MPa)

The stresses and fp2 are then used in Eq. (8) to deter
mine the boundary conditions for the panel top stresses
and as:

o,1(0) 0.3 15 ksi (2.17 MPa)
oji(0)=O
o},2(36) = u,1(36) = 0.809 ksi (5.58 MPa)
2(36) = q(36)
cr2(96) = 1.63 ksi (11.2 MPa)

These boundary conditions can be used to determine the
distributions for the panel top stresses u1i and L7,,,2 as:

= (3.74 x lOjx2 + 0.3 15 (ksi)
= (—2.24 x lOjx2+ 0.043 lx — 0.463 (ksi)

Estimation of Cr and

The stress distributions and u,,2 are then used to esti
mate Cr and based on Eqs. (9) and (10) as follows:

Xr = 72/2 + 0.3 x 84 = 61.2 in. (1550mm)
Cr533 kips(237OkN)

= 38.7 in. (983 mm)

Estimation of Side Chord Stresses and

After determining Cr and , the stresses at the top of the side
chord can be estimated. The slressfsr is found using Eq. (11):
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(6.37 x 104)x2— 0.0803x + 4.13 (ksi)

From Eq. (14), x can be calculated as:

= 48.0 in. (1220 mm)

Estimation of T and A

The design tension stress resultant T, the required rein
forcement area A, and the reinforcement ratio p in the base
panel are estimated using Eqs. (1) and (16). In this design
example, the required reinforcement area, A, is determined
based on the steel yield strength, J,. As described in the
paper, a more conservative allowable steel strength, fait =

0.5f, is recommended for use in practice. Then, the A,, and
p values calculated below should be multiplied by 2.0.

T,, = 533(48.0 — 38.7)/60 = 82.6 kips (367 kN)

A,, = 82.6/60 1.38 sq in. (890 mm2) > Amjn = 0.61 sq in.
(394 mm2)

(OK)

Thus,
= 1.38 x 100/(60 x 12)
= 0.19 percent as shown in Table 2.

Reinforcement Selection and Placement

The required reinforcement in the base panel is provided
using 8 No. 4 bars [with an area of 1.57 sq in. (1013
mm2)J; four bars near each face of the panel, placed at both

the top and the bottom of the opening as shown in Fig. B 1.
Based on Eq. (15), the bars should be placed within a dis
tance of:

= 0.30 x 60 = 18 in. (457 mm)

from the opening top and bottom edges to ensure that the re
inforcement is within the tension region.

Using a center-to-center spacing of 2.0 in. (50.8 mm) and
allowing 1.5 in. (38.1 mm) of clear cover concrete to the
first layer of bars, the reinforcement can be placed within
8.0 in. (203 mm) from the edges of the opening. The bars
should be extended a sufficient distance past the opening
corners with adequate length for the development of the
steel strength.

Design of Upper Story Panels

As described earlier, the reinforcement ratio of p,, = 0.19
percent for the base panel is also used in the upper story
panels. Since the height of the horizontal chord, h, in the
upper story panels is less than the height of the chord in the
base panel, a smaller reinforcement area may be used in the
upper story panels as:

A =0.19x 12x44/100
= 1.00 sq in. (645 mm2)>Amin = 0.61 sq in. (394mm2)

(OK)

The design of the top (roof) panel for the post-tensioning
anchor forces is not addressed in this example.

f,r=(2280+ 172+811)/(2x84x 12)
= 1.62 ksi (11.2 MPa)

The stressf is calculated using Eq. (12):

Le (2280 + 172 + 811 —2 x 533)/[(240/2
— 61.2)121 — 1.62

= 1.49 ksi (10.3 MPa)

The boundary conditions for a,1 are determined using Eq.
(13):

a,i(6l.2) = s2(61.2) 1.49 ksi (10.3 MPa)
u’1(61.2) = a(61.2) = (1.62— 1.49)/(240/2—61.2)

= 0.00221

12j2aidx = 533 kips (2370 kN)

These boundary conditions are then used to solve for u1:

—

2 No. 4 bars
4 pairs ® 2.0 in.

1.75 in.

L

><--
‘Ii

_______

(to bar
center)0I

10=6ft

I I=20ft
tp 12 in.

lift = 0.30 m, 1 in. = 25.4 mml
Fig. Bi. Design example.
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