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Lateral load tests were performed on four full-scale precast concrete
sandwich wall panels. The first panel was a typical precast, prestressed
concrete sandwich panel that had shear transfer provided by regions of
solid concrete in the insulation wythe, metal wythe connectors (M-ties),
and bond between the concrete wythes and the insulation wythe. The
degree of composite action developed by each shear transfer mechanism
(regions of solid concrete, wythe connectors, and bond) was then
evaluated by testing three additional panels that included only one
mechanism each. The panels were tested in a horizontal position with
simple supports under the action of a uniform lateral pressure. It was
found that, for the panel geometries and materials treated in this study, the
solid concrete regions provide most of the strength and stiffness that
contribute to composite behavior. Steel M-tie connectors and bond
between the insulation and concrete contribute relatively little to
composite behavior. For design purposes, it is recommended that solid
concrete regions be proportioned to provide all of the required composite
action in a precast sandwich wall panel.

typical precast concrete sand-
Awich wall panel is composed of

two wythes of concrete sepa-
rated by a wythe of insulation. Con-
crete wythes can be flat slabs, double
tees, or other shape and may provide
the structure with an architectural fin-
ish. Sandwich panels provide a versa-
tile and economical means to meet the
structural, thermal, and architectural
requirements of a structure. For this
reason, sandwich panels are used as
exterior and interior walls for many
types of structures.

Depending on load demands, sand-
wich panels may be prestressed or
nonprestressed. Panels can be load-
bearing, supporting gravity loads such
as roof and floor loads, or nonload-
bearing, transmitting wind and seismic
loads to the structural frame and foun-
dation.

Sandwich panels can be designed to
behave compositely, where the two
concrete wythes act together struc-
turally, or noncompositely, where
each concrete wythe acts indepen-
dently. More commonly, however,
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sandwich panels are designed semi-
compositely, whereby varying degrees
of composite action are assumed at
stripping, handling, and service. To
ensure sufficient composite action to
meet strength and stiffness require-
ments, the designer must provide ade-
quate shear transfer between concrete
wythes.

In a typical sandwich panel, shear
transfer may be provided through sev-
eral different mechanisms, including:
1) solid concrete regions (i.e., regions
where the insulation is intentionally
omitted and replaced with concrete);
2) mechanical connectors that pass
through the insulation wythe and into
the concrete; and 3) bond between the
concrete wythes and the insulation.

This paper investigates the flexural
behavior of sandwich panels and the
contribution to composite action pro-
vided by regions of solid concrete,
mechanical wythe connectors, and
bond.

Tests were performed on four full-
scale sandwich panels. The first panel
included regions of solid concrete in
the insulation wythe, metal wythe con-
nectors, and bond between the concrete
and insulation wythes. The degree of
composite action developed by each of
the three shear transfer mechanisms
was then evaluated by testing three ad-
ditional panels that included only one
mechanism of shear transfer each.
Comparisons of the behavior of each
panel provided information about
the contribution to composite action
provided by the three shear transfer
mechanisms.

The work described in this paper is
part of an ongoing research program at
Lehigh University on precast concrete
sandwich wall panels. The work aims
to provide recommendations for the
design of sandwich wall panels and
explores the development of new
types of sandwich panels with
improved thermal and structural
performance.

BACKGROUND

Much of the knowledge on
sandwich panel behavior is based on
observed field performance and labo-
ratory testing. Because of the limited
amount of data available, there is a
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general lack of agreement among de-
signers on the degree of composite ac-
tion provided by shear transfer mecha-
nisms and resulting panel performance.
Much of the present information on
the behavior and design of sandwich
panels is provided in several recent
reports.’?

A fully composite sandwich panel is
one in which the two concrete wythes
act integrally to resist bending. In the-
ory, a fully composite panel exhibits
plane section behavior throughout its
entire depth at all locations along its
span. Full composite action is
achieved by providing sufficient hori-
zontal shear transfer between wythes.

A noncomposite sandwich panel is
one in which each concrete wythe acts
independently to resist bending. Plane
section behavior is obtained in each
wythe, but not through the entire panel
depth.

A partially composite panel is one
in which concrete wythes act at least
partly together to resist bending. Thus,
a partially composite panel resists
bending to a degree between that of a
fully composite panel and a noncom-
posite panel. Einea et al.' defined a
partially composite panel as a panel in
which the connectors can transfer be-
tween zero and 100 percent of the lon-
gitudinal shear required for a fully
composite panel.

Finally, the degree of composite ac-
tion exhibited by a panel may change
throughout the loading history of the
panel. For example, a panel may start
out being fully composite, but under
the action of increasing load, time, and
temperature variation, the different
mechanisms that contribute to com-
posite action may degrade.

Wythe Connectors

According to the PCI State-of-the-
Art Report,> two types of connectors
are used to construct sandwich panels;
these are nonshear connectors and
shear connectors.

Nonshear connectors transfer nor-
mal tension forces between the con-
crete wythes to prevent the wythes and
insulation from separating during
stripping and handling. These come
in several forms, including metallic
and fiber composite pin connectors,

and transverse welded wire ladder

connectors.

Shear connectors transfer both
horizontal shear forces and normal
tension forces between the wythes.
There are two different types of shear
connectors:

* One-way shear connectors are stiff
in one direction and flexible in the
other. Often these connectors are
used to resist shear in the longitudi-
nal direction of the panel. Accord-
ing to the PCI report,>® typical one-
way shear connectors include M-ties
and welded wire trusses.

¢ Other shear connectors are stiff in at
least two directions and resist both
longitudinal and transverse shears.
These connectors include solid
blocks of concrete and cylindrical
sleeve anchors.

Previous Tests of Sandwich Panels

Pfeifer and Hanson* tested approxi-
mately 50 nonprestressed sandwich
panels with a variety of wythe connec-
tors in flexure under uniform loading.
The test panels measured 5 x 3 ft (1.52
x 0.91 m), with thicknesses ranging
from 2.25 to 6 in. (57 to 152 mm). It
was found that by varying the types of
connectors and their spacing, varying
degrees of composite action could be
achieved. Metal connectors with diag-
onal members, such as a welded wire
truss, were more effective in transfer-
ring shear than those without diagonal
members. It was also discovered that
concrete ribs provided better shear
transfer than metal connectors.

Bush and Stine* tested six precast
concrete sandwich panels with contin-
uous truss connectors. The primary
variables of the test program included
the number, orientation, and spacing
of the connectors. Each test panel
measured 16 x 8 ft (4.88 x 2.44 m) and
was tested under uniform lateral pres-
sure. Each panel was 8 in. (203 mm)
thick and comprised two 3 in. (76
mm) thick concrete wythes and a 2 in.
(51 mm) thick insulation wythe. The
tests showed that a high degree of
composite stiffness and flexural ca-
pacity could be achieved with truss
connectors oriented longitudinally in
the panels.

The tests also revealed that a signifi-
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Table 1. Experimental program.

Plan view and longitudinal section of Panel 1 (Note: 1 in. = 25.4 mm; 1 ft = 0.3048 m).

. Concrete— Solid
M-tie . . . q 5
Panel insulation regions of Primary variable
connector
bond concrete
1 Yes Yes Yes Prototype panel
2 Yes No No Fraction of com]?osxte action provided
by M-tie connector
3 No No Yes Fraction of c.ompome aCthl"l provided
by solid concrete regions
Fraction of composite action provided
4 No Yes No by bond between insulation and
concrete

cant amount of shear was transferred
through stripping and handling inserts,
as well as through solid concrete ribs.
It was further shown that friction bond
between insulation and concrete pro-
vided a modest contribution to the
overall shear transfer.

EXPERIMENTAL PROGRAM

The testing program, outlined in
Table 1, was designed to investigate
the degree of composite action
contributed by each of the three mech-
anisms described previously. Four
panels were tested in all. Panel 1, the
prototype panel, was designed and
fabricated as a panel that might be for
commercial use. This panel contained
all three shear transfer mechanisms,
with metal M-ties used as the mechan-
ical connectors. Each of the three
remaining panels had only one mecha-
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nism of shear transfer; this was done
to isolate and quantify each mecha-
nism’s independent contribution to the
development of composite action.

Test Panel Details

Each panel was 8 in. (203 mm)
thick and comprised of two 3 in. (76

Fig. 2. Steel M-tie connector.

mm) concrete wythes and a 2 in. (51
mm) insulation wythe. Each panel
measured 6 ft wide x 37 ft long (1.83
x 11.28 m) and spanned 35 ft (10.67
m) simply supported. For all panels,
each concrete wythe was axially pre-
stressed with four 7/;¢ in. (11 mm) di-
ameter Grade 270 low-relaxation steel
prestressing strands. Each wythe also
contained No. 3 Grade 60 reinforcing
bars placed transversely at 2 ft
(0.61 m) on center. Design concrete
compressive strength was 3500 psi
(24.1 MPa) at transfer and 6000 psi
(41.4 MPa) at 28 days.

Fig. 1 shows the details of Panel 1.
This panel contains a 1 ft (0.30 m)
wide solid band of concrete at each
end. There are also eight 1 ft (0.30 m)
square solid regions located through-
out the span of the panel to provide
locations for placement of lifting
hardware. Steel M-tie connectors
(Fig. 2) are spaced at 2 ft (0.61 m) on
center. No attempt was made to influ-
ence the bond between the concrete
wythes and the insulation.

Appendix B provides the design cal-
culations for Panel 1. Table 2 presents a
summary of the key design parameters
for this panel. Panel 1 was designed
according to the ACI Building Code
(ACI 318-99), the PCI Design
Handbook,? and the “Guide for Precast
Concrete Wall Panels” (ACI 533R-93)’
Panel 1 was designed as a partially
composite panel, with full composite
action assumed for stripping and han-
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Fig. 3. Test fixture (Note: 1 in. =25.4 mm; 1 ft = 0.3048 m).

dling and 70 percent composite action
assumed for service.

Panel 2 was designed to investigate
the fraction of composite action pro-
vided by the steel M-tie connectors.
This panel contained no solid concrete
regions, and the bond between the con-
crete wythes and the insulation was
eliminated by a plastic bond breaker at
each concrete-insulation interface. The
steel M-ties were spaced at 2 ft (0.61 m)
on center, using the same configuration
as Panel 1. The lifting hardware was
embedded in only the face wythe, and
this hardware was removed during test-
ing to prevent shear transfer from oc-
curring at the lifting points. There were
no full-depth regions of solid concrete
at the lifting points.

Panel 3 was designed to investigate
the fraction of composite action pro-
vided by the solid concrete regions.
This panel contained no M-tie connec-
tors, and the bond between the concrete
wythes and the insulation was elimi-
nated by a plastic bond breaker. Solid
concrete regions were provided using
the configuration, reinforcement, and
lifting hardware equivalent to Panel 1.

Panel 4 was designed to investigate the
fraction of composite action provided by
the bond between the concrete wythes
and the insulation. This panel contained
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Table 2. Summary of key design parameters.

Width, b 6ft
Overall length, L’ 371t
Ty Span length, L 35ft
Concrete wythe thickness 3in.
Insulation thickness 2in.
Total thickness 8in.
A _(both wythes) 432in?
I (fully composite), /_ 3024 in.*
Section properties S (fully composite), S, 756 in.’
1 (fully noncomposite), / 324in.}
S (fully noncomposite), S, B 216in.*
A, 0.92in?
€, Oin.
E, 28,500 ksi
I 270 ksi
Prestress properties fp =070 i 189 ksi
P 174 kips
R (assumed) 0.87
P 151 kips
I 0.35 ksi
1 3500 psi
. E, 3370 kst
Concrete properties 5 6000 pe
E [ 4415 ksi
Note: 1in. =254 mm; 1 ft =0.3048 m; 1 in.> = 645 mm?; 1 kip = 4.448 kN; 1 ksi = 1000 psi = 6.895 MPa.
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neither M-ties nor solid concrete regions,
and removable lifting inserts used were
equivalent to those of Panel 2.

Test Fixture

Fig. 3 is a drawing of the test fixture,
and Fig. 4 is a photograph of a panel in
the fixture during a test. Each panel was
tested in a horizontal position, with sim-
ply supported end conditions. Lateral
loading was applied from beneath the
panel as uniform pressure, and no axial
load was applied.

Fig. 4. Photograph of a panel in the test fixture.

Each panel spanned 35 ft (10.67 m)
center-to- center of the reaction beams.
The upward applied load was transmit-
ted from the reaction beams to the labo-
ratory floor through four tension links,
one at each end of the two reaction
beams. The tension links were
instrumented with load cells to measure
the upward force applied to the panel.

At one end of the span, longitudinal
movement of the panel was restrained
to simulate a pinned end condition.
Longitudinal movement of the panel
was permitted at the opposite end,

simulating a roller support.

Uniform pressure was applied using
a two-cell air bladder constructed from
a rubber-coated heavy-duty fabric.
The air bladder measured 32 x 5 ft
(9.75 x 1.52 m) in plan. Its two-cell
construction allowed it to inflate to a
vertical displacement of over 12 in.
(305 mm) without significant loss of
contact surface area. Air flow into the
bladder was monitored and regulated
using a pressure regulator. Precast
concrete spacer blocks were used as a
reaction surface for the air bladder.

Prior to loading, the test panel was
supported around its perimeter on 3.5
X 3.5 in. (89 x 89 mm) wood blocks,
which were set on top of the concrete
spacer blocks. This prevented the test
panel from resting directly on the air
bladder. The test fixture also included
several braces to limit panel move-
ment in the event of a sudden failure
during testing.

Instrumentation

All test panels were instrumented as
shown in Fig. 5. Load cells in the steel
tension links were used to measure the
force P applied to the panel. Displace-
ment potentiometers were attached to

< 350" 5
® LC3 LC2 =
‘+RSP3 +5P1 +5P3 +5Ps RSP2+!
€ ; +5P4 E
1+ RSP4 + SP2 + SP5 +SP7 RSP1+|
A 8'-9" g-9" 8-9° " g'-g"
. 30 el
o AR VA A L 5 A L Ml S o S A S | 7 L L T 7 4 7¢ P Al AT VP LT A
S$1-4/RD1 §5-8/RD2 $9-12/RD3 S§13-16/RD4 $17-20/RDS
Location | Location Il Location (I} Location IV Location V
e X Key to instrumentation:
LC = Load celi
RSP = Reference string pot
A SP = String pot
S = Strain gages
RD = Reiatlve displacement (LVDT)

Fig. 5. Instrumentation (Note: 1 in. = 25.4 mm; 1 ft = 0.3048 m).
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the back wythe to measure lateral
displacements under load. Lateral dis-
placements were measured at the
panel quarter points and at midspan. In
addition, four reference displacements
were measured, one at each panel cor-
ner. These reference measurements
were necessary because the panel ex-
perienced a small amount of vertical
displacement until the tension links
began to engage and take on load.
This vertical displacement occurred as
the applied pressure equilibrated the
self-weight of the panel. These values
formed a reference for all other dis-
placement measurements.

Relative displacement between the
two concrete wythes was monitored
using linear variable differential trans-
formers (LVDTs). The LVDTs were
placed at five locations along the span
of the panel. A small amount of insu-
lation was removed where each LVDT
was located between the concrete
wythes.

Electrical resistance strain gauges
were used to measure the distribution
of strain through the thickness of the
panel. The gauges were placed at the
same locations as the LVDTs de-
scribed above. At each location, two
gauges were attached to the back
wythe, and two gauges were attached
to the face wythe. All four gauges
were placed on the sides of the
wythes. Since only two gauges were
used on each wythe, plane section be-
havior is assumed within each individ-
ual wythe, and the strain measure-
ments were intended to evaluate plane
section behavior throughout the entire
panel thickness.

Loading Procedure

Panel 1 was tested first. The loading
procedure for Panels 2 to 4 was modi-
fied slightly after Panel 1 was tested.
For Panel 1, as self-weight was equili-
brated by the upward pressure in the air
bladder, the panel experienced a small
amount of lift-off from its wood sup-
ports before engaging the tension links
against the laboratory floor.

During lift-off, the panel was not
subjected to a completely uniform load
along its length because the air bladder
was only 32 ft (9.75 m) long, whereas
the test panel was 37 ft (11.28 m) long.
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Table 3. Concrete material properties.

Average of face and
Age at Face wythe Back wythe back wythes
Panel testing . :
(days) f < Ec f c Er.: f ¢ Ec‘
(psi) (ksi) (psi) (ksi) (psi) (ksi)
1 30 7050 4790 6820 4710 6930 4750
2 28 8340 5210 9170 5460 8760 5340
3 175 8000 5100 4480 3820 6240 4500
4 152 7480 4930 6510 4600 7000 4770

Note: 1 ksi = 1000 psi = 6.895 MPa.

This created an unsupported length of
2.5 £t (0.76 m) at each end of the panel.
This unsupported self-weight, along
with the weight of the reaction beams
and other test fixture hardware, caused
some bending of the panel before the
tension links were fully engaged.

In the data reduction for Panel 1, the
values of load were adjusted to account
for the additional load that was initially
applied to the panel by the self-weight
of the unsupported length of panel and
the test fixture. Specifically, the self-
weight of the unsupported panel and
the self-weight of the test fixture were
added to the total applied lateral load.
For Panel 1, this value was 3250 lbs
(14.5 kN). Since the panel was still in
the uncracked, linear elastic range, the
data were easily extrapolated back to
the origin of the load-deflection plot.

The test procedure was modified
slightly for the remaining three panels
because there was concern that they
may not remain uncracked during the
lift-off part of the loading. The initial
moment created by the unsupported
panel self-weight and the fixture self-
weight was eliminated by applying an
upward point load at each end of the
panel using a hydraulic jack placed at
mid-width of the panel directly beneath
the reaction beam.

The upward point load applied to
each panel was calculated based on the
fixture weight and the unsupported
panel self-weight. These values were
3000, 3250, and 3000 lbs (13.3, 14.5,
and 13.3 kN) for Panels 2, 3, and 4, re-
spectively. All loading values pre-
sented in the remainder of this paper
include the adjustments for panel
weight and test fixture weight as de-
scribed above. In the modified test pro-
cedure, the hydraulic pump was turned

on to apply the point loads to the ends
of the panel, and then the lateral load
was applied by filling the air bladder.
None of the four test panels exhib-
ited failure by crushing of the concrete
in the compression zone in flexure. In-
stead, all test panels became increas-
ingly more flexible as the tests pro-
gressed to the point where midspan
deflection continued to increase with
relatively little increase in resistance.
Loading was stopped when the maxi-
mum midspan deflection of the panels
reached approximately 9 in. (230 mm).

Material Properties

Concrete compressive strength was
determined from compression tests of
6 x 12 in. (152 x 305 mm) field-cured
cylinders. For each test panel, three
cylinders from the face wythe concrete
and three cylinders from the back
wythe concrete were prepared accord-
ing to ASTM C 31 procedures using
plastic molds; these were cured under
the same conditions as the sandwich
panels.

The cylinders were tested at approxi-
mately the same age that the corre-
sponding panel was tested. The cylin-
ders were capped with a sulfur mortar
compound according to ASTM C 617
and tested according to ASTM C 39.
The results of the cylinder tests for all
four panels are presented in Table 3.
The modulus of elasticity, E,., com-
puted as 57,000 x/ £, is also presented.

Material properties for the prestress-
ing strand were taken from the PCI
Handbook* as follows: yield stress
fpy = 243 ksi (1675 MPa), ultimate
strength f,, = 270 ksi (1862 MPa), and
modulus of elasticity E, = 28,500 ksi
(196.5 GPa).
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Fig. 6. Load versus deflection for all test panels (Note: 1 in. = 25.4 mm; 1 |b = 4.448 N).

All test panels were made using
an extruded polystyrene rigid foam
insulation. Material strengths from
the manufacturer were as follows:
minimum compressive strength =
25 psi (172 kPa), minimum flexural
strength = 75 psi (517 kPa), and
modulus of elasticity = 1.35 ksi
(9.3 MPa).

The steel M-tie connectors in
Panels 1 and 2 measured 6 x 4 in.
(152 x 102 mm), and were formed
from 0.25 in. (6.4 mm) galvanized steel
wire (see Fig. 2).

RESULTS AND DISCUSSION

A summary of the experimental re-
sults is presented here. A complete pre-
sentation of the results is given in Ref-
erences 10 and 11. For simplicity in

identifying the test panels, from this
point forward all test panels are identi-
fied by their mechanism of shear trans-
fer. Panel 1 is identified as the Proto-
type Panel, which contained all three
mechanisms of shear transfer; Panels 2,
3, and 4 are identified as the M-tie
Panel, Concrete Panel, and Bond Panel,
respectively.

Load-Deflection Behavior

Fig. 6 shows the load-deflection re-
sponse of the four test panels. The Pro-
totype Panel behaved in a linear elastic
manner up to a load of P = 8710 lbs
(38.7 kN) and a midspan lateral deflec-
tion of A = 0.68 in. (17 mm). The first
flexural crack was observed at this
point. In general, the formation of each
flexural crack was associated with a
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Fig. 7. Load versus deflection for all test panels, and fully composite and
noncomposite panels (Note: 1 in. = 25.4 mm; 1 |b = 4.448 N).
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distinct drop in load in the load-
deflection plot.

This panel showed a dramatic reduc-
tion in stiffness, upon formation of the
second flexural crack, at a load of
P = 10,490 Ibs (46.7 kN) and a lateral
deflection of A = 1.16 in. (30 mm).
Deflection increased much more
rapidly for a given increase in load be-
yond this point. The panel was loaded
up to a maximum load of P = 16,340
Ibs (72.7 kN) and a lateral deflection of
A = 9.26 in. (235 mm). The test was
terminated at this point and the panel
was unloaded.

The Concrete Panel exhibited
load-deflection behavior similar to the
Prototype Panel. As shown in Fig. 6,
the initial stiffness of the Concrete
Panel was slightly less than the Proto-
type Panel. First cracking occurred at a
load of 7080 lbs (31.5 kN), which is
slightly lower than the load at which
the Prototype Panel cracked.

The M-tie Panel exhibited a load-
deflection behavior that was dramatically
different from the Prototype and Con-
crete Panels. As shown in Fig. 6, its ini-
tial stiffness was much less than the Pro-
totype and Concrete Panels. The first
flexural crack formed at a load of 2890
Ibs (12.9 kN). Unlike the Prototype and
Concrete Panels, flexural cracks were not
associated with distinct drops in load.

The Bond Panel exhibited behavior
similar to the M-tie Panel, and it exhib-
ited the smallest initial flexural stiff-
ness of the four panels. The first flexu-
ral crack occurred at a load of 820 Ibs
(3.6 kN). Similar to the M-tie Panel,
flexural cracks were not associated
with distinct drops in load.

Comparison of Experimental and
Theoretical Load-Deflection
Behavior

Fig. 7 compares the load-deflection
behavior of the four test panels with
theoretical load-deflection curves for
fully composite and noncomposite pan-
els. In computing the theoretical
curves, £, was computed using an un-
confined concrete compressive strength
of 7230 psi (49.9 MPa), which was the
average strength of cylinder tests for all
test panels.

Each of the theoretical composite
and noncomposite curves consists of
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two parts. In the first part, the concrete
is uncracked, and the moment of inertia
is taken as ,, the gross moment of iner-
tia of the section. In calculating I, for
the composite section, the two wythes
are assumed to act together to resist
bending; for the noncomposite section,
each wythe is assumed to act indepen-
dently to resist bending.

The second part of each theoretical
curve begins at the theoretical cracking
load, which was P = 12,960 lbs
(57.6 kN) and P = 3710 Ibs (16.5 kN) for
the composite and noncomposite curves,
respectively, based on a concrete tensile
strength of f; = 7.5J—E . These cracking
loads, indicated in Fig. 7, correspond to
equivalent wind loads of 67.5 and 19.3
psf (3.2 and 0.9 kPa) for composite and
noncomposite panels, respectively.
These pressures are computed from the
load and the full 6 ft (1.83 m) panel
width and 32 ft (9.75 m) bladder length.

After cracking, the theoretical de-
flection is computed using the effective
moment of inertia, I,. For partially
cracked prestressed beams, /, is given
by Nilson'" as:

N %La v _A&]
"'(Ma]‘”{l (Mn]]é’ ®

where
I

. =moment of inertia of the gross

concrete section

I, =moment of inertia of fully
cracked transformed concrete
section
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M_, = cracking moment

M, =maximum moment acting in

the span

In Fig. 7, the theoretical curve for the
composite panel is terminated at the
point that the concrete becomes nonlin-
ear (assumed to be at 0.5 f)).

The observation that the Prototype
and Concrete Panels cracked at load
values well below the predicted crack-
ing load, even though they appeared to
initially exhibit a behavior similar to
fully composite panels, is discussed
further in the paper.

Initial Uncracked Stiffnesses

Fig. 8 is a plot of load versus deflec-
tion for all test panels, plotted up to a
deflection value of 3.00 in. (76 mm).
Superimposed on each curve is a
straight line that represents the initial
uncracked stiffness of each panel. For
the Prototype, Concrete, and M-tie Pan-
els, the initial uncracked stiffness was
determined by extending a line from the
origin to the point at which the first
flexural crack occurred for each panel.

Note that the line representing the initial
uncracked stiffness for the Bond Panel
was extended past the point at which the
first flexural crack occurred [820 lbs
(3.6 kN)], up to a load of 2520 Ibs (11.2
kN), since the load-deflection curve re-
mains relatively linear up to this point.
The straight lines which represent
the initial uncracked stiffnesses for all
test panels are replotted in Fig. 9. Two
additional straight lines, representing
the initial uncracked stiffnesses of the-
oretical fully composite and noncom-
posite panels, are also shown in the fig-
ure. The theoretical lines were
discontinued at the point of the theoret-
ical cracking load. As shown in the fig-
ure, the initial uncracked stiffnesses for
all test panels fell within the region
bounded by the initial uncracked stiff-
nesses for the theoretical composite
and noncomposite panels.
Experimentally determined values of

moment of inertia, Ixps Were computed

as:
_ swL'!
o ~ 3844E, @
where
w =value of uniformly distributed
load per length of panel

A = value of deflection that specifies
the point which defines the line
that represents the initial un-
cracked stiffness for each panel

The load w was calculated from total

load P and the span length L of the test
panel. The experimentally determined
values of initial /,,, are presented in
Table 4.

Composite Action

Of primary interest in this research
program is the degree of composite ac-
tion provided by each of the three shear

Table 4. Experimentally determined values of initial uncracked stiffness.

Panel type L5 w .A EI"."’
(Ib) (Ib/in.) (in.) (ksi)
Prototype 8710 2.7 0.64 14,360
Concrete 7080 18.4 0.59 12,660 |
M-tie- 2890 7.5 0.98 3110
Bond 2520 6.6 1.24 2140

Note: 1 in. =254 mm; 1 Ib =4.448 N; I kip = 4.448 kN; | ksi = 1000 psi = 6.895 MPa; 1 Ib/in. = 175.1 N/m.
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Fig. 9. Initial uncracked stiffnesses for all panels, including stiffnesses for theoretical
fully composite and noncomposite panels (Note: 1 in. = 25.4 mm; 1 |b = 4.448 N).

transfer mechanisms. In this paper, the
percent composite action, k, achieved
by each test panel is defined as:

_Iexp_lnc‘ 100
71 (100) 3)

K=
I-

nc

where . and [, are the theoretical val-
ues of the fully composite and noncom-
posite moments of inertia of the panel.
For the panels treated in this research,

I, = 3024 in* (1259 x 10° mm*) and I,,.
=324 in.* (135 x 10° mm®).

Eq. (3) shows that the values of I,
and I, define the upper and lower
bounds, respectively, of percent com-
posite action. For example, if I,,,, the
experimentally determined moment of
inertia of a panel, is equal to I, then
the panel exhibits 100 percent compos-
ite action. Conversely, if the experi-

mentally determined moment of inertia
of a panel is equal to /,., then the panel
exhibits zero percent composite action.
A partially composite panel, with an
experimentally determined moment of
inertia between I. and I, exhibits be-
tween 100 and zero percent composite
action.

Table 5 shows the computed percent
composite action, k, for each test panel
and for theoretical composite and non-
composite panels. As shown in this
table, the Prototype Panel behaved as a
fully composite panel, achieving 100
percent composite action. The Concrete
Panel behaved nearly as a fully
composite panel, achieving 92 percent
composite action. In contrast, the M-tie
and Bond Panels achieved only 10
and 5 percent composite action,
respectively.

Relative Displacement Between
Concrete Wythes

Fig. 10(a) is a plot of load versus
relative displacement between
concrete wythes for the Prototype
Panel. Fig. 10(b) shows plots of load
versus relative displacement for the
Concrete and Prototype Panels plotted

20000 20000
' Prototype RD2 Prototype
__ 18000 15000 .
é 8, Concrete
3 10000 g 10000
B om0 B som
[} [
0.50 -0.25 0.00 025 0.50 -0.50 -0.25 0.00 025 0.50
Relative Wythe Displacement (in.
Figure10a ok i Figure10b Rslative Wythe Displacoment (in.)
20000 20000
PPrototype
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= = \
o 0
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Figure10c Figure10d

Fig. 10. Load versus relative wythe displacement: (a) Prototype Panel; (b) Concrete Panel; (c) M-tie Panel; and (d) Bond Panel
(Note: 1 in. = 25.4 mm; 1 |b = 4.448 N).
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Table 5. Computed percent composite action, x, for all panels, including
values for theoretical fully composite and noncomposite panels.

Panel type El'f’ f"_ E‘. ,I“" 3
(ksi) (psi) (ksi) (in.%) (%)
Composite — — — 3024 100
Prototype 14,360 6930 4750 3024 100
Concrete 12,660 6240 4500 2814 92
M-tie 3110 8760 5340 583 10
Bond 2140 7000 4770 450 5
Noncomposite — — - 324 0

Note: 1 ksi = 1000 psi = 6.895 MPa; 1 in.' = 416231 mm*.

together for comparison. Similarly,
Figs. 10(c) and 10(d) show plots of
load versus relative wythe displace-
ment for the M-tie and Bond Panels
plotted with the Prototype Panel re-
sults for comparison.

The Prototype Panel exhibited small
values of relative displacements,
which indicates a high degree of com-
posite action during the test. Relative
displacements were extremely small
[less than 0.005 in. (0.13 mm)] while
the panel remained within the linear
elastic range. Upon formation of the
second flexural crack, at a load of
10,490 Ibs (46.7 kN), the flexural stiff-
ness of the panel began to degrade sig-

nificantly, and the values of relative
displacement began to increase at a
slightly faster rate with increasing load.

The Concrete Panel exhibited rela-
tive displacement behavior similar to
that of the Prototype Panel. Relative
displacements were extremely small
while the panel remained within the
linear elastic range.

Throughout its entire response, the
M-tie Panel exhibited much larger val-
ues of relative displacement than the
Prototype Panel. Values of relative
displacement approached or exceeded
0.25 in. (6.4 mm) at both ends of the
panel. Although it is likely that the
M-ties provided some resistance to

relative displacement, Fig. 10(c)
shows that they are much less effec-
tive than regions of solid concrete.

The Bond Panel exhibited the
largest values of relative displacement.
The largest values, almost 0.5 in. (13
mm), occurred at Instruments RD1
and RD2. Relative displacements at
the opposite end of the panel were
much smaller, reaching a maximum of
only 0.08 in. (2.03 mm) at Instrument
RDS. Fig. 10(d) shows that bond con-
tributes only a small amount of resis-
tance to relative displacement, and
that this resistance degrades rapidly
with loading.

Concrete Strains

As explained earlier, a fully compos-
ite panel is expected to exhibit plane
section behavior throughout its entire
depth. The load-deflection results indi-
cate that the Prototype and Concrete
Panels behaved initially as fully or
nearly fully composite panels. How-
ever, the measured strain distributions
for the Prototype and Concrete Panels
did not indicate plane section behavior
through the depth of the panels.

To investigate this further, a linear
elastic finite element analysis was per-
formed to determine the distribution of
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Fig. 11. Geometry and boundary conditions used for finite element analysis (Note: 1 in. = 25.4 mm).

March-April 2003

63



O g~ gk 0O

s AT

——

<
g
8s 2o =
k]
g 4
§ 5 2 M —&— Boam
€ e 1-A
g2 A/ ——18
§ j e « [=a—1c |
7 0 \ \ \_
2.00 1.00 0.00 1.00 2.00
Strain (in.fin.)
8
7 A
=
§
a 5 i
k]
E 4
2
23 = —8—Beam
£ F | —o—2:A
22 ——28
7] 1 oipme 2.C
> 4 ===
(]
. L1}
0
-2.00 1.00 0.00 1.00 2.00
Straln (in./in.}
8
7 / ;
Eg
§
a5 e
k]
E 4
§ 3 » @ Beam
£ ——3-A
g2 —8—38
& lipme 3.C
21
: )V /4
0 +
-2.00 -1.00 0.00 1.00 2.00
Strain {in.fin.)
8 f
7
Z, y 4
5 T
&s
S
cE> 4
=] = Beam
B / Do
g2 Eatve
E / S
3 /
I
0
-2.00 - 1.00 0.00 1.00 2.00
Strain (in.fin.)

a o N

Height From Bottom of Panel (in.)
w -

== e=il=Beam
/' ——5A
2 —8—5-8
- e
1
0 Z.
-2.00 1.00 0.00 1.00 2.00
Strain (in.n.)
8
7
£
=8
[
&s /
S
E 4
2
£3 A =~ Boam
E ——6-A
g2 —e—0B
&3 —ar=8-C
.g' 1 -
X
0
2.00 - 1.00 0.00 1.00 2.00
Strain (in./n.)
8
7
<o \
5s A\
]
E 4
2
83 = R —&—Beam
E \ g T-A
22 ——78
E | =tr=7-C
21
I
0
-2.00 - 1.00 0.00 1.00 2,00
Strain (in./in.)
8 /
7
£ 8 /
§ 5 /
k-3
€4
o
§ 3 —8—Beam
£ / ——8A
g2 —o—38
E / —a—8C
21 =]
) 4
0
-2.00 -1.00 0.00 1.00 2.00
Strain (in./in.}

Fig. 12. Normalized strain distributions from finite element analysis of Prototype Panel at Locations 1 through 8 (Note: 1 in. = 25.4 mm).

64

PCiI JOURNAL



(]

(4]

PN

—8—Beam— |

Height From Bottom of Panel {in.)
w

_..p“"- __--'""-'- bz
2 ——[-A
st ——18
1 =t |-C
0 A
-2.00 -1.00 0.00 1.00 2.00
Strain (in./in.)
8
7
£s
: i
G
&5 o ¢
K-}
£ 4
[=]
23 L
£ / e{i— Beam
2, ——II-A
C
E —8=—|I-B
%1 i |1-C
X
0 4
-2.00 -1.00 0.00 1.00 2.00
Strain (in./in.)
8 /
7
g
&5
K5}
£ 4
2
GE% 3 =i~ Boam
o ——III-A
it 2
= / —o—li8
2 4 —ar—1II-C
; Z
0
-2.00 -1.00 0.00 1.00 2.00
Strain (in./in.)

Fig. 13. Normalized strain distributions from finite element analysis of Prototype Panel
at Locations | through Ill, the actual strain gauge locations (Note: 1 in. = 25.4 mm).

March-April 2003

strains in the Prototype Panel under
the action of lateral pressure. Fig. 11
shows the quarter symmetry model
that was used in the analysis. The co-
ordinate axes for the model are also
shown in the figure.

Finite elements representing the
concrete and the insulation were in-
cluded in the model, with the insula-
tion perfectly bonded to the concrete.
The model comprised 5328 eight-node
solid elements, with 74 elements along
the x-axis, six elements along the y-
axis, and 12 elements along the z-axis.
All concrete elements measured x = 3
in. (76 mm), y = 1.5 in. (38 mm), z =3
in. (76 mm) and all insulation ele-
ments measured x = 3 in. (76 mm), y =
1 in. (25 mm), z = 3 in. (76 mm). The
modulus of elasticity of the concrete
and insulation were 4750 and 1.35 ksi
(32.8 GPa and 9.3 MPa), respectively.

Restraint conditions along the two
lines of symmetry and at the support
are shown in Fig. 11. Since only a lin-
ear elastic analysis was performed, the
model was subjected to an arbitrary
1 psi (6.9 kPa) load, which was
applied across the full width and over
the entire length between the support
and the midspan line of symmetry.

Fig. 12 shows the strain distribu-
tions from the finite element analysis
at eight locations along the length of
the panel. At each location along the
length, strain distributions are plotted
at three different locations across the
width of the panel. These strain distri-
butions are normalized with respect to
the theoretical strain distributions,
which were calculated at each location
along the length, assuming a fully
composite section and the same arbi-
trary 1 psi (6.9 kPa) load.

Consistent with beam theory, the
theoretical strain distributions were as-
sumed to be uniform across the width
of the model. Each graph in Fig. 12
shows a normalized theoretical strain
distribution for that location along the
span, as well as the strain distributions
from the finite element analysis. Each
strain distribution is identified by a
letter and a number, which corre-
sponds to a location specified by the
markers on Fig. 11.

Fig. 12 shows that plane sections do
not exist through the entire depth of
the panel at all locations along the
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model. The figure also shows that at
some locations, the strain distributions
were not uniform across the width of
the panel.

Fig. 13 shows the strain distribu-
tions at three locations (Locations I
through III) where the strain gauges
were placed on the Prototype Panel.
These strain distributions also show
that plane section behavior does not
exist in the panel at all of the strain
gauge locations, and again that the
strain distributions were not uniform
across the width of the panel.

Based on the results presented
above, it is concluded that the strain
values measured in the experiments
were dependent upon the placement of
the strain gauges. Therefore, the strain
data obtained from the test panels ap-
pear to provide little information about
the degree of composite action. How-
ever, this information may be useful in
understanding the early flexural crack-
ing that occurs in these panels. This is
discussed later in the paper.

Flexural Strength of the
Prototype Panel

The Prototype Panel was designed
for a service pressure of W = 32 psf
(1.53 kPa). For the given panel area,
this corresponds to a total force P =
6140 lbs (27.3 kN). All factored load
combinations were checked as re-
quired by ACI 318-99. The controlling
load combination for the factored load,
U, was computed as:

U= 09D +1.3W @)
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Axial service dead load, D, was not
considered in the design of the Proto-
type Panel. Therefore, the controlling
factored load was 7990 lbs (35.5 kN),
which corresponds to a pressure of
41.6 psf (2.0 kPa).

Fig. 14 shows a plot of load versus
deflection for the Prototype Panel. In-
cluded are markers representing the
service load and factored load. Fig. 14
shows that the strength of the Proto-
type Panel exceeded the factored load.
In fact, as noted earlier, flexural fail-
ure by crushing of concrete in the
compression zone was not reached in
the Prototype Panel when the test was
terminated.

The design moment capacity for the
Prototype Panel was computed using
strain compatibility, assuming fully
composite behavior, with the experi-
mental concrete strength of 6930 psi
(47.8 MPa) and a strength reduction
factor ¢ = 0.90. The design moment
capacity was computed as ¢M, = 820
kip-in. (92.7 kN-m), which corre-
sponds to a total force of P =14,230
Ibs (63.3 kN). The Prototype Panel
was loaded to a load of 16,340 lbs
(72.7 kN), which was well above the
design strength.

Service Load-Deflection Behavior
of the Prototype Panel

No deflection requirement was con-
sidered in the design of the Prototype
Panel. However, deflection limits for
precast wall panels can be found in
ACI 533R-93. Deflections for non-
loadbearing precast wall panel ele-

ments likely to be damaged by large
deflection are limited to L/480, but not
greater than 0.75 in. (19 mm). The
maximum allowable deflection for the
Prototype Panel, with a span length of
35 ft (10.67 m), is controlled by the
upper limit of 0.75 in. (19 mm).

The Prototype Panel satisfied this
deflection limit, with a deflection of
only 0.43 in. (10.9 mm) at the full ser-
vice load of 6140 Ibs (27.3 kN). Note
that the Concrete Panel exhibited a
similar deflection of 0.50 in. (12.7
mm) at the full service load, and that
the M-tie and Bond Panels experi-
enced much larger deflections values
of 3.30 and 9.30 in. (84 and 236 mm),
respectively, at the full service load.

Flexural Cracking Behavior

Although both the Prototype and
Concrete Panels exhibited nearly fully
composite behavior, one aspect that
was not consistent with the theoretical
fully composite panel was their flexu-
ral cracking behavior. Using a con-
crete tension strength of f/ = 7.5 J s
the computed flexural cracking load
for the theoretical fully composite be-
havior is P = 12,670 Ibs (56.4 kN).

As noted earlier, the Prototype and
Concrete Panels cracked at loads of
P = 8710 1bs (38.7 kN) and P = 7080
Ibs (31.5 kN), respectively. This
corresponds to tension stresses of
3.8J7; and 3.6\/75’. According to the
ACI 533R-93 report, flexural tension
stresses in prestressed wall panels
should be limited to 5./ f’ to prevent
cracking. Several possible explana-
tions for this early flexural cracking
were considered.

The first explanation that was con-
sidered was that the bending stresses
in the panel increased subsequent to
the failure of solid concrete regions
due to horizontal shear. If the solid
concrete regions failed due to horizon-
tal shear, full composite action would
be lost, and the moment of inertia
would decrease, causing bending
stresses in the panel to increase.

Calculations were performed for
the Prototype Panel to evaluate
the horizontal shear force at a load of
P =8710 1bs (38.7 kN). The calculated
horizontal shear force was then com-
pared with the predicted horizontal
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shear capacity. The horizontal shear
force, H, is computed as:

IL‘
where
AM = change in moment across the
shear span

Q = first moment of inertia of the
composite section

1. =fully composite moment of in-
ertia of the panel

The shear span is taken as one-half
of the clear span of the panel. This cal-
culation indicates that at P = 8710 lbs
(38.7 kN), the horizontal shear force
H =90 kips (400 kN) in the Prototype
Panel.

The horizontal shear capacity, V,;,
was computed according to the PCI
Design Handbook as:

Van = 80A¢, (in psi) (6)

where A is the total area of concrete
resisting horizontal shear, sq in.

Eq. (6) assumes that the strength of
unreinforced concrete due to horizon-
tal shear is 80 psi (552 kPa). The Pro-
totype Panel had a total area of con-
crete, A, equal to 1440 sq in. (929 x
10®* mm?). Therefore, the Prototype
Panel had a predicted horizontal shear
capacity of 115 kips (512 kN).

From the calculations presented
above, at first flexural cracking in
the Prototype Panel, the computed
horizontal shear force, H, was only 78
percent of the horizontal shear capac-
ity. Also, it is likely that the shear
strength of unreinforced concrete is
actually much greater than the value
of 80 psi (552 kPa). Tests performed
by Hofbeck et al.’® indicated that the
shear strength of initially uncracked
unreinforced concrete is approxi-
mately 500 psi (3.45 MPa). This value
is much higher than 80 psi (552 kPa),
and thus the actual horizontal shear
capacity of the Prototype Panel is
likely much higher than 115 kips (512
kN). Therefore, it is not likely that the
solid regions failed, leading to a loss
of horizontal shear transfer and early
flexural cracking.

A second possible explanation for
the early flexural cracking was that the
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actual stress distributions differed
greatly from the distributions pre-
dicted from beam theory. Consider
first the sections near the edges of the
solid regions. As shown in Fig. 12, the
finite element analysis results indicate
that strains are especially high at Lo-
cations 5 and 7. These higher strain
values indicate that stress concentra-
tions exist at the solid concrete re-
gions.

This can also be seen in Fig. 13 at
Locations I and II. However, although
several cracks did form immediately
adjacent to the solid regions, these
were not the first flexural cracks to
form during the tests. Therefore, the
early flexural cracking of the Proto-
type and Concrete Panels is not at-
tributed to stress concentrations near
the solid regions.

The finite element analysis results
do show that the concrete stresses at
midpsan, away from the solid concrete
regions, are somewhat higher than
those predicted by beam theory (Loca-
tion III in Fig. 13). The stresses com-
puted from finite element analysis are
approximately 13 percent higher than
the stresses computed using beam the-
ory for a theoretical fully composite
panel. However, the Prototype Panel
cracked at a load approximately 31
percent lower than the predicted flexu-
ral cracking load. Therefore, the dif-
ferences between the finite element re-
sults and beam theory do not fully
explain the low cracking load behavior
of the Prototype and Concrete Panels.

CONCLUSIONS

Based on the results of this study,
the following conclusions are made:

1. For the panel geometries and ma-
terials treated in this study, the solid
concrete regions provided most of the
composite action achieved in the pan-
els. Steel M-tie connectors and bond
between the insulation and concrete
contribute relatively little to composite
behavior, and they should not be con-
sidered to provide composite behavior
in design. ;

2. A precast concrete sandwich wall
panel constructed similarly to the Pro-
totype Panel treated in this study will
behave as a fully composite panel in
terms of service load-deflection be-

havior and flexural strength.

3. Panels with solid concrete regions
placed intermittently along the span
develop stress concentrations at the
solid regions, do not exhibit plane sec-
tion behavior through the depth of the
panels, and develop strains that are not
uniform across the width of the panels.
These effects may contribute to early
flexural cracking.

RECOMMENDATIONS

Based on the results of this study,
the following design recommendations
are made:

1. Solid concrete regions should be
proportioned to provide all of the re-
quired composite action in a precast
concrete sandwich wall panel. If full
composite action is required at service
loads, the amount and arrangement of
solid concrete regions similar to the
amount provided in the Prototype
Panel will largely achieve this require-
ment. If flexural cracking at service
load is a concern, allowance should be
made for the expected reduced crack-
ing stress that occurs in panels with in-
termittent placement of solid concrete
regions along the span.

2. Alternatively, the effects of inter-
mittent placement of the solid concrete
regions may be reduced by designing
a panel with a prismatic section (e.g.,
solid concrete ribs that run the entire
span length of a panel). However, fur-
ther research is needed to demonstrate
that this is the case.

3. If full composite behavior is re-
quired at overload, the solid regions
should be designed to provide ade-
quate strength to resist the horizontal
forces that develop at this overload,
and the solid concrete regions should
be arranged to minimize shear lag to
ensure that the entire panel width is ef-
fective in compression. Current code
approaches such as shear friction may
be used to proportion the solid regions
in this case.

4. One disadvantage of relying on
solid concrete regions to provide com-
posite action is that the thermal perfor-
mance of the panel is adversely af-
fected by the thermal bridges created
by the solid concrete regions. In such
instances, it may be required to elimi-
nate the solid concrete regions and
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provide composite action through
wythe connectors and insulation. If
this is the case, then the connectors
and insulation should be designed
specifically for that purpose.

To illustrate the above point, alter-
native configurations of wythe connec-
tors, such as truss connectors, may be de-
signed and evaluated as a means for
providing composite action. Insulation
materials with variable thickness (for ex-
ample, stepped or corrugated profiles)
that provide mechanical interlock with
the concrete may be designed and evalu-
ated as a means for providing composite

action. In either case, the performance of
the connector system should be verified
by full-scale testing.
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APPENDIX A — NOTATION

total area of concrete in cross section (both wythes)
total area of concrete resisting horizontal shear
area of prestressing steel

width of test panel

dead load

eccentricity of prestressing steel

modulus of elasticity of concrete

modulus of elasticity of concrete at transfer of
prestress

modulus of elasticity of prestressing steel
unconfined concrete compressive strength
unconfined compressive strength of concrete at
transfer of prestress

effective prestress stress in prestressing steel
initial prestress stress in prestressing steel

tensile strength of prestressing steel

yield stress of prestressing steel

modulus of rupture of concrete

horizontal shear force

moment of inertia of composite concrete section
moment of inertia of fully cracked section
transformed to concrete

effective moment of inertia

experimentally determined moment of inertia
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moment of inertia of gross concrete section
moment of inertia of noncomposite concrete
section

span length of test panel

length of test panel

maximum moment acting in span

cracking moment

nominal moment capacity

total load applied to panel

effective prestress force

initial prestress force

first moment of inertia

effectiveness ratio of prestress

section modulus of composite section

section modulus of noncomposite section
factored load

horizontal shear capacity

uniformly distributed load per length

service load wind pressure

midspan lateral deflection

change in moment across shear span

strength reduction factor, equal to 0.9 for bending
factor to describe percent composite action of
panel



APPENDIX B — DESIGN CALCULATIONS FOR PROTOTYPE PANEL

Panel Design Parameters:

Wind load =32 psf (1.53 kPa)

Panel self-weight =75 psf (3.59 kPa)

Assume panel behaves as 70 percent composite during
service.

Allowable Tension Stresses:

The allowable tension stresses for wall panels are defined
in Section 2.5.3.3 of the ACI 533R-93.°

Stripping and handling = 5yf; ~ =0296ksi (2.04 MPa)
Travel = 51 =0.387ksi (2.67 MPa)
Service = 75{f/ =0580ksi (4.00 MPa)

Check Stripping and Handling Stresses:

Forces imposed during stripping and handling are dis-
cussed in Section 5.2 of the PCI Design Handbook.?

Stripping multiplier = 1.4 (controls)
Handling multiplier =12
Factored panel weight = 1.4(75) = 105 psf (5.03 kPa)

Check stress due to bending about x-axis (where the x-
axis is defined as the axis along the length of the panel):

+ M, = -M, = 0.0054wb’L"= 0.0054(105/1000)(6)*(37)
=0.76 kip-ft
= 9.1 kip-in. (1.03 kN-m)
Resisting width of panel:
15¢=15(8) = 120 in.
L/4=137(12)/4 = 111 in. (controls)

Effective section modulus:
Ser = 756(111/72)
=1166in? (19.11 X 10°* mm?)

fo=—fu+ e ~ 0350+ (9.1/1166)
S

=-0342ksi (~2.36 MPa)
~0.342ksi < 0.296 ksi (OK)

Check stress due to bending about y-axis (where the x-
axis is defined as the axis along the width of the panel):
+M, = -M,, = 0.0062wbL"* = 0.0062(105/1000)(6)(37)*
=5.17 kip-ft
=62.1 kip-in. (7.01 kN-m)

Resisting width of panel:
bl2=72/2=361n.

Effective section modulus:
S = 756(36/72)
=378in? (6.19 x 10° mm®)

70

My
fy=fut5> =-0350+(62.1/378)
eff
=-0.186ksi (~1.28 MPa)
—0.342 ksi < 0.296 ksi (OK)

Check Travel Stresses:

Forces imposed during travel are also discussed in Section
5.2 of the PCI Design Handbook.

Stripping multiplier = 2.0 (more conservative than PCI
value of 1.5)

Factored panel weight = 1.4(75) = 150 psf (7.18 kPa)

Check stress due to bending about x-axis:

+ M, =-M, = 0.0054wb’L’= 0.0054(150/1000)(6)*(37)
= 1.08 kip-ft
=129 kip-in. (1.46 kN-m)

fi=—f +§£"— =-0.350 + (12.9/1166)
off
=-0.339ksi (-2.34 MPa)
—0.339 ksi < 0.387 ksi (OK)

Check stress due to bending about y-axis:

+M, = —M,, = 0.0062wbL"* = 0.0062(150/1000)(6)(37)
=7.63 kip-ft
=91.7 kip-in. (10.36 kN-m)

M
fy= =t =—0350 +(62.1/378)
eff
=-0.186 ksi (~1.28 MPa)
~0.186 ksi < 0.387 ksi (OK)

Nominal Moment Capacity:

The nominal moment capacity of the section is computed
using the equation for f,, given in Section 18.7.2 of the ACI
Building Code (ACI 318-99).

B\" K
f;.zs =f1.)u(1 - 168pp)

S = fpu[l—ﬁ-[pp —f"—"):| , where 7,=0.28 and j3; =0.75

Assuming noncomposite action:

A, 046

p,= E‘i‘p‘ = 7205 = 0.00426

Frs = 250.7 ksi

_ Af,, 046(250.7)
T 085f5  0856)(72) =%

31in.
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oM, = ¢A,f,(d, - g)
=0.9(0.46)(250.7)(1.5 %)

= 140.1 kip-in. (15.83 kN-m)
oM, =280 kip-in. (31.64 kN-m) for two wythes
Assuming composite action:

A, 092

pp,= Zd—p = 72—@0 =0.00320

fs=255.5ksi
_ Af _09202555)

0855 0.85(6)(72) - O-84n-
oM, = ¢Apfps(dp 5 ﬁ)
2 0.64
=0.9(092)(2555)(4 =)

=778 kip-in. (87.91 kN-m)

Design moment capacity of 70 percent composite panel:
oM, =0.70(778 — 280) + 280 = 629 kip-in. (71.08 kN-m)

Cracking Moment:

As given by Section 18.8.3 of ACI 318-99, the design
flexural strength must be at least 1.2 times the cracking
strength.

Section properties for 70 percent composite panel:
L. =0.70(3024 - 324) + 324 =2214 in.* (922 x 106 mm*)
Spc =2214/4 = 553 in.?

M, = (f7 + f,e)Spc = (0.58 + 0.35)(553)
=514 kip-in. (58.08 kN-m)

Check oM, > 1.2M_,
oM, /M., = 629/514 = 1.2 (OK)
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Ultimate Moment:

U=09D+13W=1.3(32)=41.6 psf (1.99 kPa)
w = 41.6(6) = 250 Ibs/ft = 0.021 kip/in. (3.68 kN/m)

2 2
% _ 0_-0%% =463 kip-in. (52.32 KN/m)

oM, > M, (OK)

M, =

Check Service Stresses:
w = 32 psf(6 ft) = 192 Ibs/ft = 0.016 kip/in. (2.80 kN/m)

2 2
4 < WL _ 0016(35x12)

=3 5 =353 kip-in. (39.89 kN-m)

MS
fi=—fpet 5 =-0.350 + (353/553)

" 20288 ksi (1.99 MPa)
0.288 ksi < 0.580 ksi (OK)

Check Capacity of Solid End Regions Using Shear Friction:

The horizontal shear strength of the solid end regions of
the panel is computed using the equation for V,, given in
Section 11.7 of ACI 318-99.

OV, = Azf, 1= 0.85(0.78)(60)(1.4 x 1.0)
=55.7 kips (247.8 kN)

U= 1.44 for concrete placed monolithically
A = for normal weight concrete

OV, < 90.2f!A, = 0.85(0.2)(6000)(72 x 12)
= 881,280 Ibs = 881 kips (3918 kN) (OK)

#V, < p800A, = 0.85(800)(72 x 12)
= 587,520 Ibs = 588 kips (2615 kN) (OK)

v WL _002135x12)

T 5 =441 kips (19.6kN)

¢V, >V, (OK)
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