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B This paper presents the results of an experimental
program that studied the performance of full-scale
precast, prestressed concrete sandwich panels rein-
forced with carbon-fiber-reinforced polymer shear
grid and subjected to 2 million reverse-cyclic lateral
load cycles with constant sustained axial load in
place.

B Six sandwich panels were constructed with continu-
ous insulation and a carbon-fiber-reinforced polymer
grid shear transfer mechanism. Three of the panels
were fabricated with expanded polystyrene foam
insulation, and three panels were fabricated using
sandblasted extruded polystyrene foam insulation.

B From each of the panel types, one specimen was
tested to failure as a control. The other two spec-
imens were subjected to fatigue testing and then
tested to failure.

B The applied fatigue testing did not affect the ultimate
performance of the panels and had a minimal effect
on the composite action between the wythes.
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recast concrete sandwich panels are typically used to

construct high-performance, energy-efficient build-

ing envelopes. These panels typically consist of two
concrete wythes separated by rigid foam insulation, such as
expanded polystyrene (EPS) or extruded polystyrene (XPS).
The panels are designed to resist floor loads as well as wind
or seismic lateral loads while providing efficient insulation
to the structure. They are often fabricated with heights over
45 ft (13.7 m) and widths up to 15 ft (4.6 m). Wythe thick-
ness commonly ranges from 2 to 6 in. (50.8 to 152.4 mm),
and overall panel thickness may be from 6 to over 12 in.
(304.8 mm). Longitudinal prestressing is normally provided
in both concrete wythes to control cracks.

Insulated concrete sandwich panels may be designed as
fully composite, partially composite, or noncomposite.

The degree of composite action highly depends on the type
of shear connectors joining the concrete wythes. Typical
shear connectors from early-generation precast concrete
sandwich panels include steel-wire truss connectors, bent
reinforcing bars, or solid zones of concrete penetrating the
insulation wythe. Several published studies investigated the
performance of such connectors and the associated degree
of composite action of the panels.'® Although increasing the
composite action between the concrete wythes increases the
structural efficiency of the panel, it can significantly reduce
the overall thermal efficiency due to the thermal bridges pro-
duced through the shear connectors. Noncomposite panels
then became more attractive due to their thermal benefits and
architectural features; however, noncomposite panels exhib-
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ited substantially reduced structural efficiency. Although the
typical design for such panels assumes noncomposite action,
test results from several studies indicate that significant shear
transfer does develop between the concrete wythes, resulting
in a partial composite action.>?

Several studies investigated the use of fiber-reinforced poly-
mer (FRP) shear connection grid as a mechanism for improv-
ing structural efficiency while avoiding the thermal bridges
created by conventional means of shear transfer. Because FRP
grid has very low thermal conductivity, the carbon grid can
be used to connect the concrete wythes while maintaining the
insulation of the panel. Several studies have also investigated
the performance of glass-fiber-reinforced polymer (GFRP)
shear connectors for insulated concrete sandwich panels.™'?
These studies demonstrated that the use of GFRP increased
the thermal performance of the panels compared with panels
with steel or concrete connectors and maintained a high de-
gree of composite action.

Frankl" and Frankl et al."* conducted an experimental pro-
gram—including six full-scale precast, prestressed concrete
sandwich panels—to investigate flexural behavior using
carbon-fiber-reinforced polymers (CFRP) as a shear transfer
mechanism. The study also investigated the effects of sev-
eral parameters, such as the type of insulation, the presence
of solid concrete zones, panel configuration, and shear grid
reinforcement ratio. Test results indicated that the failure took
place at levels well above factored design loads. The study
also evaluated the degree of composite action for the tested
panels and concluded that nearly 100% composite action can
be achieved with CFRP grid shear connections. The study also
demonstrated that a higher composite action percentage can
be achieved using EPS insulation rather than XPS insulation.
With either type of insulation, the use of CFRP shear grid

can provide an effective shear transfer mechanism in precast,
prestressed concrete sandwich wall panels.

Using Frankl’s test results, an analytical study was carried
out by Hassan et al." to validate design guidelines proposed
for precast, prestressed concrete sandwich panels reinforced
with a CFRP grid. The study indicated good agreement be-
tween the experimentally measured strains at different load
levels and those predicted using the proposed design guide-
lines. A simplified design chart was also proposed for panels
with the same configuration as those tested experimentally
to calculate the nominal flexural strength at different degrees
of composite action.

Bunn,'® Sopal,'” and Hodicky et al.'® conducted several
experimental programs to study the CFRP grid and rigid
foam insulation shear transfer mechanism and to investigate
several parameters believed to influence shear flow strength.
These studies developed equations to predict the shear flow
strength provided by CFRP grid and rigid foam as affected by
the tested parameters. It was concluded that the desired level
of composite action could be achieved using CFRP grid with
either EPS or XPS rigid foam insulation.
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More recently, an experimental program conducted by Kazem
et al."” evaluated the effect of sustained loading on the shear
strength of precast concrete sandwich panels connected

with CFRP and GFRP grids and using EPS and sandblasted
XPS insulation. The experimental program comprised three
different studies with a total of 26 test panels using different
configurations of FRP grid and foam insulation. The research
concluded that both CFRP and GFRP grid combined with
EPS and XPS foam insulation can provide a suitable shear
transfer mechanism for precast concrete sandwich panels
under the effects of sustained load. In addition, the research
findings demonstrated that the shear strength of the panels can
be significantly increased by sandblasting the surface of the
XPS foam due to the corresponding improvement of the bond
between the foam and the concrete.

Another study, conducted by Olsen and Maguire, examined
the performance of GFRP connectors in precast concrete
sandwich panels. The study included an experimental
program to investigate the efficiency of several configura-
tions of GFRP connectors along with the effects of other
parameters, including the type of foam and the concrete-to-
foam interface bond. The study concluded that the selected
connectors provided reduced strength and stiffness with
large wythe thicknesses and when debonded. In addition,
the study developed a simplified model to evaluate the shear
deformation behavior. A parametric study performed using
the developed model concluded that a triangular distribution
of connectors that has more connectors lumped near the
ends exhibits higher structural efficiency and that the level
of composite action generally increases when the number of
shear connectors is increased.

Dutta et al.>! conducted an experimental study to investigate
the performance and efficiency of sandwich panels reinforced
with new C-shaped GFRP pultruded channel shear connectors
in terms of the level of composite action as well as the flex-
ural strength. The shear connectors were configured in three
forms: a continuous GFRP channel, discontinuous GFRP
channel segments, and a control conventional steel truss. Test
results indicated that panels with continuous GFRP channels
performed the best in terms of flexural strength. The results
also indicated that the level of composite action was about
50% for both continuous and discontinuous GFRP channels
compared with 33% for the steel truss. These findings were
verified by extensive finite element modeling, which also in-
cluded a parametric study to investigate the effects of different
parameters believed to affect the performance of sandwich
panels reinforced with the new GFRP channels.?” The finite
element results also revealed that using circular openings in
the GFRP channel web can be used to increase the efficiency
of thermal insulation of the panel without affecting the struc-
tural performance.

Despite the extensive research conducted to study the be-
havior of precast, prestressed concrete sandwich panels
reinforced with FRP shear grid, limited data are available
regarding the long-term behavior of these members under the



effect of fatigue loading. This paper presents the results of an
experimental program that was conducted to characterize the
performance of full-scale precast, prestressed concrete sand-
wich panels reinforced with CFRP shear grid and subjected
to 2 million reverse-cyclic lateral load cycles with constant
sustained axial load in place.

Experimental program

A series of six panels were tested, including one group of
three panels with EPS insulation and one group of three
panels with sandblasted XPS insulation. One panel in each
group of three was randomly selected as the control and was
incrementally tested to failure under reverse-cyclic lateral
loads. The remaining two panels in each group were subjected
to 2 million fully reversed lateral load cycles at 45% of their
design ultimate load before the failure test. Testing to 45% of
the ultimate level of load for the fatigue cycles was chosen to
represent the lateral loading resulting from the average typical
wind speed that these panels would be subjected to over their
life spans. A constant service-level eccentric axial load was in
place for all tests, including the lateral fatigue cycles.
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All panels were identical other than the insulation type. Each
panel measured a nominal 8 in. (203.2 mm) thick, 4 ft (1.2 m)
wide, and 20 ft (6.1 m) tall. Figure 1 shows the three layers of
the typical cross section of all panels. The panel configuration
included the following:

*  2in. (50.8 mm) prestressed concrete outer wythe

* 4in. (101.6 mm) center layer of EPS or sandblasted XPS
foam insulation

e 2in. prestressed concrete inner wythe
The test specimens were labeled as follows:
»  EPSI: first specimen with EPS insulation tested to failure

*  EPS2: second specimen with EPS insulation subjected to
fatigue cycles before the failure test

*  EPS3: third specimen with EPS insulation subjected to
fatigue cycles before the failure test
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Figure 1. Specimen cross section from producer shop tickets. Note: 1" =1in. = 25.4 mm; 1' = 1 ft = 0.305 m.
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e XPS1: first specimen with sandblasted XPS insulation
tested to failure

e XPS2: second specimen with sandblasted XPS insulation
subjected to fatigue cycles before the failure test

*  XPS3: third specimen with sandblasted XPS insulation
subjected to fatigue cycles before the failure test

Each concrete wythe was prestressed longitudinally with two
% in. (9.525 mm) diameter strands in addition to one layer
of welded-wire reinforcement with W3.5 wires spaced at

8 in. (203.2 mm) in the transverse direction. CFRP grid was
provided between the wythes to transfer shear across the rigid
insulation. Two strips of the grid were placed parallel to the
long axis of each panel at the locations shown in Fig. 2. A
small additional strip of CFRP grid was placed in the trans-
verse panel direction to reinforce the region surrounding the
lifting points for a total of 36 ft (11 m) of CFRP grid in each
panel. The installed CFRP grids were orthogonal and cut at

a 45-degree angle to develop truss action. The rigid foam in-
sulation was thinned in areas surrounding embedded connec-
tions and lifting points; however, the insulation was continu-
ous from end to end and from side to side. Care was taken in
the experimental design to ensure that the testing setup itself
did not artificially enhance the connection between inner and
outer wythes.

Construction of wall panels

The panels were cast flat in long-line production forms.
Fabrication began by placing formwork, stressing strands,
and laying reinforcement for the outer wythe of concrete.
After casting a 2 in. (50.8 mm) layer of concrete for the
outer wythe, prefabricated foam insulation and CFRP grid

assemblies were placed on top, and CFRP grid was pushed
into the wet concrete wythe beneath. With the CFRP grid
projecting up from the insulation, the top wythe welded-wire
reinforcement was placed. The top wythe concrete was cast,
and embedded plates for connections and lifting devices were
set. Figure 3 shows typical photographs of the panels during
construction.

The specified concrete strength was 5000 psi (34.5 MPa) and
the average compressive strength of the wall panels at time of
testing was 8500 psi (58.6 MPa), as determined by compres-
sion tests of three 4 x 8 in. (101.6 x 203.2 mm) cylinders cast
with the test panels.

Design loads and loading sequence

The panels were designed for a maximum lateral wind pres-
sure of 42.5 Ib/ft? (2.03 kPa) due to suction in combination
with a service-level axial load of 4 kip (17.8 kN). The lateral
wind loadings were determined according to the design wind
pressures specified in American Society of Civil Engineers’
ASCE/SEI 7-16* chapter 30, assuming a basic wind speed of
150 mph (240 km/hr), building classification III, and exposure
category B. The tested panels were designed per the standard
procedures of the shear grid manufacturer, as documented in
International Code Council Evaluation Service (ICC-ES) re-
port ESR-2953,2* which includes shear flow and shear modu-
lus of the grid connectors. The axial load was applied through
a steel corbel at the top of the panel having an eccentricity

of 4 in. (101.6 mm) from the innermost surface of the inner
wythe. Lateral loads were applied in four-point bending, with
the panel supported laterally at the top and bottom and loaded
equally at the quarter and three-quarters heights. The quarter
and three-quarters heights did not exactly match the quarter
and three-quarters spans because the top support was located
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Figure 2. Specimen plan and profile from producer shop tickets. Note: CONC. = concrete; EA = each; INSUL. = insulation;

MIN. = minimum; RAD. = radius; TYP. = typical; WW.F. = welded-wire reinforcement. 1” = 1in. = 25.4 mm; 1" = 1 ft = 0.305 m.
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Forms with outer wythe reinforcement installed

Figure 3. Typical views of panels during fabrication.

Foam core with carbon-fiber-reinforced
polymer grid installed after casting
the outer wythe

below the top of the panel, which is common for typical roof
detailing. Quarter-height lateral loading was chosen so that
the moment and shear distributions of the applied lateral test
loads would closely mimic those of uniformly distributed
wind pressure.

One EPS panel and one sandblasted XPS panel were random-
ly selected as the control specimens and were incrementally
tested to failure under reverse-cyclic lateral loads. The axial
load was applied with hydraulic cylinders before lateral load-
ing and was held constant using nitrogen-charged hydraulic
accumulators during the entire test. Lateral loads were applied
incrementally in both directions, pushing and pulling, in

Table 1. Loading sequence for all static tests to failure

1000 1b (4.45 kN) increments (500 Ib [2.22 kN] per loading
jack). Table 1 summarizes the loading scheme. One load cy-
cle was considered as taking the panel from zero lateral load
to the specified lateral load level in both directions.

Two EPS panels and two sandblasted XPS panels were

each subjected to 2 million reverse-cyclic lateral load cycles
before failure testing (Table 1). Cycles were applied at a rate
of approximately 1 Hz, for a total cycling time of approxi-
mately 23 days per panel. A constant axial load was applied
to the panels during all fatigue loading. Each fatigue cycle
induced lateral loading in the positive and negative directions
to a selected lateral load corresponding to 45% of the design

Loads on panel

. Equivalent uniform .
Total applied lateral load, Ib Load per actuator, Ib Axial load, Ib
pressure on panel, Ib/ft?

1 +1000 +500 +12.5 4000

2 +2000 +1000 +25 4000

3 +3000 +1500 +37.5 4000

4 +4000 +2000 +50 4000
Continue increasing each increment

5 . (Total load)/2 (Total load)/20 ft/4 ft 4000

by 1000 Ib to failure

Note: 1ft = 0.305 m; 1lb = 0.00445 kN; 1b/ft?> = 0.048 kPa.
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ultimate load. Such value was selected to represent the typical
service-level wind load that would be expected during average
service (that is, the average wind speed over the life of the
panel). This load level was equivalent to 19.1 Ib/ft*> (0.91 kPa),
1530 1b (6.8 kN) of the total lateral load, and 765 1b (3.4 kN)
of the lateral load per load point. After fatigue testing, each
panel was subjected to the incremental static test to failure as
previously described.

Test setup

The test setup was designed to enable cycling two panels
simultaneously but independently. Two identical setups were
fabricated side by side under the same supporting frame (Fig. 4
and 5). All panels were supported at the bottom on a pin con-
nection that restrained translation in all directions but allowed
rotation. Only the inner wythe was connected to the lower
connection to avoid artificially enhancing the connection be-
tween wythes. All panels were supported at the top on a slotted
roller that allowed vertical translation and rotation but prevent-

Figure 4. Schematic of the test setup, view of inner wythe.

ed lateral translation. The top lateral support (and axial load
connection) was attached only to the inner wythe, as would be
common in practice for the detailing of a typical panel.

Two matching hydraulic actuators were used to apply tension
and compression loads in the lateral direction. The actuators
were always configured to produce matching loads, regard-
less of actuator stroke or panel deflection. Each actuator

was attached to the panel using two 4 ft (1.2 m) long square
loading tubes, one on each surface of the panel. The loading
tubes were bolted together through substantially oversized
holes in the panel to allow application of lateral loads in
either direction without artificially connecting the wythes.
The loading tubes were separated from the panel surface by
a thick neoprene pad on each wythe to avoid unintentionally
restraining the panel with the loading system. Axial load was
applied with a hydraulic jack to the top of the panel through
a steel corbel welded to the embedded plate. The axial load
was applied and regulated using accumulators charged with
nitrogen in the axial load hydraulic circuit. This configura-

Eccentric axial load applied
to corbel at top of panel
(jack not shown for clarity)

Top slotted
hinge support

Lateral loads applied
at 4 and % heights

Adjacent bay in test frame to
allow independently cycling a
second panel simultaneously

Bottom hinge
support
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Test setup with one panel

Test setup with two panels

Figure 5. Views of the test setup.

tion allowed the axial load to remain virtually constant as the
panel deformed laterally. The corbel was specially configured
to avoid interfering with the lateral supports.

Instrumentation

Various instruments were used during testing to moni-

tor panel behavior. All instruments were connected to an
electronic data acquisition system, which recorded data at

a sample rate of 1 Hz during static loading and at 10 Hz for
selected intervals during cyclic loading. Figure 6 shows the
instrumentation layout and sign convention for applied loads
and measured deflections.

Various load cells were used to measure the applied axial
load as well as the lateral loads. Axial load was maintained by
applying constant hydraulic pressure to a calibrated hydraulic
jack. The axial load was considered positive when acting to
place the inner wythe in compression (that is, the positive axi-
al load acts vertically downward). One load cell was incorpo-
rated into the body of each lateral load jack. These load cells
were used to continuously monitor the applied lateral load.

For the test setup as configured, extension in the lateral actu-
ators created positive loads while the tension in the actuators
was considered negative load.

Potentiometers were used to monitor the lateral deflections of
the panel throughout each test at different locations (Fig. 6).
All deflection data presented in subsequent sections are plot-
ted according to the given sign convention and are adjusted

to eliminate the effects of support motion. Lateral deflections
were considered positive when they acted to place the inner
wythe in compression (that is, positive lateral deflection is the
panel moving outward).

To characterize the degree of composite action of the panel,
two groups of four strain gauges each were attached to the
side surfaces of the two concrete wythes. One group of four
gauges was attached at midheight, and the other group of
four gauges was attached at a location 1 ft (0.305 m) below
the three-quarters height (1 ft below the upper load point).
All gauges were centered %} in. (11.1 mm) from the nearest
wythe surface or wythe-foam interface. Figure 7 shows the
groups of bonded strain gauges.
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Instrumentation

| — Potentiometers
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mounted
Midheight o strain gauges
L
18 2%t g
j—]
2 ft
X

frame

Strain gauges
(on side surface)
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Figure 6. Instrumentation layout and sign convention for applied loads and measured deflections. Note: 1 ft = 0.305 m.

In addition to the strain gauges, six reusable surface-mounted
strain gauges, referred to as pi gauges, were used to measure
the flexural strain at the concrete surface of the panel. Three
gauges were installed on the inner panel surface and three gaug-
es on the outer panel surface. Figure 7 shows the outer-face

pi gauges on a selected panel. All bonded strain gauges and pi
gauges were attached to the panel after fatigue testing to avoid
fatiguing the gauges themselves. All measured strains were
considered positive in tension and negative in compression.

Results and discussion

Table 2 summarizes the test results. For all tests, the negative
segment of a given lateral load cycle (the segment with the
inner wythe in tension) was completed before the positive
segment of that cycle was attempted. Due to the effects of the
eccentric axial load, the bending moment created in the panel
during the positive segment of each cycle was greater than

the moment created by the same lateral load on the negative
segment. All four panels subjected to fatigue loading survived
2 million lateral load cycles without any visible signs of degra-
dation. These four panels were then tested to failure using the
incremental static loading procedure outlined in the previous
section. A constant 4 kip (17.8 kN) eccentric axial load was
applied to the corbel at the top of each panel during all phases
of loading, including fatigue cycles. The axial load application
was regulated to remain constant even as the panel deformed
under lateral load. The equivalent lateral design wind pressure
was 42.5 1b/ft? (2.03 kPa). All six panels sustained applied
lateral loads well in excess of their design values.

The results indicate that the tested EPS panels all failed when
the applied lateral load was greater than or equal to 100 1b/ft?

PCIl Journal | September-October 2021

(4.79 kPa). In this group of three panels, one of the two
fatigued panels outperformed the control panel in terms of ul-
timate load: EPS2 achieved 112.5 Ib/ft* (5.39 kPa) compared
with 100 Ib/ft* for EPS1. It is unlikely that the fatigue cycles
enhanced the panel performance in any way, and it is also un-
likely that the small increase in concrete compressive strength
(due to panel aging) that probably occurred during the fatigue
cycles improved ultimate failure performance. At 100 1b/ft?
of applied lateral load (with 4 kip [17.8 kN] of axial load in
place), the panels exceeded their design load of 42.5 1b/ft?
(2.03 kPa) by a factor of 2.35.

The tested XPS panels all failed at the equivalent of 175 1b/ft
(8.38 kPa) of applied lateral pressure, which was higher than
that achieved by the EPS panels. This can be attributed to the
fact that sandblasted XPS has greater bond strength, shear
strength, and stiffness than EPS, evidenced by a nominal
shear flow design value of 450 Ib/in. (50.8 N/m) for XPS and
CFRP grid compared with 270 Ib/in. (30.5 N/m) for EPS and
CFRP grid. The XPS panels achieved an ultimate lateral load
that was more than four times their 42.5 1b/ft* (2.03 kPa) de-
sign load. All tested panels were designed using the standard
prescribed design methods of the CFRP grid manufacturer,
so these high overstrengths against shear transfer mechanism
failure would also be typical of production panels. Part of the
excess capacity can likely be attributed to measured con-
crete strength exceeding that specified by design (8500 psi
[58.6 MPa] compared with 5000 psi [34.5 MPa], respec-
tively); however, the effect of modestly increased concrete
strength on panel capacity is likely minimal. Both EPS and
XPS panels exceeded their design levels by ratios greater
than the increase of nominal flexural or shear strength due

to the increased concrete compressive strength. The selected
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fatigue regimen did not seem to negatively affect the ultimate
performance of the panels in any way. It is noted that the
applied fatigue loading of 45% of the design ultimate load
ended up being about 19% and 11% of the actual ultimate
load of the EPS and XPS panels, respectively, due to the panel
overstrength. These levels of overstrength were achieved with
standard design methods and therefore would be typical of
production panels designed with the same methods.

Cracking patterns and failure modes

Observed cracking in all panels primarily took the form of
horizontal flexure cracking in the zone between the load
points. Figure 8 shows examples of typically observed cracks,
failure modes, and a typical CFRP grid failure. Critical cracks
often developed at or near failure at the lower loading point.

This can be attributed to the fact that the upper support was
about 1 ft (0.305 m) below the top face of the panel, and the
locations of the applied loads were not fully symmetric with
respect to the supports (Fig. 6). Hence, the location of the
maximum moment was consistently shifted to the lower load-
ing point, whether the load was applied in pulling or pushing
directions. All panels were visually uncracked at the start of
failure testing, including panels that had been subjected to the
2 million fatigue cycles. The following sections describe the
cracking pattern and failure mode for each tested panel.

EPS1-control Horizontal cracks were first observed on

the inner wythe of the EPS control panel during the pulling
segment of a total applied load cycle of 8000 1b (35.6 kN).
The test was terminated because the panel could not sustain
this load level and continued to displace laterally under the
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Table 2. Summary of results for all panels

Total ultimate Total ultimate

Failure
cycle

applied lateral | equivalent uniform

Failure mode

load, Ib pressure, lb/ft2

Global flexure failure accompanied by loss of shear

4000 Ib/jack
EPS1-control 8000 (pull) 100 cvele (/Ju”) transfer after reaching 4000 Ib/jack pulling (did not
4 P sustain this level).
Global flexure and shear failure at lower lateral load
. 4500 Ib/jack  point with loss of shear transfer. Survived 4500 Ib/jack
EPS2-fatigued 9000 (pull) 112.5 . . ) . .
cycle (push)  pulling. Failed at 4000 Ib/jack while pushing towards
4500 Ib/jack on subsequent segment.
Global flexure and shear failure at lower lateral load
EPS3-fatigued 8000 (push) 100 4000 Ib/jack  point with loss of shear transfer. Survived 4000 Ib/jack
e 2 cycle (push)  pulling. Reached 4000 Ib/jack pushing but could not
sustain this load.
7000 Ib/jack  Global flexural failure after reaching 7000 Ib/jack pulling.
XPS1-control 14,000 (pull) 175 . . .
cycle (pull) Did not sustain this load level.
. Extensive global flexural behavior followed by ultimate
: 7000 Ib/jack -
XPS2-fatigued 14,000 (push) 175 cycle (push) flexure and shear crack at the lower load point. Reached
u
g = 7000 Ib/jack pushing but did not sustain this level.
7000 Ib/jack Global flexural failure at the lower lateral load point. Sus-
XPS3-fatigued 14,000 (pull) 175 : tained 7000 lb/jack pulling, failed at 6500 Ib/jack while

cycle (push)

pushing towards 7000 Ib/jack on subsequent segment.

Note: EPST-control = first specimen with expanded polystyrene insulation tested to failure; EPS2-fatigued = second specimen with expanded polysty-

rene insulation subjected to fatigue cycles before the failure test; EPS3-fatigued = third specimen with expanded polystyrene insulation subjected to

fatigue cycles before the failure test; XPS1-control = first specimen with sandblasted extruded polystyrene insulation tested to failure; XPS2-fatigued =

second specimen with sandblasted extruded polystyrene insulation subjected to fatigue cycles before the failure test; XPS3-fatigued = third specimen
with sandblasted extruded polystyrene insulation subjected to fatigue cycles before the failure test. 11b = 0.00445 kN; 11b/ft> = 0.048 kPa.

constant applied load. Significant relative displacement was
observed at the interface between the inner concrete wythe
and foam core at and after failure. This behavior suggests
that the failure took place due to a loss of composite action
between the wythes that led to a global flexure failure.

EPS2-fatigued Similar to EPS1, no cracks were observed on
EPS2 before failure. As the failure developed, a large flexure
crack appeared underneath the lower loading tube. This crack
was accompanied by concrete crushing on the opposite face.
The panel sustained a total applied load of 9000 1b (40 kN)

on the pulling segment in the cycle segment before failure.

A global flexure and shear failure due to loss of composite
action then took place at the lower lateral load point at a

total applied load of 8000 Ib (35.6 kN) while pushing toward
9000 1b on the subsequent pushing segment.

EPS3-fatigued EPS3 behaved in a similar fashion to EPS2,
as expected. The panel remained visually uncracked until
just before failure. Horizontal cracks developed at the lower
load point (Fig. 8). A secondary horizontal crack developed
between the lower lateral load point and the support, likely
due to a partial loss of composite action at failure. Failure in
the shear transfer mechanism then triggered an immediate
global flexure and shear failure that took place at the lower
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lateral load point at a total applied load of 8000 1b (35.6 kN)
in the pushing segment, which the panel reached but could
not sustain.

XPS1-control Panel XPS1 demonstrated significant global
flexural action before failure, including extensive horizon-

tal cracking between the load points and below the lower

load point. Horizontal cracks were obvious on the inner and
outer wythes at the cycle of a total applied load of 8000 1b
(35.6 kN). Horizontal cracks continued to grow in width and
to increase in number before failure. Unlike the EPS panels,
the XPS1 panel was able to continue resisting total applied
loads up to 14,000 Ib (62.2 kN) at a pulling segment, at which
a global flexural failure took place.

XPS2-fatigued Cracking in XPS2 progressed in much the
same way as for XPS1. Horizontal cracks developed and
spread on both faces as loading increments increased. The
panel exhibited extensive global flexural behavior followed
by an ultimate flexure and shear crack at the lower load point
at a total applied load of 14,000 1b (62.2 kN) in the pushing
segment, which the panel reached but could not sustain.

XPS3-fatigued XPS3 behaved in much the same way as
XPS2, as expected. The failure mode was due to a large flex-



Third test specimen with
expanded polystyrene
insulation (EPS3)

Third test specimen with
sandblasted extruded
polystyrene insulation

(XPS3)

CFRP grid
failure

Typical CFRP grid failure

Figure 8. Cracking pattern and failure mode of test speci-

mens. Note: CFRP = carbon-fiber-reinforced polymer.

ure and shear crack at the lower load point (Fig. 8). The panel
could sustain up to a total applied load of 14,000 1b (62.2 kN)
on the pulling segment, followed by a global flexural failure
at the lower lateral load point at 13,000 1b (57.8 k) of total
applied load while pushing toward the same 14,000 Ib target.

Measured lateral deflections

Figures 9 and 10 compare the lateral deflections measured at
the midheights of the EPS and XPS panels, respectively. For
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Figure 9. Measured lateral deflections at midheight for the
EPS panels. Note: Only the first and last cycles are shown for
better clarity. EPS = expanded polystyrene; EPS1-control =
first specimen with expanded polystyrene insulation tested

to failure; EPS2-fatigued = second specimen with expanded
polystyrene insulation subjected to fatigue cycles before the
failure test; EPS3-fatigued = third specimen with expanded
polystyrene insulation subjected to fatigue cycles before the
failure test.
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Figure 10. Measured lateral deflections at midheight for the
sandblasted XPS panels. Note: Only the first and last cycles
are shown for better clarity. XPS = extruded polystyrene;
XPS1-control = first specimen with sandblasted XPS insulation

tested to failure; XPS2-fatigued = second specimen with
sandblasted XPS insulation subjected to fatigue cycles before
the failure test; XPS3-fatigued = third specimen with sand-
blasted XPS insulation subjected to fatigue cycles before the
failure test.

better clarity, the figures show only the first and last cycles.
The overall performance of all three panels was quite similar.
The initial stiffness of control panel EPS1 and fatigued panel
EPS2 are quite similar. Interestingly, the initial stiffness of
fatigued panel EPS3 slightly exceeds that of EPS1 and EPS2,
likely due to random variations in the manufacturing process.
In addition, the residual deflections (hysteresis) observed
during the static cycles of EPS3 are relatively less than those
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from equivalent cycles for EPS1 and EPS2. This finding im-
plies that panel EPS3 had a better bond between concrete and
foam than did panels EPS1 and EPS2. It is not reasonable to
conclude that fatigue cycling enhanced the EPS3 bond in any
way, so it is assumed that this better bond was due to natural
variability in the manufacturing process. Panels EPS1, EPS2,
and EPS3 were manufactured at the same time from the same
material inputs, and no obvious differences in the production
of these three panels were observed. Therefore, it is concluded
that the fatigue cycles did not influence the final load-deflec-
tion behavior of the EPS panels.

Figure 10 shows the measured lateral deflections at the mid-
heights of the XPS panels. The behaviors of the control panel
XPS1 and the fatigued panels XPS2 and XPS3 could not be
distinguished from this plot. The overall behaviors appeared
to be identical for all practical purposes, and the initial stiff-
ness matched across the three tests. It is concluded that the
fatigue cycles did not affect the final load-deflection behavior
of the tested XPS panels.

At +3400 Ibs. (pushing cycle)
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Measured strains

Two groups of four strain gauges each were used to monitor
the strains across the panel thickness at midheight and at 1 ft
(0.305 m) below the upper load point. The measured strains

were then used to plot the strain profiles across the thickness
for each panel at different load levels to characterize the de-

gree of composite action.

Figure 11 shows strain profiles plotted for each panel at a se-
lected load level, where a total applied lateral load of 3400 Ib
(15.1 kN) was pushing the panel outward at 1 ft (0.305 m)
below the upper load and at midheight of each panel. The load
level represents an equivalent uniform pressure on the panel
of 42.5 1b/ft* (2.03 kPa), which is the design lateral wind
pressure. Despite the small values of the measured strains,
which were close to the accuracy of the instrumentation, the
recorded strains at the outer and inner surfaces were clearly
in opposite directions as the inner wythe was in compression
while the outer wythe was in tension. The results indicate
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Figure 11. Measured strains across the panel thickness at total applied load of 3400 Ib (pushing segment) at upper and mid-
height groups of strain gauges. Note: Measured strains are in microstrain. EPS1 = first specimen with expanded polystyrene
insulation tested to failure; EPS2 = second specimen with expanded polystyrene insulation subjected to fatigue cycles before the

failure test; EPS3 = third specimen with expanded polystyrene insulation subjected to fatigue cycles before the failure test; XPS1
= first specimen with sandblasted extruded polystyrene insulation tested to failure; XPS2 = second specimen with sandblasted
extruded polystyrene insulation subjected to fatigue cycles before the failure test; XPS3 = third specimen with sandblasted ex-
truded polystyrene insulation subjected to fatigue cycles before the failure test. 11b = 0.00445 kN.
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that the strain profiles for all of the panels were nearly linear
except one location at the upper gauge group in panel EPS2,
where each wythe appeared to act independently. These
results suggest that all of the panels were generally able to
exhibit a relatively high degree of composite action up to
the design load. Furthermore, it could be concluded that the
applied fatigue cycling before the failure test had a minimal
effect on the composite action between the wythes.

These results indicate that in the EPS panels, a loss of
composite action likely triggered flexural failure and in the
sandblasted XPS panels, a loss of composite action was likely
triggered by flexural failure. Although the findings of Frankl
et al."* indicate that a higher degree of composite action can
be achieved using EPS insulation than standard XPS insula-
tion, these results indicate that the sandblasted XPS panels
could maintain a higher degree of composite action up to fail-
ure compared with EPS panels. This can be mainly attributed
to the beneficial effect from sandblasting the surface of the
XPS foam, which is expected to improve the bond between
the concrete wythes and the foam and, consequently, increase
the degree of composite action and overall flexural and shear
strengths of the panels.

Figure 12 shows an example of measured strains at both
the inner and outer concrete faces for panel EPS3. The
measured strains were generally small in value and symmet-
rical with respect to the vertical axis. The load versus strain
behavior was fairly linear up to the failure at all locations
except near the lower loading point at both the inner and
outer faces, where flexural and shear cracks initiated before
failure. This behavior is consistent with the visual observa-
tions during the test, which did not reveal any cracks until
just before the failure.

Conclusion

This paper documents testing of six 20 x 4 ft (6.1 x 1.2 m)
precast, prestressed concrete sandwich panels constructed
with continuous insulation and a CFRP grid shear transfer
mechanism. All panels were identical except for foam type,
and all panels were cast together on the same long-line
prestressing bed. Three of the six panels were fabricated
with EPS foam insulation, and the remaining three panels
were fabricated using sandblasted XPS foam insulation.

For each group of three panels, one was randomly selected
and tested to failure as a control and two others were each
subjected to 2 million lateral load cycles equivalent to 45% of
their ultimate lateral design capacity, in combination with a
service-level axial load. After fatigue testing, all panels were
tested to failure. The conclusions are as follows:

e All tested panels were designed with standard commer-
cial methods using the manufacturer’s recommended val-
ues for shear flow, and all sustained applied lateral loads
well in excess of their design values. The EPS panels all
failed when the applied lateral load was greater than or
equal to 100 Ib/ft* (4.79 kPa), which is 2.35 times their
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Figure 12. Measured concrete strains at inner and outer faces
of panel EPS3. Note: EPS3 = third specimen with expanded

polystyrene insulation subjected to fatigue cycles before the
failure test. 11b = 0.00445 kN.

design load of 42.5 Ib/ft*> (2.03 kPa). The tested sand-
blasted XPS panels failed at the equivalent of 175 1b/ft?
(8.38 kPa) of applied lateral pressure, equivalent to over
4.0 times their design ultimate load of 42.5 1b/ft>.

e All four panels subjected to fatigue survived 2 million
lateral load cycles without any visible signs of degrada-
tion. For the EPS panels, the two fatigued panels slightly
outperformed the control panel in terms of ultimate load
(EPS2 achieved 112.5 Ib/ft* [5.39 kPa]) and initial stiff-
ness (EPS3 exhibited a greater initial stiffness). There-
fore, it is concluded that the effects of fatigue at the se-
lected levels on the ultimate load-deflection performance
are less significant than are the effects of variability in the
manufacturing process. For the XPS panels, the load-de-
flection behaviors of the three panels were indistinguish-
able up to failure, indicating a high level of consistency
in the manufacturing process and foam-to-concrete bond
for these panels.

e All panels demonstrated a high degree of composite ac-

tion through load levels well in excess of their 42.5 1b/ft*
(2.03 kPa) design load; however, composite action was
lost at failure. It is likely that a loss of composite action
triggered failure in the EPS panels and that global failure
triggered loss of composite action in the sandblasted XPS
panels. The sandblasted XPS panels showed a higher
level of composite action than the EPS panels, as would
be expected by the larger stiffness of XPS compared with
EPS and the strong bonding characteristics of sandblasted
XPS. This behavior can be attributed to the beneficial
effects of sandblasting the surface of the XPS foam,
which is expected to improve the bond between the con-
crete wythes and the foam and consequently increase the
degree of composite action and the overall flexural and
shear strengths of the panels.
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Abstract

This paper documents the testing of six 20 ft x 4 ft x
8in. (6.1 m x 1.2 m x 203.2 mm) precast, prestressed
concrete sandwich panels constructed with continuous
rigid insulation and a carbon-fiber-reinforced poly-
mer grid shear transfer mechanism. All panels were
identical except for foam type and were cast together
on the same prestressing bed. Three of the six panels
were fabricated with expanded polystyrene (EPS) foam
insulation, and the remaining three panels were fabri-
cated using sandblasted extruded polystyrene (XPS)
foam. For each group of three panels, one was tested to
failure as a control and two others were cycled 2 mil-
lion times to 45% of their design ultimate load before
failure testing. The tested EPS panels all failed when
the applied lateral load was greater than or equal to
100 1b/ft> (4.79 kPa), which is 2.35 times their design
load of 42.5 Ib/ft* (2.03 kPa). The tested XPS panels
all failed at the equivalent of 175 1b/ft> (8.38 kPa) of
applied lateral pressure, which is more than 4.0 times
their design load of 42.5 Ib/ft*. All four panels subject-
ed to fatigue survived 2 million reverse-cyclic lateral
load cycles without any visible signs of degradation.
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