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A new precast concrete sandwich panel 
system with a high thermal resistance and 
optimum structural performance has been 
developed. A hybrid truss provides the 
connector in this panel system - the 
diagonals are fiber-reinforced plastic bars and 
the chords are prestressed steel strands. 
Each connector consists of a fiber-reinforced 
plastic bar fabricated in a deformed spiral 
shape through which a pair of prestressing 
strands is threaded to provide anchorage in 
the concrete wythes. The developed shear 
connecting system is described together with 
its advantages. An experimental and 
analytical investigation of the connecting 
system was conducted. The experimental 
program included testing of small scale 
specimens by push-off (pure shear) loading, 
small scale specimens by flexural loading, 
and full scale panels by flexural loading. The 
analytical investigation included finite element 
modeling of the tested small scale specimens 
and comparisons with theory of elasticity 
solutions. Experimental and analytical results 
from finite element modeling and from theory 
of elasticity equations correlated well and 
showed that the developed panel system 
meets the objectives of the research and is 
expected to have a promising future. 
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P 
recast concrete sandwich panels 
(PCSPs) are stru cturally and 
thermally efficient elements 

used for exterior walls in multi -unit 
residential , co mmerc ia l, and ware­
hou se buildin gs throu ghout North 
America. A typical PCSP consists of 
two precast reinforced concrete layers 
(called wythes) separated by a layer of 
insulation and joined with connectors 
that penetrate the insulation layer. 

The connectors used in the majority 
of available PCSP systems consist of 
concrete webs or blocks, s teel ele­
ments, or a combination of these com­
ponents. Because of their low thermal 
resistance, steel and concrete connec­
tors can significantly reduce the effec­
tive thermal resistance of the panel 
through thermal bridging. 

PCSPs outperform other construc­
tion materials because of their superior 
thermal and structural efficiency. For 
example, PCSP walls require lower 
peak loads by about 13 percent for 
heating and 30 percent for cooling 
than insulated metal or wood-framed 
walls having the same U-value under 
the same heat gradient conditions. 1 

Like all other precast concrete prod­
ucts, PCSP walls possess several ben­
eficial features such as high quality , 
proven durability , fast erection, and at­
tractive architectural appearance. 

Several PCSP systems are available 
in European and American markets. 2 

They can be divided into three major 
categories: 

1. Composi te panel s with concrete 
and steel connectors - These panels 
are used as both architectural and 
bearing walls because of their com­
posite behav ior (see Fig. I a) . 

2. Non-composite panels with steel 
connectors - These panel s are used 
only as architectural walls (see Fig. 1 b). 

3 . . !'fan-composite panels with non­
metallic connectors (see Fig. 1 c). 

The first category is structurally ef­
ficient because of its composi te behav­
ior. However, these systems typically 
have two disadvantages: steel and con­
crete connectors cause significant re­
duction in the effective thermal resis­
tance of the panel through thermal 
bridging,3 and excessive undesirable 
panel bowing (thermal bowing) may 
occur due to different temperatures at 
their interior and exterior surfaces. 
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Reinforced 
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Connector 

a) Composite with steel b) Non-composite with c) Non-composite with 
non-metallic connectors and concrete connectors Steel Connectors 

Fig. 1. Examples of existing PCSP systems. 

The second and third panel categories 
do not experience thermal bowing, but 
are not structurally efficient with the 
third being only thermally efficient. 

The objective of the research sum­
marized in thi s paper is to devise a 
sandwich panel sys tem that is both 
structurally and thermally efficient. 
This can be achieved by devi sing a 
shear connecting system that has the 
highest poss ible thermal resistance 
and provides enough shear capacity 
for optimum composite action be­
tween the exterior reinforced concrete 
wythes. 

To fulfill this objective, the authors 
developed a new PCSP system that 
provides both composite strength and 
thermal efficien':Y· Thi s new system 
uses fiber-reinforced plastic (FRP) 
connectors that have high thermal re­
sistance and can develop the compos­
ite strength of the panel. Although the 
initial material cost is marginally 
higher than steel or concrete connec­
tors at the present time, their use can 
reduce considerably the long term 
building heating/cooling costs. 

This paper describes a new PCSP 
system developed at the University of 
Nebraska including experimental eval­
uation through small scale and full 
scale testing, analytical modeling, and 
a discussion of the results. The results 

demonstrate the structural efficiency 
of the new system. Evaluation of the 
syste m 's thermal effici ency is in 
progress with results expected in the 
near future. 

DESCRIPTION OF THE 
NEW PCSP SYSTEM 

The primary difference between the 
new PCSP system and other existing 
systems is the method of connection 
through the insulation wythe. A ther­
mally and structurally efficient PCSP 
system requires the following features: 

1. The connectors must be strong 
and stiff enough to develop composite 
behavior of the panels. 

2. The connectors must have a high 
thermal resistance. 

3. No concrete penetrations through 
the insulation layer should exist. 

The use of FRP connectors, which 
are strong and thermally resistant, sat­
isfies the first two criteria while the 
third requires special precautions dur­
ing panel manufacturing to prevent 
concrete penetrations through the in­
sulation layer. 

A preliminary evaluation of the can­
didate connectors shown in Fig. 2 led 
to the selection of the FRP bent bar 
(FRPBB) connector (see Fig. 2d) for 
further evaluation. The evaluation 
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d) Bent Bar connector 

Fig. 2. Candidate FRP connectors shown in partially cut PCSPs. 
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Fig. 3. Shear testing load diagram. 

consisted of tests similar to the shear 
tests described below. The tested spec­
imens in this evaluation step included 
various FRP connectors made from 
sections readily avai lable , such as 
channels and wide flanges (see Fig. 
2a). Manufacturing such specimens 
was laborious and their performance 
was inferior due to weak anchorage 
capability. 

The connector shown in Fig. 2b was 
estimated to be more expensive to pro­
duce, cut, and place in the panels. In 
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addition, possible air voids around the 
strand, inside the connectors, rendered 
this type of connector unsuitable. The 
third type of connector, shown in Fig. 
2c, was also expected to be expensive 
due to the need for FRP straps and 
steel pins. Also, the various compo­
nents are difficult to physically fit into 
the panels. 

The FRPBB connector consists of 
an FRP bar fabricated in a deformed 
helical shape with approximate incli­
nation angles of 45 degrees. The cross 
section of the bar is circular with a di­
ameter as required by design. Two re­
inforcing bars or prestressing strands 
are threaded into the FRPBB during 
construction of the panel to form a 
truss with steel chords and FRP diago­
nals . Installation of the FRPBB con­
nectors requires only modest labor and 
no special skills other than threading 
the top and bottom strands (chords) 
into the FRP bents. Embedding these 
chords into the wythes provides good 
anchorage for the FRP bars. 

The FRPBB connectors are encased 
in foam insulation blocks before cast­
ing to prevent concrete penetrations 
during construction of the panels. 

TESTING 
Two small scale testing programs 

were conducted to assess the behavior 
of the FRPBB connectors, to obtain 
their strength and stiffness, and to pro­
vide information for the development 
of full scale specimens. 

Shear Testing 

Initial evaluation of the structural 
performance of the FRP bent bar con­
nectors in shear was performed using a 
sequence of pure shear (push-off) tests. 
This type of test has been used by pre­
vious researchers for si milar pur­
posesY These tests are conducted by 
placing each specimen in a horizontal 
position and pushing the top wythe rel­
ative to the bottom one in a specially 
designed steel frame (see Fig. 3). 

Eight specimens with identical 
overall dimensions were constructed 
for shear testing. The insulation wythe 
consists of a 3 in. (76 mm) expanded 
polystyrene (EPS) insulation board. 
Normal weight concrete with f~ = 
5000 psi (34.5 MPa) is used for the 
top and bottom wythes. Along with 
the #3 (10 mm diameter) steel rein­
forcing bar threaded into the FRPBB 
connector, each wythe is reinforced 
with a layer of Type 4x4-W4.0xW4.0 
(102xl02-MW25.8xMW25.8) welded 
wire fabric to resist stresses due to 
stripping and handling. 

The fabrication process and quality 
control were similar to those used in 
producing commercial PCSPs. Fig. 4 
contains a summary of specimen dif­
ferences. The insulation used in Speci­
mens 1, 2, 3, and 4 was faced with 
bond breaking sheets, while the insu­
lation used in Specimens lA, 2A, 3A, 
and 4A was not. 

Summary of Results - Einea pro­
vides a full discussion of the results 
obtained from the shear tests in Ref. 5. 
The significant observations from this 
report are: 

1. The axial strength of the connec­
tors governs the shear strength of all 
specimens. No failure occurs in the 
wythes. 

2. The majority of the FRPBB con­
nectors failed at the portions of the di­
agonals falling within the insulation 
layer due to axial compression, flexure 
combined with axial compression, and 
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flexure combined with 
axial tension. 

3. The apparent axial 
ultimate strength of 
the connectors used 
varied between 25 .2 
and 60 ksi (173.7 and 
413 .7 MPa) with that 
of Specimen 4 being 
32.5 ksi (224.1 MPa). 
(The strength of the 
connectors in Speci­
men 4 is specifically 
mentioned here for 
comparison with ana­
lytical results pre­
sented below for the 
same specimen.) 

Two bent FRP bar connectors 
in specimens 2, 2A, 4, and 4A 

One bent FRP bar connector 
in specimens 1, lA, 3, and 3A 

Results and Discus­
sion - The details of 
the testing procedure 
and results are slightly 
different for each of the 
tested specimens and are 
described separately 
below. Measurements 
were initiated with self 
weight, the weight of 
the steel bracket, and the 
weight of the loading 
ram all applied to the 
specimen. Specimen 1 
was loaded to 5600 lbs 
(24.9 kN) , unloaded, 
and reloaded to failure 
at 6340 lbs (28.2. kN). 

A 

4. Concrete bonds to 
unfaced insulation and 
causes the insulation 
to contribute as much 
as 10 percent of the 
shear capacity of the 
specimen. This contri­
bution was obtained 
by comparing the ca­
pacities of the speci-

b) Section A-A a) Plan view A 

mens containing insu­

c) Front view 

Note: Connectors were #2 in specimens 1, lA, 2, and 2A 
and #3 in specimen 3, 3A, 4, and 4A. 

lation faced with bond 
breaking sheet with 

Fig. 4. Shear specimens. 

those of the specimens 
containing unfaced insulation. 

Small Scale Flexural Testing 

The purpose of these ~ests was to 
explore the behavior of the FRPBB 
connectors in flexure, a primary load 
condition of PCSPs in the field . Einea 
provides detailed descriptions of these 
tests in Ref. 5. 

Testing Setup and Procedure -
Fig . 5 shows a typical specimen, 
placed horizontally in a heavy steel 
frame, supported by a steel roller at 
each end, and loaded from the top 
with two concentrated loads. A hy­
draulic ram with a load capacity of 
100 kips (444.8 kN) and a maximum 
stroke of 3 in . (76 mm) applies the 
load through a steel bracket at a rate 
that allows readings at 500 lb (2.2 kN) 
increments. A load cell and a displace­
ment dial gauge measure the load and 
mid span deflection, respectively. 
Strain gauges mounted on all FRP di­
agonals measure their axial strains 
during the tests. 
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Specimens - Two specimens were 
constructed with one FRPBB connec­
tor in each. The FRP diagonals have a 
circular cross section with a nominal 
diameter of 3/s in. (I 0 mm). Specimen 1 
contains expanded polystyrene insula­
tion faced with bond breaker sheets 
and Specimen I A contains unfaced in­
sulation. The compressive strength of 
concrete at the time of testing was 
6200 psi (42.7 MPa). Each bearing lo­
cation contains two wood blocks to 
help transfer the applied loads and re­
actions into both wythes while allow­
ing relative slip between the wythes 
(see Fig. 5). 

The total area of the wood blocks 
was kept small , compared with the 
total area of the specimens, to mini­
mize the frictional effect on the hori­
zontal shear capacity of the specimen. 
Welded wire fabric of Type 4x4-
W4.0xW4.0 (102x102-MW25.8x 
MW25 .8) reinforces each concrete 
wythe along with the #3 (10 rom di­
ameter) deformed steel bar that an­
chors the FRPBB connector. 

The load-deflection 
curve for Specimen 1 is 
nonlinear during the 
loading stage and linear 
during the reloading 
stage up to approxi­
mately the maximum 
load recorded in the 
initial loading. Figs. 6 
and 7 show this behav­
ior in the load-deflec­
tion curve and the FRP 
bar strain curves, re­
spectively . Nonlinear-

ity during loading is clearly due to 
cracking of the wythes. After cracking 
the wythes , reloading is linear until 
new cracks develop beyond the maxi­
mum load previously applied. 

The first crack was observed at the 
bottom surface of the bottom wythe at 
a load of 2000 lbs (8.9 kN). Onset of 
cracking in the top wythe occurred at a 
load of 3900 lbs (17.3 kN). The major­
ity of cracks are concentrated at the lo­
cation of the peak moment in each 
wythe, in the regions under the applied 
concentrated loads. 

Specimen lA was loaded directly to 
failure at a load of 8000 lbs (35 .6 kN). 
In this specimen , strain gauges on 
Bars 3 and 4 did not function . Fig. 6 
shows the load-deflection curve and 
Fig . 8 shows the strain in the FRP 
bars. The shear strength contribution 
of the unfaced insulation (through 
bonding with both concrete wythes) 

· increases the composite behavior of 
Specimen lA, and causes its higher 
stiffness and load capacity. 

Failure of this specimen is similar to 
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Fig. 5. Flexural test setup and details of specimens. 

that of Specimen l . Cracks initiated in 
the bottom wythe at a load of 3500 lbs 
(15.6 kN), and in the top wythe at a 
load of 5300 lbs (23.6 kN). Fig. 9 
shows the failed specimen and the dis­
tribution of cracks. 

The ultimate moments at the loca­
tions of the concentrated loads, includ­
ing self weight and the weight of the 
steel bracket, are 107 and 133 kip-in . 
(12.1 and 15.0 kN-m) for Specimens I 
and lA, respectively. 

Assuming no composite action at ul­
timate strength (zero percent compos­
ite), the calculat~d elastic stiffness is 
El = 2.11 x 10' kip-in. 2 (605.5 kN-m2

) , 

and the ultimate flexural capacity of 
the specimen is Mn = 55.4 kip-in . 
(6.3 kN-m). For a fully composite 
panel at ultimate strength (1 00 percent 
composite), th~ calculated elastic stiff­
nes s is EJ, = }.278 x 10' kip-in. 2 

.··;··1}/!/rl·..:'; \.·· n 
94 : ( 

(9407 kN-m2
) , and the ultimate flexu­

ral capacity of the specimen is M,, = 
163.5 kip-in . (18.5 kN-m). 

The elastic stiffness of Specimen 1 
is El = 2.07 x 10' kip-in.2 (594 kN-m2

) 

and that of Specimen 1A is El = 3.22 
x 10' kip-in.2 (924 kN-m2), as calcu­
lated from the load-deflection relation­
ship in the elastic range. Defining the 
percentage of composite action at ulti­
mate strength as the ratio between the 
measured ultimate strength and the 
100 percent composite ultimate 
strength, Specimen I is compu.ted to 
be 65 percent composite and Speci­
men lA is 81 percent composite. 

From the above comparison of elas­
tic and ultimate strength behavior, the 
two specimens behaved non-compos­
itely at the elastic stress level although 
their ultimate strength was close to the 
full composite ultimate strength. This 

behavior indicates that the FRP bars 
slip inside the concrete at early stages 
of load. The forces increase gradually 
in these bars, as the load is increased, 
until their strength is reached at the ul­
timate strength of the specimen. 

This behavior can be beneficial in 
reducing the bowing due to the differ­
ential temperature conditions sand­
wich panels can be subjected to during 
their service life. However, the panel 
system has a higher degree of compos­
ite action at ultimate strength. 

According to beam flexure theory, 
the magnitude of the axial forces 
should be nearly equal in the FRP di­
agonals located between each support 
and the closest applied load since 
these regions are subject to a nearly 
constant shear. However, the observed 
abso lute strain values in those bars 
varied due to such factors as the vari­
able shear component added due to 
dead load of the specimen itself, man­
ufacturing imperfections of the speci­
mens and their components, and inac­
curacy in measuring the actual strains 
in the FRP bars using strain gauges. 

Full Scale Flexural Testing 

Full scale tests of the new PCSP 
system are important for two main 
reasons: to show the practicality and 
simplicity of commercially manufac­
tured panels of this type and to investi­
gate the structural behavior of the new 
panel system under conditions si milar 
to those being used in commercial ap­
plications. Culp presents a detailed ac­
count of these tests in Ref. 6. 

Testing Setup and Procedure - A 
special free-standing loading frame 
was designed and constructed for 
these tests. This setup simulates an ac­
tual PCSP subjected to uniformly dis­
tributed wind or seismic loads (see 
Fig. 10). Pressure is applied to the 
specimens by pumping air into neo­
prene bags. Air pressure in the bags is 
measured at intervals using an elec­
tric/dial air pressure gauge. A linear 
variable displacement tran sducer 
(L VDT) measures out-of-plane deflec­
tion of the specimen at mid-height, 
and strain gauges measure the axial 
strain in the FRPBB connectors. 

Specimens - T~ri' 1&ntical speci­
mens, 8 ft (2.44 m) wide by 30 ft 
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(9. 14 m) hi gh , we re co nst ruc ted. 
Wythe thickness in all specimens is 
2. 5 in . (64 mm) concrete and 3 in . 
(76 mm ) EPS in sul a ti on with no 

bo nd breakin g sheets. Co ncre te 
wy th es a re rei nfo rced with Type 
4x4W4.0xW4.0( 102x 102MW25.8x 
MW25.8) welded wire fabric and five 
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'/2 in . (12.5 mm) diameter, low- relax­
at ion , Grade 270 ksi (186 1 MPa) 
strands prestressed to an effect ive 
stress of 111 ksi (765 MPa). 

The specimens were designed to 
support their own weight during erec­
tion. This load, 63 psf (3 kPa), is equi v­
alent to an inertial load resul ting from 
an earthquake acceleration of 1 g = 
32.2 ft per sec2 (9.8 1 rn/sec2

) or a wind 
pressure corresponding to a UBC-199 1 
basic wind speed of 120 mi les per hr 
(193 krnlhr) in Exposure C. 

Three of the five strands in each 
wythe were used as chords fo r the 
FRPBB connec tors. The horizonta l 
shear strength design of these panels 
was performed assuming full compos­
ite action, and the size and spacing of 
the connectors were selected to resist 
the shear as calculated standard beam 
flex ure theory. FRPBB co nnecto rs 
with 3/s in. (10 mm) nominal diameter 
diagonals were used in each specimen. 
Shear requirements dictate the use of 
six connectors from the panel ends to 
the quarter points, while three connec­
tors were placed in the central length 
of the panel. 

Results and Discussion -- The 
max imum load applied to the speci­
mens was 185 psf (8 .9 kPa) for Pane12; 
loading was di scontinued at this stage 
for personnel safety precautions. This 
load is th ree times the design load. 
Fig. II shows the midspan deflection 
vs. applied pressure curves for the two 
specimens . 

The panels behaved linearly up to a 
pressure of 60 psf (2.9 kPa). The high 
initi a l stiffness of the pane l corre­
sponds to the sti ffness _computed as­
suming the diagonals to ·be rigidly em­
bedded in the concrete wythes. The 
decrease in stiffness that occurs at ap­
proximately 60 psf (2.9 kPa) corre­
sponds to the computed panel stiffness 
if the connectors are assumed to be 
pinned at the point where they loop 
around the prestressing strands. At 
pressures above 80 to 100 psf (3.8 to 
4.8 kPa), cracking of the wythes fur­
ther reduces the stiffness of the panels. 

In comparison with the small scale 
flex ure test resul ts , shown in Figs. 6 
and II , the full scale panels are much 
stiffer than the small scale specimens, 
although the number and size of shear 
co nnec tors pe r unit width of panel 
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Fig. 8. Strain in FRP bars vs. midspan deflection for Specimen 1 A. 

Fig. 9. Cracking pattern and failure of Specimen 1 A. 

were almost identical. Two main rea­
sons may best explain this difference: 

1. The small scale specimens were 
not prestressed with the connectors' 
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chords being #3 (10 mm diameter) re­
inforcing bars, while the full scale 
panels were prestressed with the con­
nectors' chords being 1h in. (12.5 mm) 

s beam, upport 
top and bottom 

/ 9 Bag 0 Air ..., 

,----
s pecimen 

1---1 

Section 

8'- 0" 

:r.·._._-_ . . ··. 
~; 

Plan View 

1" = 25.4mm,l' = 304.8 mm 

Fig. 10. Full scale flexural testing 
setup. (Connections of support beams 
to double tee not shown for clarity.) 

diameter strands. Prestressing the con­
crete wythes provides much more effi­
cient anchorage to the bent FRP bars 
and nearly eliminates their slippage 
around the chords. 

2. Analytical investigation indicates 
that longer panels with the same stiff­
ness of shear connecting system be­
have more composite than shorter 
ones.7 Since the full scale specimens 
were more than three times as long as 
the small scale specimens, the former 
should behave more composite. 

ANALYTICAL MODEL 
Because of the different dimensions, 

loading, and behavior of the shear and 
flexural specimens, separate finite ele­
ment models are used to simulate each 
type of test. Each component of the 
sandwich panel specimens is modeled 
using a general finite element analysis 
program (ANSYS) and the appropriate 
two-dimensional library elements. 

For stresses below the proportional 
limit, isoparametric plane stress ele­
ments (Q4) are used to model the con­
crete and insulation wythes, and elas­
tic beam elements (EB2) are used to 
model the FRP bent bar connectors 
and wythe steel reinforcement. Steel 
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Fig. 12. Finite element model for shear specimens. 

reinforcement is modeled with plastic 
beam elements (PB2) whenever yield­
ing is possible . Truss elements (T2) 
model some boundary conditions and 
a combination of interface (12) and 
control (C2) elements simulate con­
crete cracking. 

Linear Material Model 

Because no cracking was observed 
during shear testing, the material be­
havior of these specimens is taken to 
be linear. A plane stress model is used 
because the variation in stress over the 
panel width is negligible (see Fig. 12). 
The geometry of Specimen 4 is used as 
representative of all shear specimens. 

Two layers of Q4 elements are used 
to model each concrete wythe. Q4 ele-
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ments with a negligible shear modulus 
are also used to model the insulation 
layer and eliminate its contribution to 
the shear resistance of the panel. The 
FRP bent bar connectors and the #3 
(10 mm diameter) steel bars that form 
the connector's chords consist of EB2 
elements. Properties of concrete, FRP, 
and steel correspo nd to laboratory 
test results of representative samples. 
The modulus of elasticity of the in­
sulation wythe is taken as 2 x 105 psi 
(1379 MPa).8 

Boundary conditions of the model 
simulate the actual boundary condi­
tions and the observed behavior during 
the test. A single T2 element models 
the vertical support at one end of the 
test frame. 

The relationship of the FRPBB con-

nectars to concrete wythes and #3 
(10 mm diameter) steel reinforcing 

bars (chords) deserves special atten­
tion. Negligible bond exists between 
the concrete and FRPBB connectors . 
Therefore, the concrete provides lat­
eral support for the embedded portions 
of the FRPBB . Axially stressed con­
nectors, however, slip relative to the 
concrete in these regions. The finite 
element model simulates this behav­
ior. The FRP diagonals are modeled as 
explained in the nonlinear model 
below. 

The model was loaded in increments 
to simulate the tests and to allow de­
tection of fail ure. The results are sum­
marized as follows: 

1. The load-displacement curve 
shows that the finite element model is 
significantly stiffer than the actual 
tested specimen (see Fig. 13). The rea­
son for this difference is that the diag­
onals are assumed to be pinned at mid­
thickness of the concrete wythes and 
the #3 (10 mm diameter) steel chord. 
In the test specimens, however, the 
FRP bars loop around the steel chords 
and thus s lip when the specimen is 
loaded. 

2. Maximum tension and compres­
sion stresses in the FRPBB at a load 
equal to the experimental ultimate load 
are 31 and 34 ksi (213 and 234 MPa), 
respectively. These stresses consisted 
of a combination of axial and flexural 
stresses and correlate closely with the 
experimental results of Specimen 4, as 
mentioned above. This ana lytica l 
model shows sufficient accuracy in 
predicting the stress distribution 
among the connectors' diagonal s, but 
is stiffer than the specimen because it 
does not si mulate the slippage of the 
FRP bar inside the concrete wythes. 

3. Flexural stresses in the FRP bars 
contribute up to 15 percent of total 
stress. 

4. Buckling of the compression legs 
of the connectors could account for 
the difference between the ultimate 
strength of the connectors within the 
panels and that measured in separate 
laboratory tests of the connectors. The 
critical buckling stress of the connec­
tors is between 15 and 60 ksi (103 and 
414 MPa), depending on the boundary 
conditions assumed for the connector. 
Further research is necessary to estab-
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lish the true behavior of the compres­
sion legs of the connectors within the 
panels. 

Nonlinear Material Model 

Four layers of Q4 elements are used 
to model each concrete wythe to pro­
vide higher accuracy (see Fig . 14 ). 
The modeling of the FRP bars and the 
insulation wythe is similar to that used 
in the linear model. The welded wire 
fabric and the #3 (10 mrn diameter) re­
inforcing bars in each wythe consist of 
PB2 elements. Material properties of 
elements are derived from tests of rep­
resentative samples and boundary con­
ditions for the model simulate those 
used in the experiment. 

To model concrete cracking, dou­
ble nodes are defined at each nodal 
location. One node connects to the 
Q4 elements on its left and the other 
to the Q4 elements on its right. One 
12 element and one C2 element si­
multaneously connect the two nodes 
(see Fig. 14, Detail B). TheY degrees 
of freedom at each double node are 
coupled to maintain continuity and 
stability in theY direction. 

To model this mechanism, the FRP 
elements are directly connected, along 
with the steel chord elements, to the 
nodes at the center of wythes. At the 
insulation-to-concrete interface, how­
ever, two duplicate nodes with iden­
tical coordinates are defined. One of 
the nodes is connected to the Q4 ele­
ments that model the concrete and in­
sulation wythes while the other is con­
nected to the EB2 elements that model 
the FRP bars. 

Nodal coordinates of the doubled 
nodes are rotated such that the X coor­
dinates are parallel to the axis of the 
FRP bar and theY coordinates are per­
pendicular to it (see Fig. 14, Detail A). 
The Y direction degrees of freedom are 
coupled. This arrangement provides 
support to the FRP elements perpen­
dicular to their axis throughout the 
wythe, but axial support only at their 
connection to the chord members. 

Large displacement analysis is used 
to model the nonlinear behavior. The 
load is applied in increasing incre­
ments to monitor cracking and to de­
tect buckling of the FRPBB, if it oc­
curs. The results of the analysis are: 
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1. The load-displacement 
curve obtained from this 
model is very similar to the 
experimentally obtained 
curve (see Fig. 15). The 
curve is initially linear until 
the tensile stress in the lowest 
row of C2 elements exceeds 
the tensile strength assigned 
to these elements at which 
point their stiffness falls to 
zero, simulating a crack. This 
causes a sudden loss of stiff­
ness reflected by the soften­
ing in the load -deflection 
curve. Further loading causes 
the next row of C2 elements 
to "crack." As the C2 ele­
ments simulate cracking, the 
PB2 elements, representing 
the steel reinforcement, take 
on the tensile stress. This pro­
cess continues until the bot­
tom wythe cracks completely. 
At this stage, the slope of the 
load-deflection curve stabi­
lizes to the reduced model 
stiffness. The high early stiff­
ness, compared with that ob­
served during the experiment, 

is due to the slip of the FRP bar, inside 
the concrete wythes around the #3 (10 
mm diameter) steel bars, that was not 
included in this analytical model. 

2. The analytical crack pattern and 
its progressive development (see Fig. 
16) correlate well with the observed 
experimental crack pattern (see Fig. 9). 

3. Maximum tension and compres­
sion stresses in the FRPBB connectors 
at a load equal to the experimental ul­
timate load are 37 and 40 ksi (255 and 
276 MPa), respectively. These stresses 
are a combination of axial and flexural 
stresses, up to 16 percent of which are 
flexural stress. 

Holmberg and 
Plem's Method 

The equations presented by Holm­
berg and Plem,9 a brief background of 
which is presented by Salmon and 
Einea in Ref. 7, are useful in studying 
the behavior of the flexural specimens. 
Although the equations are based on 
linear behavior, they provide addi­
tional verification of the finite element 
model described above. The equations 
assume a two-dimensional stress state, 
a continuous truss connector between 
the concrete wythes, and connector 
anchorage at mid-thickness of the con­
crete wythes. 

Fig. I 6 show s a comparison be­
tween the load-deflection relationship 
obtained using this method and that 
obtained from FEM. The correlation 
between the methods is good up to 
concrete cracking stress. If cracked 
wythe properties are used in these 
equations, the resulting midspan de­
flection is 0.63 in . (16 mm) at ultimate 
load, which is in close agreement with 
the experimental midspan deflection . 

Fig. 17 compares the maximum ten­
si le stress di stribution in the bottom 
concrete wythe calculated using 
Holmberg and Plem's equations and 
that obtained from the nonlinear FEM, 
at the ftrst crack load during the exper­
iment - 2000 lb s (8.9 kN). Both 
methods resu lt in a maximum tensile 
stress close to the modulus of rupture 
of the concrete,!,= 590 psi ( 4.1 MPa). 
In addition, the maximum concrete 
tensile stress occurs directly below the 
concentrated load, which explains the 
initiation of cracking at that location. 
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Holmberg and Plem 's method 
clearly demonstrates this because it 
neglects the stiffness of the insulation, 
whereas the FEM model includes the 
transfer of forces perpendicular to the 
axis of the specimen by the insulation 
wythe. In reality, the insulation wythe 
provides a continuous cushion that 
helps transfer stresses perpendicular to 
the panel axis, thereby reducing the 
stress concentration. 

It is clear from the previous compar­
isons between the analytical and the 
experimental results that both analyti­
cal methods, finite element and Holm­
berg and Plem's, agree well with each 
other, and both show an increase in 
stiffness over that of the shear and 
small flexural test specimens. As men­
tioned earlier, this is likely due to the 
slippage of the FRP bar at its anchor­
age, which is not modeled in either an­
alytical method. If this behavior is in­
corporated into the analytical models 
accurately, improved agreement be­
tween the analytical and experimental 
initial stiffnesses is expected. 

CONCLUSIONS 

The testing and analytical work con­
ducted in this research project elicit 
the fo llowing conclusions about the 
suitability and structural performance 
of FRPBB connectors for PCSPs: 

1. The proposed FRPBB bar con­
nectors fulfill the objective of this re­
search. They have significant thermal 
resistance, and their structural perfor­
mance in PCSPs is satisfactory. Their 
structural strength is large enough to 
develop a high percentage of compos­
ite action when constructed to do so. 
The full scale specimens resisted three 
times the design load. 

2. Although FRP is a linear material 
with no yield point and fails at ulti­
mate strength with no prior warning, 
very ductile behavior was observed in 
all tests performed. This ductile be­
havior is likely caused by cracking in 
the connections between the bent bar 
connector and the concrete that leads 
to a gradual loss of composite action 
and hence larger deflections. 
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Fig. 17. Variation of maximum tensile stress in the bottom wythe of Specimen 1, at 
a total load of 2000 lbs (8.9 kN) . 

3. The initial linear stiffness of the 
proposed sandwich panel system is less 
than predicted by analysis due to slip­
page of the FRP bent bars at their an­
chorages. If no further modification is 
done to the connecting system, this stiff­
ness should be considered in design for 
serviceability calculations for the panels. 

4. In general, some form of mechan­
ical anchorage should be provided 
when FRP elements need to be an­
chored into concrete. In the proposed 
system, mechanical anchorage is pro­
vided by threading some of the longi­
tudinal panel reinforcement through 
the FRP connectors. This anchorage 
probably provides some, if not all, of 
the observed ductility of the system. 

SUGGESTED 
FUTURE RESEARCH 

The following topics concerning 
FRPBB bar connectors and PCSP sys­
tems are in need of further research: 

1. The effect of long term loading 
on the proposed system. 

2. Cyclic load testing to investigate 
the ductility and energy dissipation 
characteristics of the panels for use in 
high seismic risk areas. 

3. Development of lifting and con­
nection inserts to maintain the thermal 
and structural efficiency of panels. 
Research is required to develop, test, 
and obtain design parameters for such 
accessories. 

4. Determination of the fire rating of 
the proposed panel system. FRP mate­
rial loses a large portion of its strength 
when exposed to fire or a high tempera­
ture environment. Investigation of con­
crete cover or other means to prolong 
the fire rating of the system is needed. 

5. Determination if lateral support 
provided by insulation and concrete 
wythes is sufficient to prevent instabil­
ity of the connectors when small bars 
are used. 

6. Experiments to determine the na­
ture of load-slip behavior of the con­
nectors inside the wythes to more ac­
curately predict the stiffness of the 
panels. 
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