





























ribs are possible alternates, but these schemes do not provide
- the desired smooth inner and outer surfaces. It is alsa possible
to use reinforced concrete for the shells, but this introduces
-expensive site work, potential foundation problems, and
demaolition expense.
“The shell structures are built up from prefabricated panels
which are fastened together in the field with proprietory Roto-
~lock connectors. These connectors carry tensile and shear
. stresses across the joint and give the joint some bending capa-
" city. The devices are laminated into the sandwich panels and
hence they are hidden from view — a desirable feature. In
- the field, these connectors proved simple to engage, although
some were stripped on tightening. In fuiure applications
heavier fasteners should be used to provide some margin of

..-safety against stripping. An alternate approach is to control .

fabrication tolerances of the FRP components such that
fasteners will not be damaged by forcing during assembly.

- Two different sandwich core systems are used in the sand-
wich shells. In the 7-Up and West Virginia pavilions, the core

is'a phenolic impregnated paper honeycomb. Honeycomb can’

be formed to fit some double curvature, it is relatively inex-
pensive and it is easy to work with. Furthermore, it has per-
formed satisfactorily and apparently created no particular
_problem in fabrication, although some problems with sub-
sequent delamination were encountered. In the Marina shell,
the core is built up from polyurethane foam blocks and FRP
shear ties. This system proved to be substantially more expen-
sive than the paper honeycomb; however, there was no

evidence of delamination. It would seem reasonable to con-

- clude that further refinements in details and process control
of honeycomb core based sandwich construction will yield

‘adequate composites which are less expensive than those -

based upon the shear tie principle.

- 3. Fabrication

- The sandwich shells were manufactured by hand lay-up
methods. The shells for the 7-Up and West Virginia pavilions

were made on split molds such that the inner and outer sur-

* faces were smooth and finished. The Marina shells were made

on a single mold which provided a smooth interior skin. How-

ever, the outer skin was not a mold surface, Thus the entire

outer surface had to be sanded to produce the desired smooth-
ness. This latter operation probably added significantly to
the high cost of the Marina shells.

The extent of mold reuse varied with each apphcatmn as

~follows:
e - Replicates per Moid

7-Up Pavilion 64
. West Virginia Domes 24
West Virginia Arches S 12
Marina Shells - 12

- There was reasonably efficient use of molds in the 7-Up
and West Virginia applications. This is not the case for the
Marina structures where the molds are expensive due to the
comiplex shape. This probably contributed further to the high
cost of the M.mna Structures.

. 4. Erection *

In general, field assembly and erection of the shell struc- .

tures went smoothly and rapidly. There were some problems

of mating FRP and ste¢] components because the components
were manufactured by different fabricators and erected at
different times. However, the problems encountered were

" no more serious than those found in normal buﬂdmg apphca—
- tions. : : :

5. Costs -
The breakdown on final costs of the sandwich shell struc-

. tures is as follows:

Cast of Ponels Erection ond Cost in
Application (FOB Fobricater)  Skipping Installation Place
- 7=Up Pavilion o :
Totat Cost $46,500.00 - $1,835.,00 $12,600.00  560,935.00
. Unit Cost* T 4.63 8 1.2 . 6.09.
" Wast Virginia Pavilion -
Totol Cest $14,690,00 $1,200.00 $5,120.00%*  §21,010.00

Unit Cast* C 485 1.62 .65

Marina Stractures

Totsl Cost™™ $75,500,00 -{includes shipping)  $9,500.00 $85,000.,00*
Linit Cost* 15.20 §.80 17.00

*Unit cost is dollars per square foot of plan area covered;-
cost per square foot of surface area of structure is somewhat

" less. Cost of associated steel structural supports not mcludcd

**Approxxmate exact fxgures ot available.

- The construction details of the 7-Up and West Virginia
pavilions were quire similar and the unit fabricated cost of

- these structures were neatly identical. Therefore, it would

appear that $4.65 a square foot is a typical price for prefabri-
cated sandwich pdnels having -thin FRP skms and a paper
honeycomb core.

The cost of the Marina shells was high,.and SOme. reasons
for this have been discussed. The core was expensive to build,
sanding the outer surface was laborious and the molds were
reused only twelve times. Because of those factors, the costs
of the Marina structures should not be considered- as neces-
sarily typical in future applications. '

Cost of erection and installation on all of the projects was
very high, well over a dollar a square foot — and this cost
resulted despite the obvious advantages of large panel con-
struction. This was probably due, in part, to excess contin-

gencies added to allow for the erector’s unfamiliarity with

FRP. In addition, this price probably reflects the very high

" labor costs at the Fair. However, the cost of instaliation also

includes the price of caulking, which is expensive in itself
and time consuming to install. In future, more routine applica-
tions, the cost of erection and installation might be as low as
one-half of that mcuned at the Faxr '

6. Performance’

With few exceptions the sandwwh shell structures gave
satisfactory performance at the Fair. They remained attractive
and appeared to be in-sound condition after two years service.

‘Some panels did delaminate in local areas, and some construc-

tion joints leaked. It must be remembered, however, that the
World's Fair schedule was extremely tight and this prevented
development of refined processes and quality control checks.
Furthermore, there was no time available to test the critical
details even on an accelerated basis.

The Fair ha“. been a valuable test of performancc of FRP
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‘based sandwich'shell: strilctires, The résu!t’s of this test show

" thatperformance wasadequate; with a few refinements totally

satisfactory performance should be possible on future projects. - '
- The Fair, of: course, prowded only a-two year test, and the
" performance of the sandwich structures for longer durations.

isdifficult to extrapolate. However, the early Monsanto House

of the Future, which was built from.both paper honeycomb
~and polyurethane foam’ based FRP sandiwich panels, is per- -

formmg sausfactonly after about ten years of Service.
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CTABLE 1

FRP SANDWICH SHELL APPLICATIONS AT THE 1964-1965 NEW YORK WORLD'S FAIR '

. Application ) Type of Structure . Form

Size

Construction

. 7-UpPavilien . - " 16 canopy roefs B Square plon-form

spherical shell -

West Virginia Pavilion - - 2 roof domes o . Spherical cap -
. : o : ' o shelt

2 entrance conopies . Cireuler orches

Marina Structure . 3_bui!diﬁ§s R Groined erch

' K S .- shell . '

" TABLE 2

25 feet square -

36 feet in

diometer,

7 foot rise

Span 13 feet
9 inches,
fength 41 feet

L Available floor
.. area about 36
- feet in dicmeter

mox. oculsida
dimension 52
feet squere’

" . 'FRP/paper hone‘y.comb sandwich
_FRP/paper .héﬁeycomb sandwich
- FRP/paper honeyc&mb sondwich

- FRP/polyurethane foom sund‘”f;ﬁ S

EVALUA_T!ON OF ALTERNATE SOLUTIONS FOR 7-UP PAVILION

‘S CHEME

Canvas on Reinforced _ FRP Shali on
- Wood and Concrete Shell Stee! Edge
Criteria . Steel cnd Edge Bents Bants
1. Two year life? - . No " Yes Yos
.2, Lightweight for .. Yes No Yes
foundation problems '
and erection ecse? :
Reusable? T Yes No Yes
4,  Low cost of removal ? _ Yes . No Yes .
5. Satisfy all visual demands ? ":_No - Portially Yes
- 6. Minimum work on site? ~ Yes No ' Yes
7. Simple erection procedures? . Yes - No " Yes _ _
: .8.__ Initiol eost? .~ . - Moderate . Moderate " Moderate to High
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, Fig. 3 Details of the 7-Up Canopy Structures
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j&ep I . Puﬂem is buult up to shape ACBD
.~ with woed sirips. {Lauan)
Sfep 2. Pottem is cut along A-B to form
pieces. (I) cnd (2)

: Step 3. Piece A is positioned such that
' original edges 8-D ond B-C comcnde _
1Step 4. Pnﬂ'am is giued together '

' F‘i_g.'fl» Mold Pattern for 7-Up Pavilion Shells -

Fig. 6  Sketch of the West Virginia Pavilion -

_ Fig. 5 The 7-Up Pavilion During Construction . "
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- Fig. 7 Details of West Virginia Pavilion Shells

"Fig. 87 The Marina Building
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‘Surfoce A B C is davaloped. .
- . by rotating allipse about A,
- Any section' A D i on allipss.

- Surfoce A B E is faired in batwaen
ABondAE, -

CPLANVIEW .

- !4!_0»
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ELEVATION.

Fig. 9 Sketch of Marina Structure
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