


















unirinstalledcosris aboutS17. 'per square foot.

. SUMMARY AND CONCLUDING REMARKS

l.·f~n~tionaudF.°fi:i]
On '~: conceptual':1J:a¥is~'FRP"',is,.w~I:l:·m~tched'::to.· the .shell

..,~pp1i~ati~)~s'at .,the'ytorld'sF(t,ir."Th<t~,::ig,:.F~p,?[fers .. aGom~
l?ination of~ttrib~teswhich filHhe fQll'owh~ requ-irements.

, The,sheHappikationsals(),.place .FRP matetialsat their
bestaqvantage.That js, the curved shell forms' minimized
stresses and·· hence. theaIl1ountof:yxpensive' FRp· ma'terial
required for strength and stability. Fu~ther efficiency is gained
by the use of sandwich construction. By spacing thin skins far
:apart,resistance, aga.itlst 10~arhendi~gaI1d'buckHng is gained
with a minimum amount of materiaL

High,il1il~.atcQsts.partially- .off­
set·by' savIngs ·inJounqation.
dcinonUbn:,:alld'possibilj:tiesof
reuse.

Mh)jfl1um~xpensive•. sjte·..labor,
i:avis-I erection,. ,deIl1oulltabie

Ease sfiiPI>ing, handling,
er~cti~ganddisplantling:Mini­
mize:foundat.ioJ,1,problems.

At.tractive:stru,eturalJormswith
~·~O()tJl:':P?ra?Ie.surfaces;.. ;these
arediff.iclilt to.~ittain· with Qther
materials.

c. Lightweight

a:', Aesthetic .•. appe,al

d.Costs

7. CONDITION AFTER TWO YEARS SERVICE
Field }~Jw~ctionoft,he·marinasllt:'ls,aftertwo ·years.of ser­

vice revealed· the .following conditions:
a. Appearance - ,The general' app~arance of the. marina

shells was \'cry good. The outer surface of each shell was
somewhat rough:., but this can probably be' attributed to
tqe ·use, of only one moldsurf.acerather than to service
etegradation.

b. Integrity' ofthecomposite~ The structures appeared
to'be in sou:Ild.:, c()ndi,tion.

c~.·Joilits .. rher~.wasevidence' ()f leakage. ,~r a' fewloca­
tionsaIOl~gthe. construction joints.

Itwas,n9tpossi~leto)~spect'.thelll,uigac shells from other
t1\'~n",~r?:llnd1~vel.:rrh~1·do~e.th~,,:5qfl4-itioJl':or·the·laminate
a,t."t:P~,.YP?~rll1.osfr~gio,ns:'co,1,lld,~oth::~S~,sse.d..However,
fr()I11'liIllited:obs,erYa~iOl1"it.:appe?~'ed.thatthefoamandshear
ti~' core~idptovjdesatisfa~totyperforma~ce',andthat the
.i~t,~grityofJhec()n)P9site.... re.maineq .... highJor' the two' years
tllat.it was:' in service.

4. FABRICATION
Each panel.wasbuilHlp,on,'.3'sif1¥le·wc>oden·molg.Thegel

coat and -the mat and Jabric of,the·inne! skiu 'Were· Jaid: up
on· the mold,. and 'then 2x4jnch,sh~ipsof,pr~moldedpolyure~

thanefoarri .. were: placed sidehy~ideQnthislaminate pribr· tq
cure. The ·(2~inch) edge of. every third· foam strip was covered
by a band of 1000 cloth and a band or mat before it was placed
in the l~nlinate".:rheband'wasw.id.e.enotl$h. to'oved,ap:o~f-o
the4cinch facesofrhe foam striP;:'l'Ns•.f()rfJ.led thc,'-'shcllf tie.."
Thc .•matupd:fabrie. J<iye~:~~ ,. 9fJht; ....o~t~r,,~s!si n"v{cre,·.•thei1.I~i~.~:p
over the·..foa~:an4 ,'·~he,ar.~i:tic'" c?re';>,'an9:<tfwentire':sjT~tehl'
wasa!lowed tocure.It.l'th~fipal-nnisl1i?~o~era~ion;theol.ltyr

skin of eachsheU wassandedtoprbvide aSIlloothappearance.

angles,whichare:.bentto fitcthecurv,nureofthequterskin,
The ,'~mglesext(md frort1",the':1J~seeorlne~tion,,'threeJeetllP
into,the column' scclion.FoUl";,'l!4 inch'diamctersteel· rods
are,' wylded:ut, va~i8usloc)lti(l.ps,tocqc~ "a.~"gle. These extend
up into the column section for a distance·of three feet from
the weld, where they are terminated into hooks. The hooked
rods are bonded to the eXlcriorskin of t-he,haunched columns.

Connections:
Row-lock, Size,#1, fas~enersPFovidethe. field ,connection

at all joints~ These fasteners are spaced· at 12 inches on center
a1o.ngthejoints formed by the two ve~tical intersecti~gpl~nes.

They aresp<\ced", at8' :incheson,eenteJ'"along the. horizontal
joint IQcated' al~leyalion,9:fGet}~inches:aboYe.,the' base. ,The
Roto~locks ilre. anchored' bybpltsJ()_a·preIIl-91d:ed ,fRP"i1?set:t,
which. is,.emb~,dqed'imo_the'edg~ot.,lalninate.

A 1/4l>Y 1/8:inchn~t~l1j,s pr~Yid,ed;:along.the,irlteriorall<:I

exterioredgeat,allpaneLjoipts.J\fter~~sem1:dy,and erection,
the square coritinuous'notch was ,caulked \vith.One part poly­
sulfide sealant.

ThesheILisJa~,t~ned.t9',th~Joun(;l;ltion,\vith.,:~oIts.:.Tw.o'steel

(3 x 3·1I2 x 3/8) angles project upwards from the foundation
to matGwith:the::3:,,~2:)('l/4:angl~sth;ltare,pr~videdine.rtch
co~umn unit; Four: '3/4 inch '-diameter bolts are llsed ,ate'ach
connectio,n.

5. ERECTION
The·. paneIsfbr .. asi\igli;:':sheU\vcte·,fjltipP,~dto the :sit¢l:JY

truck:where.they'wcre:Bnloqd~d;,':and,?ssembl~d·.py.~'Inf(n.·.in

twodays.Ther()()fs~Gtion.sW~f~ aS5e~nbl,ed on a:scaffold~~ich

was,set:'up -nF~I::lh~foll-n9~tipIlf.w~ile,,~heSQ.ltii1ln>sesti?ns
wereholte~i~pi<t~~()If:'t~e,'f6~~~:,ti?r~ .. ;b,',~91f;yras,'provii:l~.ci
at. the .c:cnter.•.·ofthc··.r?ofshell; :suetl,tlla.tJh~.. S3,})I~. frapl·. the
cran.ecoti1dbefasteneq.to the',ee,nterof the temporary sup~

portingtruss.:Then the ro6fwa,s:Hfted''bY·,craneovertO'the
columns. ·After ·the·Roto:locks at. thec:oJumn roof joint were
engaged, the temporary truss wasremoved-ftombeneath the
shell. One shell was erectedoy 10 men and a· crane in one
day. The final operation of caulking joints required two men
for 2 days.

6. COST
A firm breakdownart t~ecost ofI1larina,~hellsisnotavail­

able.Total cost •. oflhe. three,sheIls.~isJ"eportedly... between
$80.000. and $90,000. Of this cost, $9,000.. to $10,000, was
for r.rectinj1 of lhe thr~f';ro()f·shells.'SiDce" th~approx·imate
plan area covered bya single shell is 1,6~Osquare feet, the

2.C~mstmction, .... . '..... .'<'
SandWiC~?Onstntction'is... used'in .• th(:>shell.applications·bec

~ausG'~, !)IngIe'layer of re,~,sonablet~ic:I~Ile_ssdoes.notprovide
sufficient stability against buckling. Other types of FRP con­
~tr\lC~tjon sneh asthinFH,P,skin~ rcinforced.-with steel or FRP
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4. Erection ..
In general. field assembly and erection of the shell struc~

lures Wt":Cl1t smoothly and rapidly. There were some problems

There was reasonably efficient use of molds in the 7-Up
and \Vest Virginia applications. This is not the case for the
Marina structures where the molds are expensive due tathe
complex shape. This p.robably contributed further to the high
cost of the Marina Structures.

ColI cf Pan&11 Erection and Cc.t in
Application (FDa Fabricator) Shipring Installation Plocl'

7-UpPavilion

Tatol Colt $46,500.00 $1.835.00 $12,600.00 SQO,935.00

Unit Co.t" 4.65 .18 1.26 6.09

We.l Virginia Pavilion

Totol COJI $14,690.00 $1.200.00 $5,120.00.... $21.010.00

Unit Cost' 4.65 .38 1.62 6.65

Morina Struct'urllS

Tatal CO$I.... $75,500.00 (include. shipping) $9,500.00 $85.000.00....

Unit Co.," 15.20 l.SO 17.00

5~ Costs
The breakdown on final costs of the sandwich shell struc·

tures is as follows:

The construction details of the 7~Up and West Virginia
pavilions were quire similar and the· unit fabricated cost of
these structures were nearly identical. Therefore, it would
appear that $4.65 a square foot is a typical price for prefabri­
cated sandwich panels having ·thin FRP .skins .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 installadon 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 ere_ctor's unfamiliarity with
FRP. In addition, this price probably reflects the very high
labor costs at the Fair. However, the cost of installation also
includes the price of caulking, which is expensive in itself
and time consuming to install. In future, more routine applica­
tions, thecDst of erection and- installation might be as low as
one~half of that incurred at the Fair.

*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 included.
"'*Approximate; exact figures not available.

of mating FRP and steel 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 building applica·
tions.

6. Performance
With few exceptions the sandwich shell structures gave

satisfactory performance at the Fair. They remained attractive
and appeared to be in sound condition after two years service.
Some panelsdid 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
deve!opmentof refined processes and quality conlro~checks.

Furthermore, there was no, time available to test the critical
details even on an accelerated basis.

The Fair has been a valuable test of· performance of. FRP

Replicates per Mold
64
24
12
12

7-Up Pavilion
West Virginia .Domes
West Virginia Arches
Marina Shells

ribs are possible alternates, but these schemes do not p'rovide
the desired smooth inner and outer surfaces. It is also possible
to use reinforced concrete for the shells, but this introduces
expensive site work, potential foundation problems, and
demolition expense.

The shell structures are built up from prefabricated panels
which are fastened together in the field with proprietary Rota­
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 future 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 MarinasheU;
the core is built up from polyurethane foam blocks andFRP
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 refinement.s 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 outersur~

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 application as
follows:
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based sandwich shell structures. The results 'of· this test show
that performance was adequate; with a few refinements totally
satisfactory performance should be possible.on future:projects.
The Fair. of' course. provided only a two year test, and the
performance of the sandwich structures for longer durations
is difficult to extrapolate. However. the early Monsanto House
of the Future, which was built from· both papet honeycomb
and .polyurethane foam· based FRP sandwich panels. is per­
forming satisfactorily after about ten years of service.
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TAB L E

fRP SANDWICH SHelL APPLICATIONS AT THE 1964-1965 NEW YORK WORLD'S fAIR

Application Type of Structure Fonn Size Construction

7- Up Pavilion 16 canopy roofs Square plan-form 25, feet square FRP!paper honeycomb sondwich
spherical shell

West Virginia Pavilion 2 roof domes Spherical cap 36 feet in FRP/poper honeycomb sandwich

shell diameter,
"7 foot rise

2 entrance canopies Circular arches Spon 13 feet FRP/poper honeycomb sandwich
9 inches,
length 41 feet

Marina Structure 3buildings Grained arch Available floor FRP/polyurethone foom sandwich
shell area about 36

feet in diometer
max. outside
dimension 52
feet square

TABLE Z

EVALUATION OF ALTERNATE SOLUTIONS FOR 7-UP PAVILION

5 C H E M E
Canvas on Reinforced FRP sh.i1 on

Wood and Concrete, She II St••1 Edg.
Criteria Steel and Edge Bents Bents

I. Two yeor life? No Yes Y.s

Z. Lightweight for Yes No Y.s
foundation problems
and erectioneose?

3. Reusable? .Yes No Yes

4. low cost of removal? Yes No Yes

5. Satisfy 011 visual demands? No Partially Yes

6. Minimum work on site? Yes No Yes

7. Simple erection procedures? Yes No Yes

8. hiitial cost? Moderate Moderate Moderate to High

•
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Fig. 2 The Canopy:Structures at the 7~UpPa\'ilion

Fig. 1 Overall View of 7-Up·Pavilion (:\Jodel)

SECTION A-A DIAGONAL JOINT

8"x8 11 Steel Be,nt

~ .. Roto-LockConn.ector

Caulking

Flak.boord '" C<>nnoetor­
foml at Other Locations

. 1/4" Pin
\,

InM' FRP
Skin

PI... Sllfhano,

S~.I Bonl

PLAN VIEW Of CANOPY

SECTION Il-B EDGE CONNECTION

• Fig. 3 Details of the 7~UpCanopy Structures
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Fig. 5 The 7-Up Pavilion· During Construction

A

A
Step 1. Pattern is built up to shape ACBD

with wood strips. (lauan)
Step 2. Pattern is cut along A-B to form

pieces, (1) and (2)

A
Step 3. Piece A is positioned such that

original e~s B-D and B-C coincide
Step 4. Pattem is glued together

Fig. 4 MoldPattem for· 7-Up Pavilion Shells

Fig. 6 Sketch of the West Virginia Pavilion

.'
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Wood Blocking

G£NOIIALARRANGEMENT

SOd Noils -,-.-

IOute' FRP Skin

j
I

In"", FRP Skin
SECTION ll-B RADlAL JOINT

5/8:"'~gSci::~t- -:::--->

21-0" O.c.

SECTIONAcA EDGE CONNECTION

Shells
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Fig. 8' The Marina Building
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Surfoce ABC is developed
by rotating allipse about A.
Any Mction--A 0 i. en ollipee_

Surfoc:e A 8 E is fci,..d in between
ABondAE.

K.
I

PLAN VIEW

-r
~I

I

"---Window 1'1.11.

ELEVATION.

•

Fig. 9 Sketch of Marina Structure
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