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STRUCTURAL SANDWICH COMPONENTS IN BUILDING

by

R .  E .  P l a t t s

PART I - PAST AND PRESENT

Structural  sandwich construct ion can give rnaxirnurn structure

with rninirnurn rnater ial .  Thin sheet rnater ials are bonded as strong
Itskinstt  on a l ight "corert  rnater ial ,  which is thus sandwiched between

thern .  S t ressed-sk in  s t ruc tu re  i s  ach ieved.  The sk ins  take  the

d i rec t  s t resses  as  the  cornponent  i s  loaded as  co lu rnn ,  bearn  or

diaphragrn; the core posit ions the skins away from the neutral  axis

to provide over-al l  r ig idi ty,  stabi l izes thern against local buckl ing,

takes  the  shear  s t resses  be tween thern ,  and o f ten  prov ides  ther rna l

insu la t ion  as  needed.

With todayrs ernphasis on developrnent of low-rnaintenance

sheet  rna ter ia ls ,  on  pre f in ished la rge-pane l  bu i ld ing  sys terns ,  on

better therrnal control ,  speed of erect ion, ut i l izat ion of space and

over-al l  product iv i ty,  the sandwich idea is attract ive to rnany.

An increasing nurnber of inquir ies and a signi f icant nurnber of

requests for assistance with feasibi l i ty studies have been received

by the Division of Building Research, irdicatirg a rapidly growing

in te res t .  Th is  paper  rev iews the  eng ineer ing  bas is  o f  sandwich

construct ion and i ts developrnent needs, relat ing part icular ly to

Canadian rnater ials and condit ions"

Quest ions are Sust as i rnportant as the prornises of the

structural  sandwich concept.  The inherent l i rni tat ions are those

of skin structures general ly.  \ { i th the structural  elernents -

the skins -  posi t ioned at the surfaces, sensit iv i ty to high ternpera-

tu res  and espec ia l l y  to  f i re  i s  an  obv ious  drawback  where  load-

bear ing  uses  are  invo lved.  Deep ly -shaped fo r rns  can i rnprove the

f i re safety perforf i rance in such uses. Ternperature or rnoisture

dif ferent ials between the skins can cause srnooth bowing of sand-

wich panels,  but this effect is readi ly calculable and need not be

cr i t i ca l .  Res is tance to  sound t ransrn iss ion  is  an  inherent

l i rni tat ion of sandwich space separat ions! weight,  cornplete

separat ion of layers, and pl iabi l i ty are al l  i rnportant in reducing

sound transrnission, whereas the sandwich str ives for rninirnurn

rnater ial  and weight,  complete bonding together of elernents,

and high st i f fne s s.
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Other l i rni tat ions are not inherent but are brought to the

fore by the capabi l i t ies of the structural  sandwich. Several  thin

sheet  rna ter ia ls  appear  p rorn is ing  as  sandwich  sk ins ,  rna ter ia ls

ra re ly  cons idered be fore  in  s t ruc tu ra l  te r rns .  What  i s  the  long-

te r rn  sus ta ined s t rength  o f  hardboards  and par t i c leboards? Can

creep def lect ion be kept within acceptable l i rni ts with such skins;

w i th  paper -p las t i cs  o r  g lass  f ib re  re in fo rced p las t i cs ;  w i th  p las t i c

foarns  or  de for rned or  ex t ruded par t i c leboards  as  cores? How

can the durabi l i ty of  a new adhesive be assessed without wait ing

ten  years?  Must  new sys terns  be  res t r i c ted  or  rnod i f ied  to  rneet

tradi t ional bui lding rules that evolved around older structural

shapes? These and o ther  ques t ions  are  cons idered in  th is  PaPer

inso far  as  p resent  knowledge per rn i ts .

Bas ic  des ign  concepts  a re  fo l lowed fa r  enough to  be

usable in feasibi l i ty studies, or even to the point of  prototype

designs with sorne rnater ials.  The r igorous rnathernat ical

treatrnents of cornplex sandwich design (developed so thoroughly

by  or  fo r  the  aerospace in te res ts  s ince  the  ear ly  19401 s )  a re

neg lec ted ,  except  in  re fe renc ing  the  l i te ra tu re  fo r  those who

want to go further.  An atternpt wi l l  be rnade to def ine sandwich

design and exarnple capabi l i t ies within present knowledge of

rnater ials in order to al low considerat ion of the developrnent

areas  o f  apparent  p rorn ise .

I .  Z  HISTORY

The r igorous  eng ineer ing  des ign  requ i red  o f  sandwidr

cornpos i tes  had scarce ly  deve loped be fore  L940.  As  i t s  use

before and since has been pr irnar i ly in aircraf. t ,  i t  could be

argued tha t  e f fo r ts  to  t race  the  progress  o f  sandwich  des ign

are  wor th less  in  te r rns  o f  p resent  bu i ld ing  in te res ts .  Re le-

vant lessons rnay be found, however,  and perhaps they wi l l

be better appl ied in t i rne. In any case the story is fascinat ing.

It is built on the contributions of rrlany of the great figures

of elast ic stabi l i ty theory; their  f indings have rnade possible

al l  rnodern aircraft ,  and rnay affect ground environrnent rnore

than can be  pred ic ted .

Structural  sandwich history can Properly be traced only

in  the  contex t  o f  genera l  s t ressed sk in  deve loprnents .  The te r rn ino-

logy should be noted br ief ly:

S t ressed sk in  i s  the  fa rn i l v  te r rn  fo r  a l l  s t ruc tu res  where  th in  sheet
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coverings are rnaJor contr ibutors to structural  perforrnance.
o ther  rnernbers  a re  used to  t rans fer  s t resses  and s tab i l i ze  the
compress ion  por t ions  o f  the  sk ins .  The te r rn  has  corne  in to
par t i cu la r  use  fo r  cornponents  such as  f la t  pane ls  where  s tab i -
r i z ing  and shear - res is t ing  rnernbers  a re  spaced sorne  d is tance
apar t .

Monocoque is rnore or less the sarne thing. I t  rnay refer to
s t ressed sk in  enc losures  where  the  s ide  wa l ls  thernse lves  are
ar ranged as  the  so le  shear  webs,  as  in  a i rc ra f t  fuse lages ,  bu t
the terrn is equal ly appl icable to aircra{. t  wings where sorne
s h e a r  w e b s  a r e  e n c l o s e d .

Structural  sandwich refers to thin skin larninates where the
shear and stabi l iz ing funct ions are given to a cont inuous or
near -cont inuous  l rcorer r  bonded to  the  en t i re  a rea  o f  bo th  sk ins .
T h e  t e r r n  q u a s i - s t r e s s e d  s k i n  i s  u s e d  i n  t h e s e  d i s c u s s i o n s  t o
denote structures where the skins add to the bearn strength of
the whole, but where longitudinal f rarning st i l l  p lays a large
par t ,  o r  i s  thought  to  do  so .

The theory  began long be fore  the  te r rns  were  co ined,  and
rernarkable appl icat ions antedated the rnore cornplete design
sc ience by  sorne  n ine ty  years .  I t  began w i th  the  br idge bu i lders ,
even before Whipple publ ished apparent ly the f i rst  t reat ise on
s t ress  ana lys is  o f  s i rnp le  b r idge f ra rnes  in  1847.  Wi th  wrought
iron plate just recent ly cornpet ing with cast i ron in br idge
bu i ld ing ,  Rober t  S tephenson toyed w i th  ideas  to  s t ress  such
p la te  to  ach ieve  the  h igh-c learance,  s t i f f ,  Iong  span needed
for  the  f i rs t  ra i l road br idge across  the  Mena i  S t ra i ts  in  Wales .
Apparent ly i t  was he who f i rst  conceived of a tr through-tubularr l

s t ruc tu re :  tw in  rec tangu lar  tubes  o f  I5 - f t  w id th ,  Z7- f . t  depth ,
and l ,5 l I - f t  leng th ,  the  cent ra l  span 460 f . t ,  w i th  the  t ra in
deck  ( lower  deck) ,  s ides  and top  r rsk insr r  a l l  shar ing  in  the
deep bearn  ac t ion  ( l ) .  Th is  i s  the  Br i tann ia  Br idge,  bu i l t
be tween lB45 and 1850 and s t i l l  i n  use  (F igure  l ) .

Wi l l ia rn  Fa i rba i rn ,  whose shops  had recent ly  p ioneered
wrought i ron plate rnanufacture and use in srnal l  girder br idges
and large ship hul ls (which thus becarne and have rernained
quas i -s t ressed sk in  s t ruc tu res)  shares  c red i t  fo r  the  Br i tann ia
des ign .  Fa i rba i rn  conducted  and assessed ex tens ive  rnode l
tes ts ,  s t i f fener  re f inernents ,  and even fu l l -sca le  tes t ing  fo r
Stephenson, whi le Professor Hodgkinson, a rnathernat ic ian,
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he lped deduce ernp i r i ca l  fo r rnu lae  f ro rn  the  tes ts "  Fa i rba i rn

secured patents on the tubular girder and publ ished his noted

engineering rni lestone rrAn Account of the Construct ion of the

Bri tannia and Conway Tubular Bridgesr "  London, IB49 Ql.

Fa i rba i rn  was re rnarkab le .  Gough (3 )  a t t r iUutes  the

f i rst  sandwich-l ike thinking to hirn, not ing that in one of his

tes ts  on  ar rangernents  fo r  the  Br i tann ia  he  used wood back ing

planks to stabi l ize t t re wrought i ron plates. The ternptat ion

to dwel l  on the Bri tannia Bridge and al l  i ts support ing tests

and works is strong indeedr In this one tr iurnph civi l  engineering

can perhaps  c la i rn  the  f i rs t  t rue  s t ressed sk in  o r  rnonocoque

des ign ,  a l though i t  has  scarce ly  used i t  aga in  as  a  comple te

s t ruc ture  in  the  in te rven ing  century .  P la te  g i rders  and even

tubular colurnns can also be dated frorn this one programr and

these have been eng ineer ing  too ls  ever  s ince .

Perhaps the f i rst  t ruly successful  -  i f  ernpir ical  -

sandwich sheet rnater ial  carne a l i t t le later,  with the advent

o f  coprugated  cardboard  in  the  l870rs .  The fu r ther  deve loprnent

of new sheet rnater ials and rnants efforts to f ly worked together

to push the evolut ion of stressed skin. The rnost i rnportant of '

these rnater ials was plywood, in which the abi l i ty to turn wood

into large dirnensional ly-control led sheets opened the door to

easy  exp lo i ta t ion  o f  s t ressed sk in  app l i ca t ions .  The th ickness

of plywood gives very high bending st i f fness corrrpared to rnetals

of s irni lar weight,  so that high stressing of cornpression skins

is  read i l y  ach ieved.

One ear ly  rev iewer  (4 )  i rnp l ies  tha t  re l iab le  water - res is tan t

p lywoods were  f i rs t  in  use  in  Russ ia  r t rnany  years t t  be fore  1900.

Russ ian  a i rc ra f t  began to  use  i t  in  a  quas i -s t ressed sk in  sense in  the

ear ly  l900rs ,  w i th  S teg lau  in  1912 bu i ld ing  the  f i rs t  cornp le te ly  p ly -

wood aircraft ,  including the wing covering. In the sarrre year

Bechereau in France used plywood in the f i rst  t rue | t rnonocoquerl

fuselage. The Gerrnans rnade extensive use of glued-on plywood as rran

integral  part  of  the structurei l  in their  World War I  aircraft  (4).

O lder  ideas  were  s t i l l  i n  advance o f  p rac t ice :  the  f i rs t  U .S.  pa ten t

on  p lywood,  No.  51734,  in  1865,  i s  c red i ted  to  John K.  Mayo

of N4airre; in a re- issue of 1868 the inventor includes drawings of

la rge  tubu la r  b r idges  o f  bo th  c i rcu la r  and rec t4ngu lar  c ross-sec t ion

(  5 ) .
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T h e  d r i v e  f o r  I ' c l e a n e r r ' r  f a s t  a i r c r a f t  l e d  p r o f e s s o r  H u g o
Junkers  to  deve lop  the  f i rs t  can t i lever  w ings ,  in  wh ich  he  u t i l i zed
rneta l  sheet  s t ressed sk in  ac t ion ,  labor ious ly  s tab i l i z ing  f la t  s tee l
sheet  by  we ld ing  cor rugated  s tee l  sheet  beh ind  i t .  H is  s rna l l
J u n k e r s  J - I  u s e d  t h e  i d e a  s u c c e s s f u l l y  i n  I 9 1 6 ,  a n d  r e d  t o  q u i t e
la rge  rnu l t i -eng ine  rnach ines  (6 ) .  The approach was ted ious  and
sornewhat  heavy ,  and the  Br i t i sh  and o thers  p re fe r red  to  d i rec t
al l  ef forts to developing the necessary forrns with l ight al loy
spars  and r ibs  w i th  fabr ic  covers ,  o r  uns t ressed rne ta l  sheet
covers'  paral lel ing the tradi t ional wood craft .  In the rneant irne,
Fokker  used th ick  cant i lever  w ings  o f  quas i -s t ressed sk in  p ly -
wood cons t ruc t ion  th rough the  I920rs .  P lywood s t ressed sk in
panels later went into bui lding through the design and test work
o f  t h e  U . S .  F o r e s t  P r o d u c t s  i n  t h e  r n i d - 1 9 3 0 , s ,  a n d  t h e y  h a v e
rernained a sound ( i f  conservat ive) design choice in srnal l
bui ldings since that t i rne.

The plast ics were al lowing new choices of forrnable, high-
s t rength  sheet  rna ter ia ls  by  the  ear ly  1900ts .  In  1918 West inghouse
obta ined Br i t i sh  Paten t  l z07oI  on  h igh-pressure  paper -p las t i c  and
other  f ib re -p las t i c  la rn ina tes ,  w i th  d rawings  showing one-p iece
rrronocoque fuselage construct ion. I t  is rernarkable that in 1886 Jules
Verne v isua l i zed  the  rny th ica l  A lba t ross  g ian t  a i rc ra f t ,  descr ib ing
i ts  cons t ruc t ion  as  en t i re ly  o f  h ig t r -p ressure  paper -p las t i c  la rn ina tes ,
with rernarkable propert ies indeed, al l  in his novel The cl ipper of
the  C louds .

The paper-plast ic larninates apparent ly exci ted rnuch
thought,  and were rnuch in rnind in what rnay have been the f i rst
eng ineer ing  concept ion  o f  the  t rue  s t ruc tu ra l  sandwich .  Long
interested in ful l  sheet stabi l izat ion for opt i rnurn strength-to-
we igh t  fo r  a i rc ra f t ,  von  Kar rnan descr ibed h is  s t ruc tu ra l
sandwich  r t fo r  l igh t  s t ruc tu resot  in  Ger rnany  in  t924 (Br i t i sh

Patent ?35883, 1925] ' .  Von Karrnan suggested kraft  paper
and o ther  f ib re -p las t i c  sk ins  bonded to  bo th  s ides  o f  cork  o r
ba lsa  wood cores ,  and inc luded s t i f fened jo in t  de ta i l s  connected .
by the glue-lapped larninate skins. Al l  this antedated the f i rst
noted use of sandwich aircraft  by over ten years, whi le
fo recas t ing  i t s  des ign  a l rnos t  exac t ly .

A  break through in  s ing le -sk in  r r ronocoque des ign  sa t is f ied
t h e  n e e d s  o f  l o w - s p e e d  a i r c r a f t  f o r  s e v e r a l  y e a r s ,  a n d  i d e a s  o f
sandwich  cons t ruc t ion  were  se t  as ide .  In  1930 the  U.  S .  Nat iona l
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Bureau o f  S tandards  conducted  ex tens ive  tes ts  o f  edge compress ion
of  th in  sheets  w i th  the i r  un loaded edges s t i f fened or  res t ra ined to
var ious  degrees  (Z) .  Th is  work  changed the  i rnp l i ca t ions  o f  e las t i c
theory of thin plate quite radical ly:  long after the centre area of
the  sheet  has  buck led ,  the  res t ra ined edge areas  re rna in  s tab le
and readi ly support  loads of rnany t i rnes the ini t ia l  buckl ing load.
The ac t ion  is  cons is ten t ,  revers ib le  and sound,  and fo l low ing  von
Kar rnanrs  reso lu t ion  o f  the  bas ic  equat ion  in  1932,  the  pos t -
buck l ing-s t ressed n ' th in  wa l l  rnonocoquet r  becarne the  bas is  fo r
a l l  the  la rge  t ranspor t  a i rc ra f t  o f  the  193Ots  and I i l40 !s ,  and fo r
the  nor rna l  speed ones  o f  today .  Yet  a l l  such  pos t -buck t ing  capab i l i -
t ies  re rna in  r r t ro " "d  in  g round-based cons t ruc t ion  eng ineer ing .

The structural  sandwich was next forced frorn theory into
prac t ice  to  p rov ide  the  s rnoothness  and s t rength  requ i red  in
h igh-per fo r rnance a i rc ra f t .  A t  deHav i l land  in  Eng land,  A .  E .
H"ggts  des ign  group bu i l t  the  rad ica l  and success fu l  A lba t ross
rna i l -car r ie r  in  1937 (7 ) ,  fo l low ing  von Kar rnanr  s  I9Z4 propo-

s i t ions  qu i te  c lose ly .  Th in  cedar  p lywood was bonded to  bo th
sur faces  o f  a  ba lsa  wood core  to  fo r rn  a  cornp le te  sandwich
rnonocoque fuselag€, a beaut i ful ly curved srnooth tube. The
wings  used s t ressed sk ins  o f  spruce p lank ing .  The c ra f t  f lew
fas t  and regu la r  cour ie r  runs ,  c ru is ing  a t  over  200 rnph w i th
a  range o f  3 ,0c0  rn i les .  Then in  1943 the  re rnarkab le  deHav i l land
Mosquito bornber (7) brought decisive attent ion to sandwich
cons t ruc t ion .  Des igned by  R.  E .  B ishop and bu i l t  la rge ly  in
Canada, i t  used thin birch plywood skins on balsa core and
f lew 380 mph, 4?5 rnph in later rnodels,  taking i t  far ahead
of  i t s  cornpet i to rs  (F igure  Z) .

The incent ives  o f  war  and the  consequent  need fo r  fas t
f l igh t  qu ick ly  d i rec ted  rnany  resources  to  work  on  sandwich
theorr,r  and developrnent -  feLr more than are usual ly focussed
on c iv i l  p ro . ;ec ts .  Speeds near  and beyond the  superson ic
regu i re  very  th in  la rn inar - f low w ings  w i th  h igh ly  s t ressed
sk ins  f ree  f ro rn  p ro t rud ing  r i ve ts  o r  any  r ipp l ing  e f fec ts .
By  the  la te  l940ts  eng ineer ing  theory  and prac t ice  rnoved
beyond the  bas ic  s tages  o f  re levance to  rnos t  bu i ld ing  deve lop-
rnent,  now or in the near future. Whi le rnissing rnany
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i rnportant contr ibutors, a few wi l l  be noted: at Carnbridge
Univers i ty  in  1939,  Gough,  E la rn  and de  Bruyne p ioneered
the theory of edge corr lpression and local buckl ing of sand-
wich larninates, checking by r igorous test ing prograrns
that becarne the rule in al l  fo l lowing work (3).  They began
f ro rn  the  over -a l l  s tab i l i t y  theory  o f  T i rnoshenko (1913)  and
Bio t ,  Re issner  and o thers  (2 ) .  Such buck l ing  was reduced to
forrnulae within useful  engineering l i rni ts by Hoff  and Mautner,
whi le wi l l iarns, Leggett  and Hopkins developed sandwich bearn
theory and noted the funct ion of shear deforrnat ions. Other
notable work of the pioneering L940t s was carr ied out under
March ,  Er icksen,  L ibove,  Batdor f ,  Van de  Neut ,  Cox ,
B i j laard ,  Good ier ,  S te in  and Mayers .  Hab ip  (B)  has
recent ly surveyed the thread of the rnathernat ics of sandwich
analysis in the forrn of a concise review and bibl iography.

1 .3  IMPLICATIONS IN BUILDING

Perhaps the rnore notable inst i tut ions in early sandwich
des ign  work  were  the  Roya l  A i rc ra f t  Es tab l i shrnent  in  the  U.K. ,

and the  u .s .  Fores t  Produc ts  Labora tory  in  Mad ison,  w iscons in .
The lat ter group had been intensively involved in the engineering
analysis and test developrnent of plywoods, and their  result ing
cornpetence in orthotropic structure analysis and adhesives
technology was wel l  adapted to I 'sandwich thinkingrr and, later,
the  eng ineer ing  deve loprnent  o f  g lass- f ib re  - re in fo rced p las t i cs .
A l though a i rc ra f t - insp i red  sandwich  eng ineer ing  soon progressed
beyond the requirernents of bui lding, the work of such groups in
mater ial  developrnents has rernained relevant indeed. Rel iable
p lywoods,  paper -p las t i cs  (counter tops  and sur fac ings) ,  re in fo rced
p las t ics ,  wood adhes ives  and espec ia l l y  rne ta l  adhes ives ,  honey-
cornb and plast ic foarn cores and insulat ions, elastorner sealants
for curtain wal ls and sealed double windows, plast ic skyl ights,
al l  are to sorne extent by-products of aircraft  developrnent and
its dernand for ideal sandwich structure.

Perforrnance cr i ter ia and att i tudes in the aircraft  and
other young industr ies should have even trrore relevance to
hopes for a viable bui lding product ion industryr 3s i t  strains
to  keep abreas t  o f  rnount ing  needs.  Techn ica l  per fo r rnance
codes,  p repared so le ly  by  and fo r  techn ica l  peop le ,  a re  the
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rule in governing the evolut ion of aircraft ,  and requirernents are
se ldorn  i r ra t iona l .

Structural  sandwich developrnents have rnade progress in
bui lding appl icat ions. The Jicwood House in Great Bri tain
fol lowed on the heels of the Mosquito bornber in L944 with plywood-
honeycornb sandwich  des ign .  The u .s .  Fores t  Produc ts  Labora-
tory erected a plywood-honeycornb sandwich house in L947 that is st i l l
per fo r rn ing  we l l ,  and the i r  concur ren t  work  on  ho l low-core  f lush
doors resulted in the only true sandwich rrcornrnodityrr  in the bui lding
f ield (9).  Koch and Bernist  notable Acorn plywood-honeycornb

sandwich house of 1948 (I0) was far rnore advanced as a folding,
I ightweight uni t  than the folding rni l i tary houses of today. In
Canada,  s t ressed-sk in  p lywood and la te r  sandwich  un i ts  have
sat isf ied rnuch of our Far North housing needs since the late
l9+Ots ,  bu t  the i r  cos ts  scarce ly  cornpete  w i th  the  fas t -p roduced
wood f ra rne  hous ing  in  the  popu la ted  areas  ( l l ) .  Cur ta in -wa l l

developrnents have been fair ly steady, with sorne di f f icul t ies.

There are real l i rni tat ions on the use of sandwich in
to ta l  s t ruc tu re ,  as  w i l l  be  d iscussed,  bu t  the  c r i t i ca l l y  expand ing
needs for housing and bui lding product ion dernand a rat ional

systern approach (IZl ,  and in this the structural  sandwich wi l t
probably play a larger role.  Whi le stretching the use of rnater ial

to the ul t i rnate, the sandwich concept is also arnenable to opt imurn
rnachine product ion that rnay becorne cr i t ical ly i rnportant ( l t ) .  I ts
real l i rni tat ions represent a chal lenge; i rnposed l i rni tat ions on
bui lding \rses rnust be accorded rnuch rnore basic thought in terrns
of the whole bui lding job.
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PART U - ENGINEERING DESIGN

When s t ruc tu ra l  sandwich  theory  takes  account  o f  p la te  ac t ion ,

corner  e f fec ts ,  sk in  s tab i l i t y ,  shear  de for rna t ions ,  d i rec t iona l  r ig i -

di ty var iat ions and cornbined load condit ions, i t  becorrres unusual ly corr l -

p lex .  Us ing  s t ra in -energy  re la t ions  rnade so lvab le  on ly  by  assurnpt ions

of edge condit ions and elast ic act ions, solut ions have been derived that

cor re la te  reasonab ly  we l l  w i th  load tes ts .  G iven the  var ia t ions  be-

tween assurned and actual condit ions, as wel l  as those in the norrnal

p roper t ies  o f  rna ter ia ls ,  even r igorous  rna thernat ica l  ana lyses  do  no t

predict  perforrnance rnuch rnore accurately than do sirnple approxi-

rnate rnethods.

This paper conf ines i tsel f  to engineering approxirnat ions,

which can be rnore than adequate for feasibi l i ty studies where a

proponent requires a rr f i rst  lookt '  at  where a sandwich cornposite

rnight be used, for exarnple, finding the spans for given loads and

def lect ions. Approxirnat ions can be adequate for prototype designs

tha t  a re  to  be  fabr ica ted  fo r  p roo f - tes t ing  or  deve loprnent - tes t ing ,

and such test ing is desirable even i f  onerous design rnethods have

been fol lowed. Sirnple load and environrnental  test ing is alrnost

always of value in such developrnent work. Overdesign can be

reduced,  load- fac to rs  der ived  rnore  c lose ly ,  and the  usua l
r tunexpected l l  s t ress  or  o ther  weakness  cor rec ted .  The l lon  paper l t

design should not be considered ful ly adequate without such support ing

ev idence.

Des ign  and tes t  p roper t ies  a re  de ter rn inab le ,  bu t  in

bui lding construct ion the perforrnance cr i ter ia are often i l l -

de f ined in  theory  and prac t ice .  These are  d iscussed fo r

certain appl icat ions in Part  IV.

The notat ion used is as fol lows, except where otherwise

noted:

span

distr ibuted load per unit  area

total  distr ibuted load

total  concentrated load at a point or along a l ine

bending rnornent

shear  load

Youngrs rnodulus of elast ic i ty of the skin rnater ial

in the span direct ion

rnornent of inertia

shear rnodulus of r ig idi ty of core relat ing to span

d i re  c t ion

s t ress ,  usua l ly  in  sk in  in  span d i rec t ion

strain in axial  extension or corr lpression

def le ct ion

s h e a r  s t r e s s

Po is  sonr  s  ra t io

n -
b -

w =

w-
P _

M =

V -

E =

g -

A -

V =

I =

Q =
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c r o s s - s e c t i o n  a t e a  a s  d e s i g n a t e d

sandwich width

ful l  th ickne s s

skin thickne s s

c o r e  t h i c k n e s s

d is tance be tween cent ro ids  o f  sk ins

neutral  axis

2. 2 BENDING

A s t ruc tura l  sandwich  is ,  in  e f fec t ,  an  I -bearn  and can

be designed as such: the skins are the f langes and the core the

web.  F igure  3  shows the  s t ra in  and s t ress  ac t ion  th rough a

syrnrnetr ical  sandwich spanning the page under bending load.

Syrnrnetr ical  here Ineans that the skins are equal in E as weII

as  in  th ickness .  The f i rs t  assurnpt ion  w i th  such bonded cornpos i tes

is that t ransverse sect ions plane before bending rernain plane

after bending, and that al l  rnater ials are elast ic under norrnal

cond i t ions ;  hence the  s t ra igh t - l ine  s t ra in  d iagrarn .  The s t resses

are then o = eE at any point.

The unsca led  s t ress  d iagrarn  o f  F igure  3  suggests  tha t

in this case the E of the core is about one-sixth the E of the

sk in ,  so  tha t  the  core  is  s t ressed on ly  one-s ix th  as

rnuch as the skins and contr ibutes l i t t le to the bending resistance

of  the  who le .  In  p rac t ice  the  core  rna ter ia l  usua l l y  has  Iess

than one-hundredth the E of the skin, so that the "approxirnate

s t ressr r  d iagram shown is  very  c lose  to  the  ac tua l  one.  Thus

the  bend ing  s t i f fness  o f  the  core  can be  neg lec ted  in  rnos t

cases .  Fur ther ,  the  separa te  bend ing  res is tances  o f  the  th in

sk ins  a re  usua l ly  s rna l l  and can be  neg lec ted ,  so  tha t  the i r

axial  forces produce the only resist ing couple or rnornent that

need be  cons idered.  That  i s

M = s k i n f o r c e x d = o t b d ( l )

(as  de ter rn ined fo r  e i ther  o f  two ident ica l  sk ins) .

The shear  fo rces  in  a  th in -sk in  sandwich  are  car r ied  a l rnos t

en t i re ly  by  the  core ,  g iv ing  fa i r l y  un i fo r rn  s t ress  in tens i ty  th rough-

out ,  so  tha t



Thicker skins

t h e  c o r e  s h e a r  s t r e s s

l -

-  I t  -

pick up more of the shear load so that
rnay be better approximated as

V

b ( c + t )

VV
f - - - b c

wh ich  is  sorne t i rnes  expressed fo r  conven ience as

(z l

( 3 )

(4)

(5 )

This surrrs up norlnal  bending strength considerat ions for
present  purposes .  rn  bu i ld ing  app l ica t ions  de f lec t ions  ra ther
than s t rength  usua l ly  ru le  sandwich  des ign  or  use .  Unfor tunate ly ,
bending st i f fness is rrrore di f f icul t  to calculate even in sirnpl i f ied
forrn.

The st i f fness factor EI is again deterrnined frorn the skins
a lone.  The genera l  express ion  I  = { ( Io  +  A t<Z)  read i l y  g ives  the
rnornent of inert ia of this sirnpl i f ied sect ion, where ro is the
rnornent of inert ia of each skin about i ts own axis,  A the area
of each skin, and k ( i ts distance frorn the neutral  axis of the
sect ion) equals a/z nr a syrnrnetr ical  sandwich. with thin

skins the Io can be neglected so that I  = dA t* l ' .  Surnrned for
the two skins this becornes

)
,  Ad"
I = - =

2

btd2

and

EutdZ
' o L =  

z

for a syrnmetr ical  sandwich str ip with thin skins.

Where the skins have appreciable thickr less the EI rnay
be rnade to include the Io for each skin by the rnore exact
expre s sion

zv
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b  ( h 3  -  
" 3 )

I Z t6)

H e n c e

EI=
E b  ( h 3  -  

" 3 ) ( 7 )

for a syrnrnetr ical  sandwich str ip with thick skins.

Where a sandwich or any larninate includes skins di f fer ing

in  th ickness  andr /o r  En or  the  core  i t se l f  has  apprec iab le  bend ing

s t i f fness  (e .8 . ,  a  so l id  p lywood core  w i th  th in  rne ta l  sk ins) ,  o r

when any nurnber of layers are involved, the rnethod of t r t ransforrned

sec t ion ' r  i s  use fu l .  As  shown fo r  a  s i rnp le  case in  F igure  4 ,  the

e le rnents  a re  t rans for rned in to  an  equ iva len t  hornogeneous c ross-

sect ion of the sarne E throughout.  I t  is rnost convenient to conceive

of this ad;ustrnent as affect ing the widths, b,  of  the elernents of

the  c ross-sec t ion  on ly ,  these be ing  rnade in  p ropor t ion  to  the

ra t io  o f  the  E fo r  the  e le rnent  to  the  re fe rence E se lec ted .  I t  i s

fu r ther  conven ien t  to  se lec t  the  E fo r  one o f  the  e le rnents  as  the

re ference E,  e .  g .  E  in  F igure  2 .  The w id th  o f  th is  e le rnent

then rernains as before, S*t  the other elernent widths rnust be

transforrned to "J o, . la o as shown. AII  other dirnensions
or  or

such as  t ,  c ,  h  and d ,  and thus  the  cent ro ida l  d is tances  be tween

e lernents ,  re rna in  as  be f  o re .

Calculat ion of I  and EI rnay now be made for the transforrned

sec t ion ,  us ing  the  re fe rence E (E1 in  F igure  4) .  The va lue  o f  E I

so obtained wi l l  apply direct ly to the or iginal  sect ion without further

adjustrnent.

The transforrned sect ion technique is also appl icable and

usefu l  fo r  ca lcu la t ions  o f  s t resses  and s t ra ins  in  such unba lanced

sec t ions .  When car r ied  ou t  as  descr ibed above the  I  fo r  the

transforrned sect ion rrray be calculated and used in calculat ing

strains at var ious points in the sect ion under a given appl ied

bending rnornent M. These wiI I  also be the strains in the

cor respond ing  par ts  o f  the  rea l  sec t ion ,  the  neut ra l  ax is  be ing

in  the  sarne  re la t i ve  pos i t ion  fo r  bo th  cases .  The s t resses  in

the real sect ion rnay be found frorn the strains by using the

real E for the rnater ial  at  the point in quest ion. Thus the

s t resses  a t  any  po in t  in  the  or ig ina l  sec t ion  w i l l  be  re la ted

LZ
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to those calculated for the transforrned sect ion in the rat io of

the real E to the reference E for the rnater ial  at  that point.

When using the transforrned sect ion approach for the

calculat ion of EI,  and recal l ing that the contr ibut ions of the

individual elernents to I  are given approxirnately by AkZ in

each case,  i t  can  be  reasoned tha t  the  respec t ive  areas  o f

elernents only need to be transforrned, by rnultiplying the real

e le rnent  a rea  in  each case by  i t s  E  ra ther  than by  a  ra t io  o f  E .

Thus when the deterrninat ion is carr ied out by surnrning the

values of AkZ for each elernent the result  obtained yields EI

since the transforrnat ion has already introduced E.

In the norrnal sandwich the core st i f fness does not

contr ibute appreciably and the above procedure yields

6 (Er  , tEz t ' l dz
EI=

El  t t  *  Ez tz

for an asyrnrnetr ical  sandwich str ip with thin skins.

( 8 )

Again, where the

contr ibut ion arnounts to

and can be added direct ly

skins have appr.eciable thickness, their

b(Er  t l  +  Ez t ; l

T 
(e)

to equat ion (8) to obtain the ful l  EI.

In rnany bearns the sole property governing def lect ion

under load is the EI value. Unfortunately this is the case in

sandwich cornposites only when the span is very long in relat ion

to the thickness, or when the rnodulus of r ig idi ty G of the core

is quite high. For rnany building applications and rnany core

rnater ials the shear def lect ion becornes signi f icant and rnust

be considered in addit ion to the usual bending def lect ion, which

relates only to the extension and cornpression of the skins.

The shear st i f fness = bcG (for thin skins).  The approxirnate

relations for rnaxirTrurTr deflection for a sirnply supported bearn

then becorne

5W ! ,3 w!,
3 8 4  E I B  b c G

for  a sandwich st r ip  under uni forrn loads and

(  l 0 )
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c

f o r  c e n t r e - p o i n t  l o a d .

P i 3

48 ET

P!,

4  b c G
( r l )

These app ly  par t i cu la r ly  fo r  th in -sk in  sandwich  s t r ips ,

but the approxirnat ions are rough so that further adjustrnents

fo r  nor rna l  sk ins  a re  se ldorn  war ran ted .  Typ ica l  e f fec ts  o f

shear  s t i f fness  w i l l  be  shown la te r .

The fo rego ing  s t i f fness  re la t ions  a l l  re fe r ,  as  no ted ,

to  sandwich  ns t r ips r  
"  denot ing  nar row bearns .  The w id th  o f

rnos t  sandwich  pane ls  in t roduces  ' rp la te  ac t ion t r  to  the  bend ing

s t i f fness  por t ion  o f  the  to ta l  de f lec t ion .  Th is  i s  the  s t i f fen ing  due

to  res t ra in t  aga ins t  w iden ing  and nar rowing  o f  the  cor r rp ress ion

and tens ion  sk ins ,  respec t ive ly .  The tendency  to  ex tend or  con-

t rac t  la te ra l l y  w i th  s t ress  is  the  Po isson e f fec t ,  and the  res t ra in t

fo rces  in  tu rn  se t  up  counterac t ing  s t resses  in  accordance w i th

Po issonrs  ra t io ,  v .  The resu l t  i s  tha t  the  sk in  w i l l  de for rn  on ly

( t  -  v ' )  as  rnuch as  i t  wou ld  in  a  nar row s t r ip  under  equa l

ax ia l  s t ress .  The bend ing  s t i f fness  EI  o f  a  sandwich  pane l  i s

thus  rnore  accura te lv  s ta ted  as

EI  (p la te )  =  E I  ( s t r i p ) / ( r  -  vz ) (  1z)

a n d  e q u a t i o n s  ( 5 ) ,  ( 7 ) ,  ( 8 ) ,  ( 9 )  c o u l d  b e  s o  r n o d i f i e d  t o  r e p r e s e n t

rr lore accurately a panel in sirnple bending or in colurnn loading,

as  w i l l  be  no ted .

As  v  fo r  rnos t  i so t rop ic  rna ter ia ls  i s  in  the  order  o f  0 .3 ,

(1  -  vZ)  becornes  about  0 .9 .  Thus  the  bend ing  s t i f fness  o f  a

sandwich  pane l  w i l l  be  about  I0  per  cent  g rea ter  than tha t  ca lcu-

lated for a str ip bearn. This appl ies only to the pure bending

por t ion  o f  sandwich  de f lec t ions  ( the  f i rs t  par ts  o f  equat ions  ( I0 )

and ( l I ) ) ,  no t  to  the  shear  por t ion ,  so  tha t  the  f ina l  e f fec t  w i l l

be  sorne th ing  less  than 10  per  cent  in  rnos t  cases ,  Such p la te

act ion of panels is often neglected in the usual approxirnate

ca lcu la t ions .

When a sandwich panel or any plate is supported on aII

edges  the  added bend ing  s t rength  and s t i f fness  is  rnarked.  To

date  der ived  so lu t ions  fo r  sandwich  p la tes  are  cornp lex  and s t i l l

approxirnate. Very roughly,  the def lect ion of such a plate rnay



-  15  -

be about 50 per cent of the def lect ion calculated for a narrow

str ip running the short  woy, when the panel is nearly square.

As the geornetry changes so that the length approaches twice

the width, this factor increases to about 90 per cent,  becorning

the sarne as i f  only two sides were supported. Such sirnple

factors are not rel iable and are useful  only for prel i rninary

feasibi l i ty studies.

The above cornpletes the appcoxirnate assessrnent of

sandwich bending st i f fness and strength, except for the often-

irnportant aspect of r ipple- instabi l i ty of .  the cornpression skin.

This is introduced rnore readi ly in the discussion of sandwich

colurnns.

2 .  3  IMPACT

The irnpact resistance in bending of a sandwich panel

can be approxirnated by assuming that the deflection at failure

under stat ic load equals the def lect ion at fai lure under dynarnic

irnpact load, and that the rnaterials behave elastically to

fai lure under such fast loading. For sirnpl ic i ty i t  is also

assurned that a given width of panel acts fully in resisting the

point load. With the ul t i rnate bending resistance M calculated

as in equat ion ( l ) ,  the ul t i rnate point load is calculated to

produce M at the point in quest ion. Considering both norrnal

bending and shear,  the ul t imate def lect ion is then calculated

e las t ica l l y  as  in  equat ion  (11) .  The work  done is ,  then,  in

the  order  o f

work- to - fa i lu re  =  j  eO =  i rnpac t  res is tance (13)

in load x distance units.

Aga in ,  tes t ing  is  necessary  where  i rnpac t  res is tance

is irnportant in a particular application. The lower the bending

st i f fness the higher the i rnpact strength; the structural  sandwich

often exhibi ts remarkable i rnpact propert ies because of i ts high

strength and thickness rat io and i ts low shear rnodulus.
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2.4 COLUMN LOADING

The structural  sandwich is seldorn used as yet for load-

bearing wal ls in bui ldings, the few except ions being in low houses

where alrnost any sandwich conf igurat ion is excessively strong
in colurnn act ion. Again, the exhaust ive mathernat ical  der i-
vations are onerous and stil l approxirnate in relation to practical

condit ions. Given that the usual s i tuat ion is one of over-design,

and that a sirnple load test would be done in any case, the

following approxirnations should be adequate. Plate action
ef fec ts  a re  opera t ive  as  in  bend ing ,  bu t  the i r  inc lus ion  is  scarce ly
warranted unless vert ical  edge st i f feners are included in the

pane l  sys tern .

Where the skins are suff ic ient ly stabi l ized by the core
(discussed a l i t t le later) a f lat  sandwich panel colurnn may fai l

in over-al l  buckl ing of the Euler type. l f  the colurnn length-to-

thickness rat io is very high (perhaps about ?0 or rnore) the

c lass ic  Eu le r  equat ion  ho lds :

P e =
,,2 EI

(  t4 )
L L Z

for sle4der colurnns. Pe = Euler load - ul t i rnate (buckl ing)

load; Ll  = effect ive vert ical  length of the panel colurnn =

ful l  height where the top and bottorn edges are free to rotate.

For the less slender panels norrnal ly encountered in

bui lding the buckl ing load is inf luenced by the low shear

rnodulus of sandwich cores in sornething like the following

rnanner:

P e s  =
Pe Gbc

(  l 5 )
Pe *  Gbc

for stubby colurnns with thin skins. Pes = ul t i rnate (buckl ing)

load = Euler load rnodif ied for shear;  Pe = Euler load as

before. This equat ion gives only a rough idea of the order of

Pes  where  the  sk ins  have apprec iab le  th ickness .
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Local buckl ing (r ippl ing) of the skins may occur at less

load than over-al l  or Euler buckl ing i f  the core is too low in

s t i f fness .  For tunate ly ,  Hof f  and Mautner rs  conserva t ive

approxirnat ion for rnost sandwich construct ions is sirnple:

^ l

" " " -z

o" ,  i s  the  c r i t i ca l  s t ress  in

skin and core propert ies as

the  sk in  and E" ,  E . ,  G"  re fe r  to

indicated.

( 16 )

Note the independence of such rippling frorn skin or

core  th icknesses .  Wave-s tab i l i t y  rna thernat ics  f ina l l y  reso lved

that only the elast ic propert ies of the rnater ials are operat ive,

and that both the theoret ical  work and support ing test prograrns

were  re rnarkab le  indeed.  The c r i t i ca l  s t res"  o . ,  a lso  app l ies

without change as the ul t i rnate stress in the colnpression skin

of a sandwich in bending. This is especial ly i rnportant in

assessing a sandwich bearn strength under point load.

2 .5  CONCENTRATED LOAD

The buffet ing of supersonic airstrearns rnay be the

prirne factor in aircraft ,  dernanding cores with high strength

and st i f fness perpendicular to the skins. Bui ldings are free

of such unusual problerns, but the sirnple quest ion of dent ing

abuse can dernand sirni lar core propert ies. Whether the

expected load ranges from a bicycle leaning against a wal l

to a stiletto heel placed on a floor, the support of thin skins

(e. g. ,  rnetal)  against perrnanent dent ing is often the sole

reason for using a hard core rather than a soft  one. With

such skins, a reasonable f i rst  assurnpt ion rnay be that the

resistance to vis ible dent ing under concentrated load test ing

(tested with a l - in.  diarneter disc) is about twice the f lat

cornpressive strength of the usual core rnater ial  or greater.

This should be checked by actual test wherever dent resistance

is i rnportant.  The plate act ion effect of  even thin skins on

an elast ic support  can be substant ial  in local load resistance.

Where  the  sk ins  a re  th icker  (e .g . ,  hardboard ,  p lywood)

the dent and puncture resistances increase sharply and soft

cores are often adequate -  except sornet irnes in shipping

where puncture loads rnay be very high indeed.



_  18  _

2. 6 RACKING OR DIAPHRAGM ACTION

Sandwich  pane l  house s t ruc tu res  o f ten  use  the  pane ls  as
the  so le  lneans  o f  res is t ing  w ind  rack ing  fo rces .  Rack ing  s t resses
are  ra re ly  ana lysed fo r  the  ac tua l  des ign  or  cons t ruc t ion .  The
s t resses  are  low in  re la t ion  to  the  rack ing  s t i f fness  and s t rength
o f  aknos t  any  sheet  rna ter ia l  used in  bu i ld ing .  Never the less  the
rack ing  ques t ion  is  usua l ly  ra ised  fo r  new sys terns .  The fo rces
on fas teners  do  deserve  thought ,  bu t  even these are  usua l ly
s rna l l  because o f  the  la rge  s ize  o f  rnos t  pane ls  and the i r  cor respond ing
r r l e v e r a g e .  

"  T h e s e  f o r c e s  c a n  b e  c o n s e r v a t i v e l y  a s s e s s e d  f o r  p a n e l
wal l ,  roof or f loor diaphragrns by considering the panels as un-
yielding rectangles of f ixed geornetry that rack by rotat ion only.
success ive  groups  o f  fas teners  r r ray  be  e l i rn ina ted  to  a l low deter -
rninant rnornent couples, or the load sharing between al l  fasteners
rnay be assurned to be proport ional to the relat ive rnovernent at
each point with an incrernent of rotat ion.

Such assessrnents  shou ld  be  adequate  fo r  rnos t  low
bui ldings, even industr ial  bui ldings where a long roof diaphragrn
rnus t  car ry  c ross-w ind  loads  to  shor t  end wa l ls .  S ince  the  ear ly
atternpts at rrengineering analysist t  of  srnal l  house structures
in  the  U.S.A.  in  the  l930ts ,  au thor i t ies  have cont inued to  requ i re
a  t rad i t iona l  rack ing  tes t  o f  an  B-  by  8 - f t  wa l l  sec t ion  fo r  acceptance
of new construct ions. This rnay have been useful  for an understanding
of the l i rni ts of t radi t ional wal ls with horizontal  boards, but i t
usual ly has l i t t le relevance to r igid sheet and panel wal ls.  r ts
s ize  and t ie -down rne thod a l low no rneasure  o f  fas tener  per -
forrnance, and alrnost any sandwich or other stabi l ized. sheet
cons t ruc t ion  w i l l  pass  th is  tes t  w i th  ease.

Although these sect ions are intended to deal with design
rnethods rather than appl icat ion quest ions, i t  is awkward to discuss
racking analysis without not ing that i t  is of ten unwarranted..
where the racking eff ic iency of the structural  sandwich may
be of i rnportancer as in use for high buitdings, the r igorous
rnathernat ical  solut ions referenced in Sect ion ?.9 would be
usefu l .
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2. 7 BOWING

As the skins and cores of sandwich larninates have l i t t le
bend ing  res is tance,  taken separa te ly ,  any  d i rnens iona l  change
of one skin only forces an over-al l  curvature frorn the plane.
rf  the change occurs in both direct ions in the plane, the curvature
is cornpound. The bowing is essent ial ly a geometr ical  ef fect
inversely proport ional to the thickness, and may be calculated
approxirnately as

KF
800h

(  17 )

where

and

ft = percentage change of one skin cornpared to the

other

6 = rnax. (centre) def lect ion frorn the plane.

An initially warped core cannot bow a panel originally
fabr icated f lat ;  only changes in the strong faces can do so. I t
the panel is fabr icated with both skins at equal ternperature
and fnoisture content,  bowing wi l l  only result  f rorn di f ferent
environrnents on ei ther side, as wi l l  be discussed. The bowing
is srnooth and not severe i f  the thickness is reasonable and the
edges free to al low planar expansion. I t  has been reported
that r ig idly restrained dirnensions have caused panel skins to
tear the core apart ,  in extrerne condit ions, when the core
tens i le  s t rength  nor rna l  to  the  faces  was low.

2 .  B  T E S T S

Considerable effort  has been expended in preparing
standard test rnethods for sandwich construct ions and bui lding
cornponents, and sorr le relevant ones rnay be noted br ief ly.  The
test procedures rnay often be sirnpl i f ied considerably for part i -
cular cases, especial ly when used for successive developrnental
purposes. Irnportant core propert ies include f lat  cornpression
strength and rnodulus, ASTM C365-57, which relates to dent ing
abuse and sk in  s tab i l i z ing .  F la t  tens ion ,  ASTM CZ97 -61 ,  a lso
relates to the lat ter.  Shear strength and shear rnodulus are key
proper t ies ,  and ASTM C?73-61 cornpress ion  rne thod is  s t ra igh t -
forward and useful .
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Concerning the perforrnance of the whole panel,  ASTM

C4B0 -62  g ives  a  s tab le  se t -up  to  rneasure  long- te r rn  c reep '

wh ich  w i l l  be  d iscussed in  de ta i l  in  Par t  I I I .  Genera l  dura-

b i l i t y  i s  a lways  d i f f i cu l t  to  assess ;  the  exposure  cyc les  o f

ASTM C48l -6? rnay be as good as any, but the effect of  edge

c losures  o f  a  pane l  can  rnake such shor t - te r rn  exposures  o f

ques t ionab le  rnean ing .  Sorne such exposures '  cor re la ted

with expected environrnental  extrernes, should always be

tr ied when dirnensional changes or forces rnight occur in the

core  rna ter ia ls ,  e  .8  ,  u re thane foams and wood f ib re  cores .

ASTM E72-6 I ,  s t rength  tes ts  o f  pane ls  fo r  bu i ld ing  cons t ruc t ion ,

can be  app l ied  as  re levant  to  des i red  uses  o f  sandwich  pane ls .

Sirnpl i f icat ion can often be effected responsibly.  The ubiquitous

racking test is there. I t  and the rather di f f icul t  axial  load

(colurnn) test for load-bearing wal ls often rnay be unnecessary

because of the intr insic overdesign of any st i f f  sandwich in

such loading and the abi l i ty to check by calculat ion the order

of perforrnance. Therrnal t ransrnission and condensat ion

control  can be calculated or tested as for any panel;  the lat ter

is  no ted  in  Par t  I l t .  F i re  p roper t ies  rece ive  cons iderab le

attention in Part lV.

2.9 ADVANCED SANDWICH THEORY AND OPTIMUM DFSIGN

A brief  note with references rnay be useful  where

engineering interests warrant ful ler understanding of sand-

wich theory. Habipts review and bibl iography (8) should

again be ci ted, part icular ly in tracing or iginal  work. The

notab le  work  o f  the  U.S.  Fores t  Produc ts  Labora to ty  fo r

rni l i tary sponsors has always atternpted to expedite solut ions.

such work by Ravi l le def ines the bending of sandwich plates (13).

Norr is,  March, Er icksen, Kuenzi,  Zahn and Kornlners developed

and tes ted  express ions  fo r  edge comPress ion '  edge shear

( rack ing) ,  cy l inders  under  ax ia l  load ,  e tc . ,  tha t  a re  conc ise ly

stated in a f l ight vehicle handbook (14).  such work has been

extended and further ref inernents rnade in the last few years.

Again, these r igorous derivat ions lnay often show l i t t le

irnprovernent over approxirnate rnethods for practical building

cond i t ions .
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Phys ica l  express ions  have been used fu r ther  to  es tab l i sh

opt irnurn design rules based on rninirniz ing ei ther rnater ial

(weight) or cost.  Kuenzi (15) derives sirnple rninirnurn weight re-

lat ions for bending st i f fness and strength, edge cornpression

(co lu rnn  load ing) ,  e tc .  r  sssurn ing  tha t  core  proper t ies  a re  a

cons is ten t  func t ion  o f  dens i ty .  Darvas  (16)  s i rn i la r l y  der ives

rninirnurn cost design for bending st i f fness and strength, result ing

again in sirnple relat ions:

_t
r

-?
r

for optirnum stiffness and

for optirnurn strength in bending,

core  th ickness  to  sk in  th ickness ,  and

price per unit  volurne of core to pr ice

volurne of skin.

where rl = ratio of

r = ratio of

per unit

These and other invest igators have noted that such opt irnurn aPProaches

cannot be fol lowed very often in pract ice. In bui lding, the core thickness

rnay be dictated by insulat ion requirernents, bowing, the size of electr i -

cal  boxes, or s irnply the need to tr look sol id.r t  The skin thickness rnay

be control led by dent ing considerat ions, or qui te often the avai lable

sheet stock rnay be rnuch thicker than is structural ly necessary.
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PART III - MATERIAL PROPERTIES AND ET'F'ECTS

Sandwich skins are, essent ial ly,  axial ly loaded elements.

The signi f icance of axial  property leve1s is a farni l iar part  of

engineering pr inciple. The signi f icance of core and adhesive

actions and sorne other effects, on the other hand, should be

introduced by quantitative exarnples to allow rnore rneaningful

discussion of sandwich rnater ials.  Then the relevant propert ies

of the more prornising rnaterials rnay be described, allowing the

capabi l i t ies of var ious structural  sandwich cornposites to be

dernonstrated and problerns and potent ials discussed.

3. 2 DESIGN EXAMPLES: THE EF.FECTS OF CORE PROPERTIES

Cons ider  a  s t ruc tu ra l  sandwich  s t r ip  w i th  28-gauge (0 .  O la9- in .

sheet steel skins bonded to a ?- in.  core, in the f i rst  instance el i rnina-

t ing any core effects by assurning a very high G value. This is a

rather st i f f  sandwich, but i t  *ooid be cornparable to one using /e-n.
f i r  p lywood,  cer ta in  i - i t t .  asbes tos  board ,  o r  3 /  l6 - in .  g lass- f ib re -

reinforced plast ic on the sarne core. From equat ion (5),  Part  I I :

EI lZ- in .  s t r ip  =
29xLo6* lZx0 .O I5x2? =  10 .4x106

A resident ial  f loor load of 40 psf with a l ive load def lect ion

requirernent of l /360 span (Resident ial  Standards, Canada 1965)

can be carr ied over a considerable span. Frorn the f i rst  or pure

bending port ion of equat ion ( I0)

5w!,4

384 EI

!,
' 3 6 0 ' -

w = 40 psf  = 40 rc f ] jn  r t  (p l f )  on 12- in .  s t r ip  = 3.33 to / t in .  in .  (p l i )

87 in . ,  a l lowab le  span

=89 =Q.
360

Subst i tut ing a core of,  say, 2 pcf.

G = 400 psi ,  the shear def lect ion of this

by the second port ion of equat ion (10):

" b 24-in.  = pure bending def lect ion

polyurethane

f loor panel is

foarn of

approxirnated

^ w! '?
A - -- s  -  

S b c G

3 .33  x  872

(5w)  360

8x12xZx400
=  0 .  33  i n .
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The to ta l  de f lec t io r  6T is  thus  about  0 .57- in .  o r  2 .4  t i rnes
the pure bending 6o. The ne* al lowable span should be close to
? -

-7t t irnes the old span, or about 65 in. (Such a relationv  
7a

cannot be extended to wide var iat ions of span because the 6"
por t ion  does  no t  vary  as  the  cube o f  the  span. )  Tab le  r  shows
the effects of a norrnal range of shear st i f fnesses for this .stubbytt

exarnple. As norrnal plate act ion wi l l  render the panels sorne
I0  per  cent  s t i f fe r  than shown in  these nar row s t r ip  ca lcu la t ions ,
the shear effect rnay be considered negl igible when the calculated
Ot /6U becornes  as  low as ,  s?y ,  I .09 .  Th is  happens w i th  th is
stubby exarnple, with the core G approaching 8000 psi .

Sirni lar ly,  Table I  shows these effects for a longer span
use of the sarne panel,  as in curtain wal l  or sorne roof uses.
Now the shear effect neay be considered negl igible when G = 3000
or  more .  When the  EI  va lue  is  less  a t  a  g iven  th ickness ,  as  i s
the  case fo r  rnos t  sandwich  sk ins ,  then 6 ,  i s  decreased in
relat ion to 6O, and the need for high G values is reduced.

3. 3 CORE SHEAR, EXTENSIBILITY AND STABILIZING ET.FECTS

The preceding examples al low the norrnal range of shear
s t resses  to  be  dernons t ra ted .  These are  surpr is ing ly  low because
the shear i rwebtr of  the sandwich trr-bearni t  covers the ent ire area.
The stubby f loor panel y ields the rnost severe shear:

r rnax=# = 
# 

=6psi

The longer curtain wal l  exarnple yields a core shear of
4 . 4 p s i .  T h e s e  a r e  t y p i c a l  c o r e  s h e a r  s t r e s s e s ,  a l t h o u g h
thinner panels under heavy f loor loads on shorter spans can
approach l5  ps i  core  shear .  The shear  s t resses  on  the  adhes ive
between core and skin are pract ical ly ident ical  to the core shear"
Even very  low dens i ty  cores  and inexpens ive  adhes ives  can
take such stresses for dynarnic or short  terrn loads, but i f  they
are sustained indef ini tely there rnay be a creep problern, as
wi l l  be  d iscussed.

No rnatter what its strength, the core rnaterial cannot
al low ful l  developrnent of sandwich capacity unless i t  can trgivstr

enough to fol low the strain in the skins. A few rnater ials of
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otherw ise  exce l len t  p roper t ies  a re  e i ther  too  br i t t le  o r

fr iable to sui t  sandwich composites. The working range of

compressibi l i ty and extensibi l i ty of  the skin rnater ials can be

deterrnined wel l  enough by dividing the relevant yield stress

by  E.  Thus  s tee l  w i l l  be  s t ra ined about  0 .  13  per  cent  to  be

fully worked in tension or cornpression, alurninurn about 0. I7

per  cent ,  wood perhaps  about  0 .25  per  cent ,  hardboards  0 .5

per  cent  o r  so ,  and bo th  paper -p las t i c  and g lass  f ib re  p las t i c

la rn ina tes  I  to  l .  5  per  cent ,  represent ing  the  h igh  ex t re rne .

Most core rnater ials can fol low such skin strains without rupture.

Final ly,  the cornpression skin in a panel in bending or

column loading wi l l  fa i l  in local r ippl ing at less than yield

stress i f  the core provides inadequate stabi l izat ion. Equat ion

( I6 )  o f  Sec t ion  2 .4  rnay  be  rewr i t ten :

B o 3

E.G. = 
- :  

'

S

But
l . .

about i  E. for isotropic core rnaterials,

I 5o  3
c r

E  
to r  l so t roP lc  co res .

s

G

so that

Using the yield or ul t i rnate stress of a skin rnater ial  and

its axial rrrodulus E", the rninimurn cornpression rnodulus E

of the core perpendicular to the skin can thus be deterrninedcto

prevent skin r ippl ing. As exarnples, carbon steel skins would

dernand a core of E. = 4500 psi  or tnore i f  the use required

the full yield stress of the steel. Sirnilarly, util ity alurninurn

sheet would require a core E. of about 2800 psi ,  and f i r  plywood one

of about 1800 psi .  General ly,  the core rnater ials with better

G propert ies wi l l  a lso have E values rnore than adequate for

normal skin stabilization.

3.4 THERMAL AND MOISTURE EFFECTS

Bowing and internal condensat ion can be

unrelated, problerns of sandwich construct ions

tempera ture  or  rno is tu re  reg i rnes  ex is t  across
The environrnental  ranges and effects should be

part icular,  i f

wherever di f ferent ial

the panel thickness.

br ief ly sketched
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before  d iscuss ing  rna ter ia l  p roper t ies .  In  co ld  count r ies  the

outer skin of an insulated panel (wal l  or roof)  can be at
-30"F  wh i le  the  inner  sk in  i s  near  70"F ,  g iv ing  a  100 F  deg

dif ferent ial .  Sirni lar ly,  in surnrner the outer skin can reach

170"F fo r  b r ie f  per iods ,  o r  even h igher  w i th  dark  co lours
( f  7 ) ,  wh i le  the  inner  sk in  i s  a t  say  70"F,  aga in  a  100"F

differential. The arnount of bowing will be the sarne in either

case, inward in the f i rst  and outward in the second, as deterrnined

by  equat ion  (17) ,  Sec t ion  ? .7 .  Wi th  te rnpera ture  sens i t i ve

rnater ials such as rnetals and plast ics the 100"F di f ferent ial  rnay be

used to  assess  the  d i rnens iona l  responses ,  a t  leas t  fo r  co ld  count r ies .

Hygroscopic rnater ials such as wood and wood-f ibre

products generally rrlove rrrore with moisture content than with

ternperature; this is i rnportant in Canada where relat ive hurnidi ty

di f ferent ials are severe. The indoor relat ive hurnidi ty in the
heat ing season rnay be 20 per cent,  whi le that outdoors rnay be

80 per  cent ,  w i th  bo th  ex t re rnes  sus ta ined fo r  severa l  weeks .

Thus hygroscopic skins of enclosure panels rnay approach ful l

equilibriurn with these relative hurnidity (RFI) conditions even

when protected by coat ings, so that again their  dirnensional

response should be noted over this range for such design

purposes. Sirni lar ly,  indoor panels wi l l  be subjected to as

low as 20 per cent RH in the winter and 80 per cent RH in the

surr l rner,  and their  response should be so noted. Bowing wi l l

not occur in this lat ter case i f  both skins are of the sarne rnater ial ,

but the range of expected rnovernent in the panel plane rnust be

cons idered in  the  sys tem des ign .

The winter di f ferent ial  in rnoisture and ternperature

condit ions can cause an insulated construct ion to trap conden-

sat ion i f  the inner skin al lows passage of air  or water vapour.

The t i rne-honoured way of prevent ing or control l ing this is to

ensure that the outer layers are sorne f ive t i rnes rRore perrneable

than the inner layers or vapour barr ier ' ,  or that the internal

space is vented to the outside air .  This approach has been advo-

cated for sandwich construct ions ( lB),  but i t  can compl icate

sandwich rnanufacture and choice of rnater ials,  perhaps quite

need less ly .  Based on  genera l  observa t ions  tha t  i t  i s  rnass  a i r

Ieakage rather than vapour di f fusion that causes condensat ion

t roub les ,  on  long- te r rn  exper ience in  the  Far  Nor th  (19) ,  and

on test ing under extrerne condit ions (20),  i t  rnay be concluded

that a closed sandwich construct ion should rernain trouble-free

with neither vents nor perrrreable outer skins. This appl ies to

norrnal cycl ing condit ions where a sumrner drying condit ion
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fo l lows the winter condensat ion period. The inner skin should

be o f  low per rneance ( less  than one per rn ,  say) r  in  any  case

equal to or less than the outer skin. No air  path should exist

be tween the  indoor  env i ronneent  and the  core  space,  un less

the  core  i t se l f  i s  a  c losed-ce l l  rna ter ia l  w i th  per rneance no t

rnore  than 3  per rn - inches ,  say .  A I I  th is  assurnes  tha t  the

chosen rnater ials can tolerate the expected srnal l  arnount of

condensate each winter.

3 .  5  CREEP AND STRESS-RUPTURE

More than any other construct ion, the sandwich concept

encourages the structural  use of rnany rnater ia] ,s that have l i t t1e

h is to ry  o f  per fo r lnance under  sus ta ined load.  Long- te r rn  c reep

and stress-rupture safety is not arnenable to quick study. Even

creep-prone t rad i t iona l  rna ter ia ls  such as  wood have been

widely used without ser ious invest igat ion unt i l  recent years,

but todayts ernphasis on rnore eff ic ient structure and closer

regulat ion of use rneans that newer rnater ials rnust prove

their  way frorn the f i rst .  Sorne exernplary creep studies of

the past decade now al low useful  discussion of prornising

sandwich rnater ials in terrns of ernpir ical  perforrnance and

c  r i te  r ia .

Rat ional cr i ter ia for acceptable creep are di f f icul t  to

establ ish. Bui lding loads and durat ions are not wel l  known,

a l lowab le  de f lec t ions  are  arb i t ra ry ,  and c reep i t se l f  i s  no t

closely predictable in the real environrnent.  Perhaps the

on ly  approach a t  p resent  i s  to  fo rego a t te rnp ts  a t  p rec ise

der iva t ions  and fa1 l  back  on  t rad i t iona l  lessons :  re la te  c reep

cri ter ia to the ful ly acceptable perforrnance of wood, I f  a

rna ter ia l  dernons t ra tes  equa l  o r  less  c reep than wood,  i t

should be usable in l ike places and l ike rnanner.  At proper

s t ress  Ieve ls  i t  shou ld  be  adequate  even fo r  f loors  in  res i -

dential and light constructions, for example, with no allowance

for  fu r ther  de f lec t ion .  For  la rger  bu i ld ings  and uses  where

def lect ion l i rni ts are i rnportant,  in i t ia l  def lect ions rnay be

res t r i c ted ,  as  w i th  wood,  to  a l low fo r  c reep de f lec t ion .

A ful ler discussion of the rheology of wood is not

warranted here, but wood creep under sustained load rnay

be descr ibed w i th in  b road l i rn i ts .  Two rheo log ica l  mode ls
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are  shown in  F igure  (5 ) "  Both  suggest  tha t  a  s t i f f  v iscous  drag

within the rnater ial  takes up rrruch of the load at f i rst ,  but this

corrrponent of resistance slowly gives with t i rne and the basic

elast ic structure rnust f inal ly take up al l  the load. The f i rst

rnode l  denotes  th is  r rv isco-e las t i c r r  ac t ion  and suggests  tha t  the

rnater ial  wi l l  stop deforrning and slowly return to or iginal

d i rnens ions  once load is  re rnoved,  as  the  t rspr ing"  overcornes

the  t tdashpot . t t  The second mode l  denotes  "v isco-e las t i c -
plast ic i l  act ion: the f inal  very st i f f  dashpot infers that solne

plast ic f low occurs at any load over any t i rne, and this f low

rernains as the perrnanent set af ter rernoval of  load. Review

of several  intensive studies suggests that a rnodif icat ion of the

f i rst  rnodel rnay give a rrrore correct picture for wood and

probably other high polyrrrers such as rnany plast ics, and

possibly other rnater ials too. The modif icat ion would be

dif f icul t  to show in diagrarn forrn, but is is s irnple enough:

the rnain spr ing or elast ic structure can behave elast ical ly

up to a certain strain,  af ter which i t  y ields and al lows plast ic

f low.

Tottenharn (21) deduces that such a cr i t ical  rnaxirnurn

strain rnust exist  for wood, and suggests that once i t  occurs

fai lure rnust eventual ly fol low at that load. King (22) shows

tha t  th is  l i rn i t  o r ' r th resho ld  o f  se t t !  i s  about  0 .4  per  cent

strain for rnany or al l  woods in pure tension, but concludes

that this is below a threshold of eventual fai lure. (Note

that a stress of 6800 psi  would cause such a strain i rnrnediately

in Douglas f i r ,  whi le half  that stress rnight cause such a strain

in a lifetirne with no irnplications of eventual failure. ) L. \4I.
'Wood 

(23)  der ived  regress ion  curves  showing tha t  s t ress- rup ture

t i rnes of beyond 27 years should be attained by wood at 56

per cent of i ts i rnrnediate ul t i rnate bending stress (Figure 6).

Th is  f rac t ion  wou ld  be  about  6200 ps i  fo r  c lear  Doug las  f i r .

C louser  (24)  worked w i th  da ta  f ro rn  10-year  c reeP tes t ing  o f

wood at stresses over 60 per cent of i rnrnediate ul t i rnate in

bend ing  to  der ive  c reep and po in t -o f - in f lec t ion  express ions .

He and others conclude that the result  f i ts a straight- l ine plot

on a log-1og chart  that can be ernpir ical ly f i t ted to the eguat ion

e = eo * ?t f f i ,  as found for many other rnater ials.  The constant

€o  is  c lose  to  the  in i t ia l  s t ra in  o r  de f lec t ion ,  t ta t r  and ' r rn t t  a fe

a lso  cons tan ts  a t  the  s t ress  leve l  in  ques t ion ,  bu t t ta r r  shows a

sharp  t rend downwards  w i th  decreas ing  s t ress ,  wh i le  the

power  t rmr t  seerns  sornewhat  independent  o f  s t ress  and has  a
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value of about L/3, also cornrnon for other mater ials.  Unfortunately

the terrns cannot be extrapolated down to normal stress levels with

any conf idencei the work was airned at stress-rupture study rather

than norrnal long-terrn def lect ions.

Arrnstrong and Kingston (25) and Christensen (26) surnrnarize

the following for bearns large and small at ?5 per cent of ultirnate

s t ress  (no t  g rea t ly  over  nor rna l  des ign  s t resses)  and any  cons tan t

rno is tu re  conten t !  re la t i ve  c reep about  5  per  cent  in  2  hours ,  12  per

cent  in  24  hours ,  20  per  cent  in  4  days ,  30  per  cent  in  20  days ,

a f te r  wh ich  i t  reaches  equ i l ib r iu rn  o r  near ly  so .  (The usefu l  con-

cept rrrelat ive creeprr is the arnount of strain or def lect ion beyond

the ini t ia l  arnount under load expressed as a percentage of the

ini t ia l  arnount.  )  These results fol low the expression e = e o t  atm,

and ' f rnn ' i s  s t i l l  I /3  even a t  th is  low s t ress  ( the  s lope is  one log

cyc le  in  th ree) ,  bu t  on ly  fo r  a  shor t  per iod .  Creep then s tops  or

slows sharply,  but the authors show that severe changes in rnoisture

content can accelerate early creep rnost drast ical ly.  Instal l ing

wood in the green state, placing the design loads, and let t ing i t

d ry  in  p lace  wou ld  a l low 200 per  cent  re la t i ve  c reep in  9  days ,

with total  def lect ion three t i rnes that t ral lowable. ' r  Yet such prac-

t ice occurs in housing, with no inadequacies in relat ion to real

use and real requirernents. The severe rnoisture cycl ing in these

s tud ies  caused dras t ic  c reep increases  a t  f i r s t ,  bu t  the  ra te  se t t led

down to norrnal,  indicat ing that the viscous drag port ion of internal

structure, not the elast ic structure, is af fected, The broad wood

band of Figure 7 rnay allow for norrnal rnoisture changes with

seasoned wood. Final ly,  several  authori t ies report  that long-terrn

experience with wood in norrnal use shows def lect ions of 1i  to

2 t i rnes the ini t ia l  def lect ion (?71, and this concludes the wood

curve of Figure 5. This offers a cr i ter ion for f loors or other

uses where design loads can occur for long periods. Roofs rnight

better relate to other accepted rnater ials,  as wi l l  be noted in

S e c t i o n  3 . 7 . I .

3.6 SKIN MATERIALS

Table I I  l ists typical  approximate propert ies of some

sheet rnater ials.  The notes to the table explain the terms and

parameters. The fol lowing sect ions discuss relevant attr ibutes

for these and related rnater ials of apparent promise, dwel l ing

part icular ly on the newer ones with l i t t le engineering history.
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Mater ia l  ranges  in  cornpos i t ion ,  per fo r rnance and env i ronrnenta l

e f fec ts  a re  no ted  inso far  as  Present  knowledge per rn i ts ,  and

re ferences  are  g iven.  I t  i s  the  in ten t ion  in  Tab le  I I  to  ind ica te

per fo r rnance ranges and l im i ta t ions ,  no t  to  l i s t  f ina l  o r  p rec ise

proper t ies ;  i t  shou ld  no t  be  used w i thout  re fe rence to  the  tex t .

3 . 6 .  L  S T E E L

Perhaps the  key  proper ty  o f  s tee l  fo r  sandwich  cons t ruc t ions

is  i t s  very  h igh  s t i f fness ,  E .  Th is  per rn i ts  longer  spans  tha t  rneet

the  usua l  a rb i t ra ry  de f lec t ion  requ i re rnents ,  wh i le  i t s  h igh  s t rength

ow wi l l  se ldorn  be  used to  the  fu l l .  D i rnens iona l  s tab i l i t y  i s  be t te r

than that of  other rnater ials.  The advent of cont inuous str ip

coat ing plants in Canada and other countr ies al lows product ion of

p las t i c  coa ted  s tee ls  w i th  h igh  cons is tency  and re l iab i l i t y  a t

qu i te  rnodera te  p r ices .  On ga lvan ized sheet ,  v iny l ,  ac ry l i c ,

s iL icone and o ther  coat ings  can per fo r rn  qu i te  we l l  as  ex ter io r

f in ishes .  Such th in  o rgan ic  coat ings  cannot  be  expec ted  to

rna in ta in  a  sa t is fac to ry  appearance fo r  very  rnany  years ,  bu t

they  can prov ide  a  good base fo r  on-s i te  recoat ings  o f  subs tan t ia l

durab i l i t y .  The cos t l ie r  rnTed larn  po lyv iny l  f luor ide  f i l rns  can

prov ide  indef in i te  l i fe  on  rne ta ls ,  f ib re  - re in f  o rced-p las t ics  and

other  base rna ter ia ls .  Expens ive  and per r r ranent  ex te r io r  cho ices  are

ava i lab le  in  cerarn ic -coated  or  s t : r in less  s tee ls .  For  in te r io r  uses ,

even lower  cos t  p las t i c  coa t ings  can be  cons is ten t ,  tough,  and

durable enough, and galvanizing rnay be orni t ted i f  storage and

handl ing rnethods are given sorne thought.

3 .  6 .  Z  ALUMINUM

The preced ing  cornrnents  app ly  a lso  to  p las t i c -coated

a lurn inurn  sheet .  Acc identa l  sc ra tches  cannot  cause s ta ins ,  as

they  can w i th  coated  s tee l ,  even when ga lvan ized.  One wonders

whether the l i rni ted range of colours created through chernical

treatrnent of alurninurn would not be pleasing and acceptable
t rbas ics"  fo r  w ide  use .  I t  does  seern  ques t ionab le  to  cover  a

durable rnetal  with a l i rni ted- l i fe coat ing, al though plast ic

coat ings are now quite rernarkable in their  own r ight.  Alurninurn

pane ls  rnay  requ i re  sornewhat  harder  cores  than s tee ls  to  Pro-
vide dent resistance (both rnetals are often backed by hardboards

over  a  so f t  core ,  bu t  th is  dernands ex t ra  opera t ions  and two more

adhes ive  layers ) .  The lower  E  va lue  g ives  lower  span capab i l i t y

than does  s tee l ,  a t  leas t  where  de f lec t ions  are  l i rn i ted .  D imens iona l

changes due to  te rnpera ture  are  apprec iab ly  h igher  than fo r  s tee l .
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3.  6 .  3  GLASS-FTBRE-RETNFORCED PLASTIC (FRP)

This developrnent of World War I I  rnay f inal ly be corning

of  age in  the  bu i ld ing  f ie ld ,  as  i t  has  in  o ther  f ie lds .  Cos ts  con-

t inue to  decrease wh i le  those o f  o ther  rna ter ia ls  inc rease s tead i l y .

FRP is  s t i l l  expens ive  in  cornpar ison  w i th  bas ic  res ident ia l

rna ter ia ls ,  bu t  no t  w i th  low- rna . in tenance rna ter ia ls ,  par t i cu la r ly

f o r  l a r g e r  b u i l d i n g s .  T h i s  i s  e s p e c i a l l y  t r u e  w h e r e  f o r r n e d  o r

s c u l p t u r e d  s h a p e s  a r e  d e s i r e d  f o r  f a c a d e  e f f e c t s ;  h e r e  t h e  F R P I s

can be  rnuch less  expens ive  than s ta rnped,  coated  rne ta ls ,  a t  leas t

within the quant i ty of product ion usual ly associated with bui lding.

Sorne European deve loprnents  in  such sandwich  cur ta in  wa l ls

are  rece iv ing  grea t  a t ten t ion .  In  tu rn ,  cer ta in  r ig id  bu t  read i l y -

fo r rned ther rnop las t ics  a re  chat leng ing  the  FRP!s  in  such

app l ica t ions .

Desp i te  the i r  you th ,  the  FRPts  can be  used w i th  perhaps

greater  eng ineer ing  e f f i c iency  and conf idence than can wood,

even under  long- te r rn  load.  Durab i l i t y  o f  appearance and s t rength

in  ex ter io r  use  dernands tha t  the  g lass  f ib re  s t ruc tu re  be  pro tec ted

wi th  sur face  coat ings  (ZB,  Z9) .  These are  bu i l t  up  in  g rea ter

th icknesses  than on  coated  rne ta ls ,  and the  base is  su f f i c ien t ly

durable i f  properly i rnpregnated and pigrnented that perhaps longer

I i fe  can be  assured be fore  recoat ing .  Cont inued i rn rners ion  in

water  reduces  the i r  s t ress- rup ture  l i fe ,  bu t  o therw ise  i t  i s

s i rn i la r  to  tha t  o f  wood (30 ,  3 l ) ,  assurn ing  cont inuous  sur face

pro tec t ion  (F igure  6) .  Re la t i ve  c reep is  less  than tha t  o f  wood

i f  g t a s s  f i b r e s  a r e  p l a c e d  p a r a l l e l  t o  t h e  s t r e s s  p l a n e  ( 3 2 )

(F igure  ?) ,  and we l l - rnade FRPrs  shou ld  be  su i tab le  fo r  sus-

ta ined - load app l ica t ions  .

I t  is not di f f icul t ,  indeed, to rnanufacture FRP skins

with none of the above qual i t ies; and authorat ive sources should

be consu l ted  on  ac tua l  des ign ,  rna ter ia ls  and rnanufac ture .

Proper t ies  a re  h igh ly  d i rec t iona l ,  depend ing  on  the  or ien ta t ion

of  the  g lass  f ib res .  The E va lues  are  low,  as  no ted  in  Tab le  I l ,

so that spans are l i rni ted i f  def lect ions are i rnportant.  Flarne

spread can be  h igh ,  bu t  recent  fo r rnu la t ions  are  ach iev ing  low

va lues  wh i le  re ta in ing  very  good weather ing  qua l i t ies ,  a i rned

at  s ign i f i can t  cur ta in  wa l l  deve loprnents  (33) .
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3.  6 .  4  PAPER -PLASTICS

These h igh-pressure  la rn ina tes  can no  longer  be  cons idered

young (see Par t  I )  o r  un tes ted .  The i r  low cos t  cons t i tuents ,  usua l ly

k ra f t  papers  and pheno l ic  res ins ,  and re rnarkab le  p roper t ies  seern

to  rnake thern  a t  leas t  as  p rorn is ing  as  FRPrs  fo r  la rge  bu i ld ing

cornponents .  Never the less ,  the i r  p roduc t ion  s t i l l  requ i res  d isc re te

and ted ious  lay -up  and f ina l  ba tch  press ing  a t  h igh  te rnpera tures

a n d  p r e s s u r e s ,  k e e p i n g  t h e  b a s i c  c o s t s  h i g h .  I f  r e c e n t  p l a s t i c  r e s i n s

can al low cont inuous product ion of such larninates, their  role rnay

y e t  a p p r o a c h  J u l e s  V e r n e r s  d r e a r n s  ( P a r t  I ) .

Present  uses  in  bu i ld ing  are  l i rn i ted  rna in ly  to  the  very

succe s sful  rnelarnine plast ic -  surfaced larninate s for counter - toPs,

furni ture and wal l  surfacings. Roof and curtain walI  products

are  used in  the  Un i ted  K ingdorn .  The present  and po ten t ia l

rna jo r  i rnp l i ca t ions  o f  these and o ther  p las t i cs  have been rev iewed

(s+1.

Kraf t -pheno l ics  can be  very  b r i t t le ,  and c racks  propagate

read i ly  f ro rn  any  sharp-cornered open ing  or  no tch .  Toughness

can be  adequate  fo r  sandwich  cons t ruc t ions  where  the  core  shear

rnodu lus  can add to  i rnpac t  res is tance.  S t rength  is  h igh ,  bu t  the

rnodulus E is low. Shrinkage problerns are encountered in

sorne ins tances .  As  the  mater ia l  i s  a  we l l -bonded laminate  o f

wood f ibres, one would expect i ts relat ive creePtobe simi lartot}at of

wood.  Th is  i s  the  case,  as  shown by  a  p lo t  der ived  f ro rn

F ind ley ts  s ingu la r  c reep s tud ies  (35)  (F igure  7) .  Sus ta ined-

load uses  shou ld  be  appropr ia te .  Th in  sheets  o f  a  s ing le  p ly

of heavy kraft  paper saturated with phenol ic can be produced

at  rnodera te  cos t  as  sa t is fac to ry  sk ins  fo r  par t i t ion  pane ls .

3 . 6 . 5 ' P L Y W O O D

The proper t ies  o f  th is  weI I -known and proved produc t

are  essent ia l l y  those o f  so l id  wood,  except  tha t  the  c ross-p l ies

great ly  inc rease s t rength  and s tab i l i t y  in  the  c ross-gra in

d i rec t ion  a t  the  expense o f  sorne  reduc t ion  in  the  gra in  d i rec t ion .

I ts  per fo r rnance h is to ry  in  load bear ing  uses  is  long  and qu i te

t r o u b l e - f r e e ,  i n c l u d i n g  s t r e s s e d - s k i n  a n d  s a n d w i c h  c o n s t r u c t i o n s .

The cornrnon ex ter io r  fo r rn  uses  Doug las  f i r  veneers  w i th
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pheno l ic  adhes ives .  The rnodu lus  E is  low,  bu t  th icknesses  are

substant ial  at  rnoderate cost and weight,  so that result ing sandwich

st i f fness and span capacity are high. For sandwich uses greater

s t rength  and s t i f fness  b ias  in  the  span d i rec t ion  wou ld  be  des i rab le ,

bu t  ava i lab le  3 -p ly  p roduc ts  fea ture  a  th ick  c ross-veneer  fo r

be t te r  f la tness  s tab i l i t y  in  s ing le  sheet  uses .  A  var ia t ion  w i th  a

bet te r  b ias  i s  ca l led  r rk ra f t -veneer ; t r  a  th ick  veneer  i s  bo th  d is -

tended and bonded to a kraft  paper to forrn a stable sheet that

could be singular ly prornising for sandwich panels.  This i .s an

old forrn wel l  worth further thought.

Coat ings have always been a problern. Plywood can be

an even rnore troublesorne paint base than solid wood. Dark pigrnent

oi l  stains on rough-cut plywoods can perforrn quite wel l .  Kraft-

phenol ic overlays are wel l  proved and now widely used on plywood

as a  pa in t  base.  Aga in ,  the  k ra f t -veneer  var ia t ion  suggests

i tsel f  .  Al though the f larne spread of bare plywood rnay be considered

rnoderately high for widespread inter ior use, the usual use of

comrrron paints and overlays can reduce i t  to 100 or less. Sorne

she l lacs  and lacquers  can increase i t  d ras t ica l l y .  (As  no ted  in

Table I I ,  f larne spread values are derived frorn Galbreathrs

rev iew (36) .  I rnp l i ca t ions  are  d iscussed in  Par t  IV .  )

3 . 6 . 6  H A R D B O A R D

Despite sorr le recent work, i t  remains di f f icul t  to consider

even treated hardboards as engineering rnater ials -  rnuch more so

than with some plast ics that are younger.  One would hope that

wel l -bonded hardboards could show about the sarne relat ive creep

as wood. Unfortunately,  the l i rni ted and short- terrn work that

has  been loca ted  fo r  th is  rev iew (37 ,  38)  cons iders  on ly  bend ing

of  th in  sheets .  Th is  shows cons iderab le  re la t i ve  c reep in  d ry

condit ions, and higher rnoisture contents cause sharp increases

in creep rates and decreases in the ini t ia l  E and strength

propert ies in bending. A notable study of paper rheology (39)

suggests that such sharp breaks in E are due to bond sl ip and

progress ive  bond rup ture .  As  in te r f ib re  bond is  i rnproved,

the break disappears and perforrnance is dictated by the wood

f ibres. Thin sheet bending does exaggerate the effects of bond

stresses, sl ippage and twist ing between f ibres. The irnpl icat ions

rnay be unduly severe for sandwich construct ions where skin

stresses are axial  and run frorn f ibre to f ibre through rnult ip le
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contac t  and over lap  po in ts .  Sorne genera l  exper ience suggests

tha t  hardboards  c reep very  l i t t le  in  ax ia l  tens ion .  Where  l ines

of -s t ress  rnus t  cu t  th rough f ib res ,  as  in  paper  in  edgewise  shear

(e .  g .  honeycornb cores) ,  c reep per fo r rnance is  qu i te  good.  I t

is thought that sorne early stressed skin huts used hardboard

skins on f loor panels and perforrned sat isfactor i ly,  but no

cor robora t ion  has  been found.  In  any  case,  i t  i s  apparent  tha t

axial  creep should be studied further,  and that any hardboards

in  s t ressed app l ica t ions  shou ld  be  we l l  over la id  o r  coa ted .

Weathering durabi l i ty of  painted hardboards is very good.

Dirnensional stabi l i ty is poor.

3 . 6 . 7  P A R T I C L E B O A R D

The long-range irnpl icat ions of expanding populat ions

and needs increase the need to ut i l ize rrrore and rnore of

every tree and should rnake part ic leboard rnater ials the

dorn inant  fo res t  p roduc t  fo r  a l l  board  uses .  In tens ive  deve lop-

rnent and test ing prograrns should be ful ly warranted. Although

one would expect r ig id and stable bond nett ing in these products,

us ing  such proved ther rno-se t t ing  adhes ives  as  ureas  and pheno l ics ,

the cornrnents of Sect ion 3.6.6 on creep and rnoisture effects

apply here also. Again, al l  the invest igat ion seerns to have been

in bending. Relat ive creep in dry versus rnoisture cycl ing

condit ions for boards is plot ted in Figure 7 from Bryan and

Schniewindts study (40).  Again, one would hope for wood-l ike

ax ia l  c reep per fo r rnance bu t  fu r ther  tes t ing  is  necessary .

Support ing this assurnpt ion, Bryan has shown that the stress-

rup ture  t i rne  charac ter is t i cs  o f  par t i c leboards ,  d ry ,  a re  essent ia l l y

the sarne as for wood, (al)  (Figure 6).  The rapid level l ing-off  of

rnoisture effects on creep (Figure 7) cornpares wel l  with the

weathering effects on st i f fness and strength, which are severe

at f i rst  but then approach an equi l ibr iurn. Hann and Black (42)

and others suggest this is due to I 'spr ingback'r  as the wood

par t i c les  re l ieve  the i r  res idua l  s t resses  f ro rn  the  h igh-pressure

for rn ing  process ,  resurn ing  the i r  na tura l  dens i t ies  and shapes.

This apparent ly : :esults in rapid rupture of bond points which

stops in the relaxed state. Perhaps t tspr ingbackrr accounts for

the sirni lar ef fects in hardboards too. I t  has been noted that wel l -

painted part ic leboards show l i t t le spr ingback effect,  at  least

visual ly (421. Perhaps the long f lake/phenol ic boards could offer
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sus ta ined per fo r rnance as  sandwich  sk ins  i f  over la id  o r  coa ted .  I t
wou ld  be  very  des i rab le  to  b ias  the  f lake  or ien ta t ion  to  ach ieve  h igher
Ers  in  the  long d i rec t ion .

A var ia t ion  shou ld  be  wor th  cons idera t ion  as  bo th  s t ruc tu ra l
skin and f inal  surface for f loor planks or panels in sandwich forrns.

Th is  deve loprnent  app l ies  the  o lder  t rcornpregr t  idea  to  par t i c le -

boards, wherein f lakes are ful ly i rnpregnated with phenol ics and
pressed a t  very  h igh  pressures  and te rnpera tures .  Spec i f i c  g rav i ty
rnay  be  1 .4 ,  E  over  2  x  IOb ps i ,  and sx ia l  u l t i rna te  s t ress  over
1 4 , 0 0 0  p s i  ( a 3 ) .

3 .  6 . 8  A S B E S T O S - C E M E N T

These rna ter ia ls  have long been no ted  fo r  genera l  durab i l i t y

and f i re  res is tance when proper ly  rnanufac tured ,  bu t  i t  i s  surpr is ing ly
di f f icul t  to locate any inforrnat ion, test ing or research reports,  that
wou ld  suppor t  eng ineer ing  uses .  D i rnens iona l  s tab i l i t y  i s  good,  E
va lue  fa i r ,  and tens i le  s t rength  and toughness  genera l l y  poor .  S t ress-
rup ture  charac ter is t i cs  cou ld  no t  be  loca ted ,  bu t  F ind ley ls  c reep

s tud ies  (35)  on  we l l -bonded asbes tos  f ib re -pheno l ic  la rn ina tes  ind i -
ca ted  cons is ten t  bu t  h igh  re la t i ve  c reep (F igure  7) ,  wh ich  rnus t
re f lec t  on  the  asbes tos  f ib re  i t se l f  .  The asbes tos-cernents  shou ld
have good interrni t tent- load appl icat ions in sandwich construct ions

such as  roo fs ,  bu t  there  is  a  rea l  need fo r  w ider  d issern ina t ion  o f

any exist ing inforrnat ion, and for further basic and appl ied study.

3 .  6 .9  RIGID POLYVINYL CHLORIDES

The long and notable developrnent of plast ic piping has
become the  key  to  o ther  load-bear ing  uses  o f  ther rnop las t ics ,
perhaps rnost notably the r igid vinyls.  Modulus E and dirnensional

s tab i l i t y  a re  poor ,  bu t  fo r rnab i l i t y  i s  exce l len t .  Th is  suggests
that opt i rnurn appl icat ions could take the forrn of deeply curved

sandwich  shapes,  as ,  s3y ,  cur ta in  wa l ls  o r  load-bear ing  vau l ted
or  fo lded roo fs  (see a lso  Par t  IV) .  Arnong severa l  in tens ive

prograrrrs the work of Niklas and Eif f laender in Gerrnany (441

showed s t ress- rup ture  curves  qu i te  s i rn i la r  to  those fo r  wood
(F igure  4) .  Re la t i ve  c reep a t  a l lowab le  sus ta ined s t resses  can be

less  than tha t  o f  wood (45)  (F igure  7) .  For rnu la t ions  rnus t  be

chosen to  avo id  b r i t t leness  in  co ld  weather .  Ternpera tures  above
1 4 0 " F  c a n  i n c r e a s e  t h e  c r e e p  r a t e s  a n d  r e d u c e  e v e n  s h o r t - t e r r n
proper t ies  qu i te  severe ly ,  so  tha t  l igh t  co lours  a re  p re fe r red

outdoors .  Roof  s  rnay  expec t  sus ta ined loads  in  the  w in te r  on ly ,
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when ternperatures are low and creep is rninirnized. Flarne spread

can be quite low. Other r igid therrnoplast ics rnay offer s irni lar

surpr is ing prornise for large bui lding components both for inter ior

and ex ter io r  use .

3 .7  CORE MATERIALS

3.7 .T  SOME EARLIER CORES AND PRESENT POSITIONS

Balsa wood was probably the f i rst  sat isfactory structural

sandwich core rnater ial  and is st i l l  used for certain high-strength

appl icat ions. A recent exarnple is a Forrnula One racing car with

a lu rn inurn  sk in  on  ba lsa  core .  In  such uses  ba lsa  is  s l i ced  across

the grain and placed with the grain running perpendicular to the

skin. This provides high strength and E in that direct ion, and

can s tab i l i ze  rne ta l  sk ins  a t  fu l l  y ie ld  s t ress ;  i t  does  no t  inc rease

the shear strength or G, as is sornet irnes assurned. I t  is one

of the few cores that can suPport rnetal against denting without the

use o f  a  backup sheet .  A l l  re levant  p roper t ies  a re  very  h igh ,

but cost and supply are troublesorrre. Developing frorn i ts use

during World War I I  was a dense and fair ly r ig id foarned synthet ic

rubber that provided very strong, tough sandwich cornposites.

An in te res t ing  recent  var ia t ion  is  a  one-p iece ,  se l f  -sk inn ing ,

foarn-centre ABS rubber with intr iguing possibi l i t ies for car

bodies, boats, and any panels that rnust withstand abuse.

Arnong the earl ier plast ic foarns'  phenol ics seerned to

show prornise, and this st i l l  descr ibes their  posi t ion. I f  they

could be rt foarnedtr uni forrnly without cel l  wal l  disrupt ions, and

perhaps with a rnodified polyrner for better extensibility, they

should yield very desirable qual i t ies. Such product ion has been

dif f icul t  to achieve, al though there are recent indicat ions of

success .  In  the  rneant i rne ,  ce l l s  a re  open,  un i fo r rn i ty  i s  poor ,

strength and st i f fness are low, and water vapour transrnission

is high; dirnensional stabi l i ty,  ternperature resistance, and

res is tance to  ign i t ion  are  good.  For  var ious  reasons ,  o f ten

inc lud ing  cos t ,  o ther  p las t i c  foarns  such as  acry l i cs ,  ce l lu lose

aceta tes ,  u reas  and po lyes ters  have been rep laced by  the  few

p las t ics  descr ibed in  the  fo l low ing  sec t idns .

Wood f ibreboard and sirni lar board of sugar cane f ibre,

etc. ,  should be rnent ioned i f  only to arnpl i fy the creep cr i ter ia

d i s c u s s i o n  i n  S e c t i o n  3 . 5 .  T h e y  w e r e  u s e d  f o r  d e c a d e s  i n
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empi r ica l l y -des igned sandwich  boards ,  usua l ly  fo r  non- load-

bearing wal l  appl icat ions. On the f lat ,  they al low severe shear

creep even when kept dry.  A strong and stable var iat ion is

rnade by cutt ing the board into narrow str ips that are then placed

on edge and glued together paral lel  to the span to forrn a core

with no plane of weaknessl shear forces rnust cut through the

f ib res .  Good c reep res is tance is  repor ted  in  genera l  te r rns ,

suppor t ing  the  d iscuss ion  o f  Sec t ion  3 .6 .6 .  Fur ther ,  the

norrnal f lat  board is cornrnonly used as a structural  roof

deck (usual ly non-sandwich) despite i ts substant ial  creep

(46) as plotted in Figure 7. I t  is widely used with apparent

sat isfact ion, with designs control led to avoid exceeding an

arbi trary l /  L9O def lect ion l imit  under one year of test loading

at design load (46).  This and other roof experience strongly

suggests that a creep rate rnuch higher than that of  wood can

be tolerated for roof uses. High loads are seldorn i rnposed

and are not long sustained, thus al lowing prolonged recovery

p e r i o d s .

3 .7  .  Z .  HONEYCOMB CORES

High ternperature and stresses in aircraft  forced the

changeover frorn paper to alurninurn foil to FRP and even

stainless steel for honeycornb construct ions. Only the paper

types are appropriate in pr ice and propert ies for most bui lding

uses .  Tab le  I l [  shows proper t ies  o f  one grade (471,  bu t  these

versat i le rnater ials can be obtained in many densit ies and grades

with good and wel l - tested propert ies. Treatrnent of the kraft

paper with phenol ic resin assures adequate durabi l i ty (48) i f

the panels are rnade and assernbled in place to remain dry, or

at least drain freely at edges and joints.  Adhesives should

be chosen to rrwetrr  the honeycornb and skin to forrn a f i l let  to

distr ibute the shear stresses on the thin Paper edges. Creep

experience has apparent ly been quite sat isfactory. Metal

skins can be ful ly stabi l ized by the high strength of these hexa-

gonal paper structures, but the open cel ls provide l i t t le dent

resistance. Therrnal insulat ion is intr insical ly poor in Canadian

terrns, and the addit ion of inexpensive insulants in the cel ls

cornpl icates the appl icat ion of adhesives. For many uses

paper-phenolic honeycornb rernains the standard for structural

c o r e  s .
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3.7  .  3  EXTRUDED PARTICLEBOARD

This  Ger rnan deve loprnent  possesses  s ingu la r  advantages

for sandwich bui lding cornponents, as wel l  as sorrre adverse

qua l i t ies  tha t  shou ld  be  cons idered in  rnos t  des igns .  As  is  shown

in Figure 8, a tubular board can be extruded on a cont inuous

bas is  and the  who le  t ree  can be  we l l  used.  The par t i c les  tend to

p i le  up  in  p lanes  t ransverse  to  the  ex t rus ion  d i rec t ionand to  the

surface, which gives very good stabi l i ty,  strength, and E values

in  th ickness ,  i .  e .  perpend icu la r  to  the  sur face .  Thus  the  board

al lows loading to the ful l  strength of thin rnetal  skins, and

supports thern against dent ing without the use of backup boards.

At the sarne t i rne, this trextruded woodtt  behaves the

sarne a long i t s  leng th  as  does  wood across  the  gra in  -  essent ia l l y

what i t  is in this direct ion. I ts lengthwise strength and dirnensional

s tab i l i t y  a re  bo th  very  poor .  Thus  a  sus ta ined exposure  to  2O

per cent RH in the winter,  fol lowed by 75 per cent RH through a

surnrner could cause the free board to expand about Z pet cent in

length. I ts corresponding rnodulus E rnay be about 9r400 psi

at this higher hurnidi ty,  so that the board could develop a stress

o f  about  190 ps i  th rough i t s  c ross-sec t ion  i f  i t  were  res t ra ined

by  sk ins .

In pract ice, the f i rst  such humidity cycle can al low a
t rspr ingbackr r  (Sec t ion  3 .6 .7 )  o f  about  I  per  cent ,  wh ich  wou ld

add to  the  in te rna l  s t ress  un less  the  board  were  re laxed be fore

sandwich fabr icat ion by aging or wett ing and drying. The

presence o f  sk ins  and end c losures  o f  the  tubes  wou ld  reduce

the board response to such hurnidi ty environrnents. In European

pract ice, sandwich panels using treated hardboard skins on

ex t ruded wood have been used fo r  sorne  years  as  ex ter io r  wa l ls

and doors ,  w i th  no  repor ted  prob le rns  o f  core  exPans ion .

The lower  the  r rX- ra t io r t  the  lower  the  shear  s t ress  the

core  can exer t  on  the  adhes ive  layers  and sk ins  under  the  above

ccnci i t ions and the less the rnater ial  weight and cost.  This terrn

is convenient to designate the rat io of sol id rnater ial  to the whole

cross-sec t ion ,  a  bas ic  fac to r  in  the  des ign  o f  ex t ruded tubu la r

and other d.eforrned. core shapes. In Table I I I  the terrn jX refers

to  a  hypothe t ica l  core  w i th  an  X- ra t io  o f  | .  G iven the  charac ter is t i cs

of the rarn extruder with circular tubes, this might be about the

lowest  ra t io  ob ta inab le  w i th  th inner 'cores i  3 - in .  th ick  o r  Iess  ova l

o r  rounded rec tangu lar  tubes  cou ld  a l low a  lower  ra t io .  The
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approxirnate values in the table were est i rnated for this rat io.

For  so l id  s tock ,  the  ac tua l  dens i ty  wou ld  be  tw ice  tha t  g iven ,

the G and E perhaps I f  3 rnore'  and so on. The G and other

values could be increased rnarkedly by rnore cornplete bonding

in rnaking the rnater ial ,  i f  so desired, or the density and bonding

cou ld  be  fu r ther  reduced fo r  l igh t  uses  such as  in  par t i t ions .

In the present exarnple the tubes run paral lel  to the span.

The proper t ies  across  the  board ,  across  the  tubu la r  o r  rnach ine

d. irect ion, are about the sarne as the high propert ies perpendicular

to the surface. Thus sandwich corr lponents are sornet irnes rnade

with single wood veneers as skins, their  f ibres running in the

tube d i rec t ion .  The veneers  rnake a  s t rong sandwich  and res t ra in

the core in the tube direct ion; and the core i tsel f  provides good

st rength  and s tab j l i t y  in  the  c ross-d i rec t ion .  Most  o f  these

cornrnents and those propert ies shown in Table I I I  are derived

frorn prel i rnina.ry test ing on early runs of spruce-chip extruded

wood rnanufactured in Canada, using about 7 per cent urea resin

sol ids. They are indicat ive only and are not intended as conclusive

in an1, respect.  Pr ivate work is wel l  under way with var ious skins

on these prorn is ing  core  rna ter ia ls  (a9) .

3 .7  .4  DEFORMED PARTICLEBOARD AND HARDBOARD

This concept,  again, should al low conversion of the whole

tree to structural  cornponents" I t  is di f f icul t  to rnould long wood

f ib res  in to  deep ly - fo r f i Ied  shapes because o f  l i rn i ted  f low charac ter is t i cs ,

bu t  in  recent  years  severa l  p rocesses  have been deve loped.  Inso far  as

is known general ly,  no shapes have been produced for sandwichcore

purposes .  The core  type  ske tched in  F igure  9  (a )  p robab ly  cou ld  be

produced in  de for rned pressed rna ter ia ls  tha t  a re  essent ia l l y  hardboards .

Tabie I I I  l ists values deduced roughly for a hypothet ical  shape of

hardboard  s i rn i la r  to  F igure  9(a) ,  w i th  an  X- ra t io  o f  I f  IO.  Defor rned

par t i c leboard  processes  can produce core  shapes o f  sornewhat  th icker

section, say a rninirnurn X-ratio of 3/ 10, givilg anover-allcore specific gr:avity

o f  about  0 .  i5 .  These cou ld  a t  leas t  equa l  the  above proper t ies ,  and

cou ld  a lso  be  shaped as  in  F igure  9  (b )  to  suppor t  the  sk ins  fo r  fu l l

s tab i l i t y  and c len t  res is tance (50) .  A  subs tan t ia l  p ropor t ion  o f  f ib res

run  in  the  long c l i rec t ion  (span d i rec t ion) ,  so  tha t  such board  can be

a cornplete structural  pe.nel in i tsel f  without separate skins.
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3 . 7  . 5  E X T R U D E D  I I F O A M I '  P O L Y S T Y R E N E

This proprietary product of the Dow Chemical Cornpany is

the strongest of the polystyrene foarns and has long been a leading

core  rna ter ia l .  (Most  o f  these and the  fo l low ing  p las t i c  r r foarns t t

are not true foarns, but the terrn is useful  and descript ive

enough.  )  The proper t ies  in  Tab le  l l l 2 rs  der ived  la rge ly  f ro rn  a

recent  cor r rpany  repor t  on  sandwich  eng ineer ing  (51)  and are

self  -explanatory. Note the good insulat ion value and the high

water  vapour  res is tance tha t  can  ensure  f reedorn  f ro rn  con-

densat ion  in  bu i ld ing  pane l  uses  ( I9 ) .  Ternpera ture  so f ten ing

can be  t roub lesorne w i th  dark -co loured sk ins  in  ou tdoor  exposures '

part icular ly in roofs.  The rnodulus G is low so that panel

bending becornes a l i rni tat ion in rrrany spanning uses, but this

helps achieve rernarkable toughness and irnpact resistance with

this and other foarn plast ics. In the l ight of  the creeP cr i ter ia

of Sect ion 3.5 and creep experience with the bead foarn PoIy-
s ty renes  nex t  d iscussed,  the  manufac turer rs  suggested  va lues

for  sus ta ined shear  s t ress  rn igh t  weI I  be  conserva t ive .  In  any

case such cores  are  be t te r  su i ted  to  in te r rn i t ten t - Ioad uses ,

such as  in  wa l ls  and roo fs ,  ra ther  than to  f loors .  Meta l  sk ins

rnay require a back-up rnater ial  such as hardboard to provide

dent resistance and stabi l i ty against buckl ing.

3 . 7 . 6  B E A D  F O A M  P O L Y S T Y R E N E

These rnater ials are sornewhat sirni lar to the extruded

polystyrenes, except that rnost values are lower, including

costs. They can be foarned-in-place by heat fusion rnethods, and

their  low cost and arnenabi l i ty to fast product ion has rnade thern

popular for l ight ly- loaded panel appl icat ions. The propert ies indi-

cated in Table III are derived frorn the work of Hughes and trajda

(5?1.  Hurnrne l  (53)  showed c reep in  bend ing  shear  as  p lo t ted  in

Figure 5, and Brown (54) cornrnents on corrrpression l i rni ts in

shear that suggest that sustained load propert ies might be within

useful  l imits.  Solar ternperatures even on l ight coloured rnetal

sur faces  reduce the  s t rength  o f  these cores  and can cause

d r a s t i c  i n c r e a s e s  i n  c r e e p  r a t e s .
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3.7 .7  FOAMED RIGID POLYVINYL CHLORIDE

This  i s  one o f  the  s t ronges t  ther rnop las t ics  and i t s  foarn

proper t ies  a re  h igh .  Other  sources  suggest  tha t  the  G in  par t i -

cular can be double the values shown in Table I I I ,  which. are also

taken f rom Hughes and Wajda  (5?) .  These foarns  have no t  been

widely used in North Arnerica, but European developrnents have

p laced thern  in  r igorous  s t ruc tu ra l  sandwich  app l ica t ions .  Taa l -

and A lgra  (55)  repor t  on  the i r  toughness  and c losed-ce l l  advantages

in Dutch boat hul l  work. Their  creep plots can be interpolated for

re la t i ve  c reep a t  25  per  cent  o f  u l t i rna te  s t ress  and are  found to  f i t

F ind leyrs  rneasurernents  (45)  on  so l id  PVC creeP wi th  p rec is ion

(F igure  5) .  Other  au thors  suggest  tha t  sa fe  sus ta ined shear  s t resses

rnay be about one-f i f th the ul t i rnate shear for this foarn; this again

agrees with experience with sol id PVC. Sorne PVC foarns are

clairned to be part ial ly therrnosett ing, and general  ternperature

res is tance is  apparent ly  be t te r  than w i th  po lys ty renes .  Cos ts  can

be high.

3 .7  .  8  FOAMED POLYURETHANE

Three aspec ts  have rnade these rna ter ia ls  the  cent re  o f

attent ion as sandwich cores: they can be foarned in place between

skins; their  insulat ion I 'ktr  value can be extrernely good; and they

can provide their  own ful ly durable bond to rnany skin rnater ials.

On the  o ther  hand,  the i r  s t rength  proper t ies  a re  very  low fo r

sandwich spanning purposes (the values in Table I l [  are frorn

Stengard  (56) ) .  The unusua l ly  low ' rk "  va lue  is  due to  the  en t rapp ing

of  iner t  gases  and can be  per rnanent  in  fu l l y  c losed sandwich  uses .

Ternpera ture  res is tance can be  good,  bu t  d imens iona l  expans ion

and co l lapse prob le rns  can be  severe  un less  fo r rnu la t ions  are  we l l

des igned and cont ro l ted  (56 ,  341.  The c reep p lo t  on  F igure  7  f .o r

urethane core sandwich panels in bending shows that i t  stays close

to the wood band, at 3 psi  shear;  further test ing of other sarnples

of.  Z pcf indicates that this cont inues at a rnuch f lat ter s lope for

another  year  to  the  end o f  the  tes t .  Perhaps  uses  in  f loor  pane ls

shou ld  be  care fu l l y  cons idered,  bu t  roo f  o r  wa l l  uses  are  fu l l y

appropr ia te .

3 . 7 . 9  I N O R G A N I C  C O R E  M A T E R I A L S

In  bu i ld ing  cons t ruc t ion  as  aga ins t  a i rc ra f t  techno logy ,

i .he  incent ives  are  to  save rna ter ia ls ,  Iabour ,  and space ra ther

thar r  we igh t  a lone.  Hence the  long in te res t  in  u t i l i z ing  low-cos t
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inorgan ic  rna ter ia ls  as  sandwich  cores  desp i te  the  pena l ty  in

we igh t .  cornbus t ib i l i t y  and res is tance to  h igh  te rnpera ture  are

s t rong incent ives  in  th is  d i rec t ion .  Nor rna l l y  the  organ ic  ad-

hesives would forrn the weakest l ink in l i rni t ing f i re resistance

of a load-bearing sandwich. Possibly an inorganic bonding with

rnechanical  keying could overcorne this def ic iencYr ?s wi l l  be

d iscussed br ie f l y  in  Par t  lV .  ln  any  case,  there  are  no  success fu l

inorgan ic  c6res  fo r  t rue  s t ruc tu ra l  sandwich  cornpos i tes ,  inso far

as is known general ly.  Extensibi l i ty is the problern. As noted in

Sect ion  3 .3 ,  an  ex tens ib i l i t y  o f  about  O.25  per  cent  wou ld  su i t  rnos t

skin rnater ials,  but this is about three t i rnes the range of rnost

inorganic rnater ials.  This rnay no longer be a cr i t ical  l i rni tat ion;

latex polyrner addit ions are used now to toughen solr le inorganic

rna ter ia ls  fo r  cer ta in  uses ,  i .  e .  ,  la tex-ce f i len ts .  The usage i . s

crude as yet and no one knows the range of rnodif icat ion of

propert ies that could be obtained through sirnpie rnixing rnethods,

le t  a lone th rough l ink ing  a t  the  rno lecu la r  leve l .  Research  e f fo r ts

should be wel l  Sust i f ied. In Table I l [  calcium hydrosi l icate is

given to show the propert ies that could be rnod' i f ied and ut i l ized

if  extensibi l i ty could be irnproved.

3 .8  ADHESIVES

This is a cornplex area of rapid developrnent '  I t  is

general ly agreeC that the older rnethods of accelerated test ing,

deve loped by  and fo r  the  wood in te res ts  (ASTM C48I  -67  Cyc teA\ ,

rnay have l i t t Ie correlat ion with expected u$e of var ious rnater ials

in  sandwich  fo r rn .  As  has  been seen,  the  sandwich  ar rangernent

i rnposes  ex t re rne ly  }ow s t resses  on  the  core  and adhes ive .  Genera l

exper ience suggests  tha t  severa l  adhes ives ,  o ld  and new,  tha t

cannot  pass  the  above or  o ther  "bOi l ing ' t  tes ts ,  have per fo r rned

wel l  fo r  decades in  ou tc loor  s t ressed sk in  and sandwich  cornpos i tes .

They  can o f ten  be  fo r rnu la tec i  tO pass  such tes ts ,  bu t  cos ts  rnay

increase,  perhaps  qu i te  need le" " ty .  where  sk ins  and/or  coves

are  wood or  wood-produc ts ,  the  recent  c ross- l ink ing  po lyv iny l

co-po ly rners  can rneet  such tes ts  and shoutd  be  fu i l y  sa t is fac to ry ,

al lowing faster and rnore toLerant fabr icat ion than the olcier,

p roven pheno l ics  and resorc ino ls .

Case ins  and ureas  are  adequate  fo r  a l l  in te r io r  work  and

have proved sa t is fac to ry  fo r  we l l - rnade exposed pane ls  (5?) .

The rubber - res in  contac t  adhes ives  rnay  s t i l l  be  t roub lesorne

wiih wood products unless heat-react ivated and wel l  rol led. They
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are  perhaps  the  rnos t  versa t i le  and sa t is fac to ry  adhes ives  fo r  a l l

rnetal  skins, al lowing fast nip-rol l  larninat ion. Solar surface

ternpera tures  in  ex te r io r  uses  rnus t  be  care fu l l y  cons idered (58) .

The c ross- l ink ing  po lyv iny l  co-Po ly rners  a re  good w i th  ga lvan ized

s tee ls ,  and fo r  a l l  rne ta ls  i f  hea t -cured  and used on  porous  cores

(59) .  A I I  the  above adhes ives  are  c reeP f ree  w i th in  the  low s t ress

ranges o f  nor rna l  sandwich  ac t ion .  Adhes ive  cho ice  and usage is

one area where it is especially irnportant to check with the rnanu-

f a c t u r e r .

3 . 9  S P A N S

with a wide choice of mater ials of a control lable range

of propert ies, structural  sandwich design can involve a bewilder ing

range o f  poss ib i l i t i es ,  A  s i rnp le  s t i f fness  -span char t  fo r rns  a

useful  tool  for purposes of quick feasibi l i ty studies for one or

rnany cornbinat ions of rnater ials.  Figure 10 is such a chart .  The higher

c\ l rves can suggest part i t ion or curtain wal l  possibi l i t ies; the rniddle

ones ,  roo fs i  and the  lower  ones ,  f loors .  The EI -span re la t ions  are

precise, but the sandwich construct ions are intended only as typical

exarnples derived frorn the approxirnate E values of Table I I ,  not as

f inal  or precise exalnples. Note that for thin-skin exarnples EI

var ies  d i rec t l y  as  the  sk in  th ickness .  For  exarnp le ,  i f  one  w ishes  to

check the capacity of a steel skin sandwich with double the gauge

shown, the EI is read at the desired thickness and the new spans are

deterrnined using the doubled EI va1ue. Pure bending alone is con-

s idered  in  these curves .  Th is  i s  va l id  enough i f  the  core  G ranges

frorn 3000 psi  for long sPans to 8000 psi  for short  sPans'  or

cor rec t ions  can be  ca lcu la ted  as  d iscussed.
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LIMITATIONS POTENTIALS

Engineer ing  des ign  o f  a  cor r rponent  i s  one th ing ,  f ina l  deve loprnent

and acceptance o f  an  e f fec t i ve  sys tern  is  another .  Th is  i s  espec ia l l y  so

in  bu i ld ing ,  The per fo r rnance requ i re rnents  rnay  be  severe  bu t  a rb i t ra r i l y

de f ined,  i f  a t  a l l .  The rnarke t  i s  sca t te red .  The d is t r ibu t ion  is  in  many

hands a t  severa l  leve ls ,  and no  one group has  a  r r raJor  s take  in  the  f ina l

p roduc t  on  a  vo lu rne  produc t ion  bas is .  Other  r r rna jo r  app l iancesr r  have

evo lved f ree  o f  such a  f ragrnenta t ion  o f  con t ro l  and in te res t .  Much o f

th is  i s  beyond the  scope o f  the  present  d iscuss ion ,  bu t  an  a t te rnp t  w i l l

be  rnade to  cons ider  the  e f fec ts  and t rends  o f  sorne  la rger  fac to rs  in

bu i ld ing  use .

4 . 2  F I R E

Proponents of structural  sandwich bui lding systerns rnust

concern  thernse lves  w i th  what  cons t i tu tes  respons ib le  th ink ing  on

f ire safety and how such thinking rnay develop. This is di f f icul t .

This discussion wi l l  rely pr i rnar i ly on the Nat ional Bui lding Code

of  Canada,  L965,  and on  the  op in ions  o f  those rnos t  invo lved w i th

f i re technology and the evolut ion of the Code. The National Bui lding

Code of Canada is an advisory docurnent,  produced by an Associate

Cornrni t tee of the Nat ional Research Counci l  rnade up of Ieading

ind iv idua ls  f ro rn  p r iva te  indus t ry ,  indus t ry  assoc ia t ions '  research

groups ,  and o thers .  I t  i s  w ide ly  recogn ized as  a  Iead ing ,  con t inua l l y

evolving rnodel code and has been adopted in whole or in part  by

cornrnunit ies that include about three quarters of the countryrs populat ion.

As such, i t  has encouraged a trend throughout Canada toward uniforrn

acceptance a t t i tudes  on  an  eng ineer ing  per fo r rnance bas is ,  a l though

such att i tudes and abi l i t ies st i l l  d i f fer arr long rnunicipal i t ies.

F i re  sa fe ty  invo lves  the  fo l low ing  proper t ies :  f la rne  spread,

s rnoke ern iss ion ,  and fue l  load  w i th in  an  area ;  f i re  res is tance o f

cornponents  tha t  separa te  occupanc ies  or  bu i ld ings  f ro rn  each o ther ;

and s t ruc tu ra l  in tegr i t y  o r  res is tance to  co l lapse,  In  sandwich

cons t ruc t ions ,  f la rne  spread is  la rge ly  a  func t ion  o f  the  sk ins  a lone.

The prob le rn  i s  se ldorn  c r i t i ca l .  Tab le  I I  l i s ts  typ ica l  f la rne  spread

ind ices .  The Nat iona l  Bu i ld ing  Code o f  Canada,  1965,  es tab l i shes

rnax i rna  o f  I50  fo r  a l l  wa l l s  and ce i l ings  o f  assernb ly  ha I Is ,  ins t i tu -

t iona l  and res ident ia l  bu i ld ings ,  o r  any  ex i t  o r  cor r idor  lead ing  to

an ex i t .  In  add i t ion ,  the  la t te r  ex i ts  o r  cor r idors  rnus t  have 90
p e r  c e n t  o f  t h e  w a l l s  l i r n i t e d  t o ' 7 5 ,  o r  9 0  p e r  c e n t  o f  t h e r  u p p c r

ha l f  o f  the  wa l ls  l i rn i ted  to  25 .  Spr ink le r  ins ta l la t ions  a l low

cons iderab le  re laxa t ion  o f  these requ i re r r ren ts"  F la rne  sprcad

is  rece iv ing  rnore  ernphas is ,  and res t r i c t ions  rnay  becor le  rnore

r ig id  and un iversa l ,  app ly ing  even to  fu ln ish ings"
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srnoke ernission is recognized as a hazard under solne

condit ions, but i ts def ini t ion and correlat ion with safety have not

ye t  been poss ib le .  Obscur i ty  o f  ex i ts  and cor r idors  i s  obv ious ly

undes i rab le ,  bu t  dark  s rnoke a lso  serves  as  a  warn ing  o f  f i re

and of toxic gases that rnay be invisible in thernselves. Srnoke

ernission and colour wi l l  be given rnuch rnore attent ion in the

near  fu tu re ,  espec ia l l y  fo r  h igh  bu i ld ings .  In  sorne  cases  a t

p resent ,  the  rnore  the  sk ins  o r  f la rne- res is tan t  t rea tments  in -

hibi t  cornbust ion, the rTrore and blacker the srnoke erni t ted.

Organic rnater ial  industr ies are now sponsoring rnore intensive

studies on this and other f i re aspects and on their  real  rneaning

in terrns of bui lding safetY.

F i re  load is  a  v i ta l  fac to r  in  f i re  sa fe ty  tha t  i s  rece iv ing

new attent ion in bui lding design and regulat ion, and rnust cont inue

to do so. The terrn is def ined as the arnount of fuel  contained in

the  s t ruc tu re ,  expressed in  eq . r i va len t  we igh t  o f  wood fue l  per

square  foo t  o f  f loor  a rea .  The f i re  load obv ious ly  in f luences  the

f i re intensity and durat ion, and earl ier edi t ions of the Nat ional

Bu i ld ing  Code s ta te  e rnp i r i ca l  re la t ionsh ips  be tween f i re  res is tance

and f i re load (one-hour bui lding structure can safely contain l0 psf

f i re  load,  two-hour ,  20  ps f ,  and so  on) .  A l though no  longer  s ta ted

in  the  Code,  such re la t ions  are  sa id  to  have in f luenced the  present

requ i re rnents  and w i l l  corne  to  be  expressed be t te r  and cor re la ted

with bui lding safety.  l t  is di f f icul t  indeed to reduce these factors

to  a  sc ien t i f i c  bas is ,  espec ia l l y  fo r  h igh  bu i ld ings ,  bu t  i t  rnay  be

s ta ted  tha t  the  pas t  ins is tence o f  the  t tpur is ts r t  on  t tnon-cornbus t ib le

or nothingt,  is giv ing way to consiclerat ion of l i rni t ing the arnount of

cornbus t ib le  rna ter ia l  ( f i re  load)  o r  i t s  ra te  o f  re lease o f  energy ,

or  bo th .

The s t ruc tu ra l  sand.w ich  usua l ly  en ta i l s  a  low f i re  load.

As exarnples, the Nat ional Bui lding Code narnes wood frame

par t i t ions  as  acceptab le  w i th in  f loor  tenanc ies  o f  res ident ia l  and

cornrnercial  bui ldings within a wicle range of pararneters. Most

foarn plast ic and honeycornb core sandwich Part i t ions would con-

st i tute a f i re loacl  of  only a srnal l  f ract ion of that in such wood

frarne part i t ions. Extruded or deforrned r,vood f ibre cores rvor.r ld

be  cornparab le  to  wood,  f ra rne .  Where  f i re  res is tance is  re levant

i r r  such non- Ioad-bear ing  par t i t ions ,  the  sandwich  cons t ruc t ion

can aga in  be  cornpared w i th  wood f ra rne .  As  the  f i re  te rnpera tures

czrn  quLc l< Iy  des t roy  the  bond be tween the  core  and some sk ins ,
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part icular ly rnetals,  i t  is i rnportant to

the top of the panels or to the top joint

cont inue to  hang in  p lace .

p r o v i d e  s t r o n g  t i e s  a c r o s s

detai l  so that the skins

I f  te rnpera ture  r i se  on  the  unexposed face  is  cons idered

rnean ing fu l  ,  then  cores  o f  wood f ib re ,  honeycornb or  ther rnoset t ing

p las t ics  a re  p re fe r red  to  ther rnop las t ics  because the  fo r rner  can

rerna in  in  p lace  as  insu lan ts ,  desp i te  deep char r ing .  There  are

no concealed air  spaces running along rnost sandwich construct ions,

and f i re cannot spread within the panel f rorn igni t ion points on the

sk ins .  Genera l l y ,  the  use  o f  f la rne  - re ta rdant  o r  r rse l f  -ex t ingu ish ing t '

core rr iater ials would seetrr  of  l i t t le advantage. These cornrnents on

part i t ions should apply equal ly to curtain wal ls,  again assurning that

each skin is f i r rnly hung frorn a durable top connect ion.

Where sandwich f loors, roof s or wal ls assurne irnportant

load-bear ing  func t ions ,  f i re  res is tance becornes  c r i t i ca l ,  espec ia l l y

fo r  h igh  bu i ld ings .  As  tes t  exper ience ind ica tes  tha t  a  fas t -deve lop ing

f i re  can f i l l  a  house w i th  le tha l  concent ra t ions  o f  tox ic  gases  w i th in

rn inu tes  (60) ,  i t  has  been suggested  tha t  a  s t ruc tu ra l  f i re  res is tance

cr i te r ion  fo r  low houses  be  jus t  th is :  tha t  the  s t ruc tu re  shou ld

retain i ts shape and al low egress fot  at  least 10 rninutes in a ful ly

deve loped f i re .  A l though a l l  f i re - res is tance cornments  here  re la te

to  the  s tandard  ASTM t ime- te rnpera ture  curve ,  i t  has  been suggested

that this curve presents an abnorrnal rate of f i re developrnent and

this is under internat ional study. In any ci : ISe, a sandwich with

insulat ing or heat-dissipat ing skins with stabi l i ty at  high ternperatures

(plywood, asbestos-cernerrt ,  or gypsurn board) and using therrnosett ing

adhes ives  and cores  cou ld  sus ta in  loads  we l l  enough in  a  f i re  to  rneet

such a  res ident ia l  c r i te r ion  and rnore .

I f  rne ta l  sk ins  a re  used,  o ther  approaches w i l l  be  necessary .

Protected auxi l iary frarning could be arranged to retain integri ty

under norrnal dead loads. Al ternat ively,  the outer or unexposed

skin could be deeply corrugated to carry such dead loads in bending

or in colurnn act ion after the inner skin or adhesive had fai led.

Alternat ively,  the whole sandwich systern could be arranged in

fo lded p la te ,  bar re l  vau l t ,  o r  o ther  deep shapes,  so  des igned tha t

the outer skin and core alone could carry dead loads for suff ic ient

periods of t i rne. Such an approach could al low long-sPan roofs for

low bui ldings such as superrr larkets.  Final ly,  i t  rnay be that

res i l ien t  inorgan ic  core  rna ter ia ls  can be  deve loped,  and bonded

and keyed to rnetal  or other non-cornbust ible skins using starnped or
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brazed keys or rnesh to retain good bond. Such a sandwich could

perforrn wel l  in a f i re.  Only developrnents of this type could

al low econornic sandwich composites to perforrn pr irne load-

bearing funct ions in rnult i -storey bui ldings.

4 . 3  S O U N D

The l ight weight,  high st i f fness and integral  construct ion

of sandwich cornponents al l  work against their  use as sound

bar r ie rs .  The increas ing  requ i re rnents  fo r  rnovab le  par t i t ion

systerns for of f ices, schools and other uses forrn a natural  area

for sandwich systerns, but sound control  can be a real problern.

Perhaps the current trend arnong architects to dernand specif ic

values of sound insulat ion -  45 dB and up - is unreal ist ic in

terrns of norrnal dayt i rne userrs habits and wants. For exarnple,

off ice doors and areas are lef t  open so that the extra cost of

h igh- ra ted  par t i t ions  can be  a  waste .  Fur ther ,  as  i s  so  o f ten

ernphasized, false cei l ing space, air  ducts,  door gaps and

genera l  t t leaks"  in  the  jo in t ing  assernb l ies  can pass  so  rnuch

sound. that an expensive panel rnay have little effect on the final

environrnent.  In any case, when l ight weight part i t ions rnust

provide substant ial  sound pr ivacy i t  is better to twin the sandwich

pane l  assernb ly .

A I 'heavyl s ingle-sandwich part i t ion of good rnechanical

qual i ty (st i f fness) and superf ic ial  density of.  4 psf rnay yield a

Sound Transrn iss ion  C lass  ra t ing  (STC)  o f  25  dB.  Th is  i s

cons iderab ly  less  than the  Mass  Law wou ld  suggest ,  the

reduct ion being caused by the rrcoincidence dip.I t  This phenornenon

occurs at higher frequencies where the wave length of sound in

air  coincides with the bending wave length in the part i t ion, rein-

forcing the transfer of energy. I f  the panel is very f lexible

this coincidence dip can be moved beyond the test f requency so

tha t  i t  no  longer  reduces  the  per fo rmance ra t ing .  Ber ry rs  most

useful  paper on part i t ions of such weight for sound barr ier uses

(61) shows that such f lexibi l i ty rnust be in the order of.  ?- to

5- in.  sag for an 8-f t  long panel under i ts own weight (held

horizontal ly).  I f  the sandwich exarnple above were weakened

gross ly  to  be  as  f lex ib le ,  i t s  STC wou ld  be  about  30  or  h igher

( i .  e.  ,  twice as rnuch sound would be stopped).  Such f lexibi l i ty

would be undesirable in terrns of t radi t ional ly accepted st i f fnesses.
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Most  cornrnents  here  are  based on  Ber ry ls  paper ,  adapted  f ro rn

the Bri t ish sound rneasuring systern to the North Arnerican STC

as re levant .

I f  the weakened or thinner panel were then twinned to

crea te  a  doub le  wa l l  sys te rn ,  the  sound res is tance cou ld  r i se

wel l  above the Mass Law i f  certain relat ions were fol lowed.

The air  gap between the leaves rnust have a rninimurn thickness

to avoid resonant vibrat ion of the leaves on this elast ic air

co lu rnn .  Such resonance encourages  h igh  t ransrn iss ions  a t  the

lower  f requenc ies .  To  reduce such weaknesses  or  the i r  e f fec ts

on the STC systern, the air  gap between the independent leaves

should be about 4 in.  thick i f  each panel weighs 2 psf. ,  about

3  i n .  i f  3  p s f  ,  2 . 5  i n .  i f  4  p s f  a n d  s o  o n .

Where  space is  i rnpor tan t ,  as  i t  usua l l y  i s ,  the  use  o f  a

sound-absorbing rnater ial  in the cavi ty can al low the cavi ty thickness

to be halved, within l imits.  Al though i t  should be very soft ,  such

a rnater ial  can al low a surpr is ing transfer of load or bending

rnoverrrent f rorn one leaf to the other,  so that rnechanical  st i f  fness

of the assernbly can be increased considerably.  Flexible panels

can be rr lore f i r rnly braced by incorporat ing separate frarning in

each plane, or by placing the frarning in the cavi ty whi le using

fe l ts  o r  o ther  bu f fe rs  to  avo id  excess ive  t rans fer  o f  energy  (see

a lso  Sec t ion  4 .41 .  Ber ry  suggests  tha t  such approaches can

al low a 5 psf ( total  weight) double sandwich part i t ion to achieve

40 dB sound insulat ion or about I0 dB over the Mass Law. A

total  weight of l0 psf could be arranged sirni lar ly to yield 45-47

dB. The STC rat ings would be sornewhat higher than these Bri t ish

rat ings. The lat ter double sandwich could forrn a very good party

wal l  and, i f  non-load bearing, i ts f i re resistance also could be arnple.

4 . 4  J O I N T S

Designers of sandwich panel curtain wal ls often str ive for

two goals that needlessly cornplicate the attainrnent of adequate

perforrnance. The one is the atternpt to seal the outer surface

l ike a boat hul l ,  the other to achieve structural  cont inui ty frorn

panel to panel.  Concerning the lat ter,  seldorn is there anything

to gain frorn ful l  structural  jo ints.  The panels can readi ly span

f ro rn  spandre l  to  spandre l ,  in  one-  o r  two-s to rey  Jur r lps ,  o r
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part ial  panels,  rnul l ions or support ing gr ids can supPort the inf i l l

w indows.  A l l  ver t i ca l  jo in ts  need prov ide  t ransverse  a l ignment

on ly ,  to  re ta in  sur faces  and edges in  the  p Iane.

Rigid f ix ing to the pr irne structure should be avoided.

For exarnple, s ince the spandrel  bearn and f loor assernbl ies

of concrete rnay yield substant ial ly in creep def lect ion, straining

and warping of curtain wal l  assernbl ies have been observed due to

the i r  r ig id  ty ing  to  the  spandre ls .

I t  is a sirnple rnatter to avoid this by assernbl ing the

l ight sandwich panel wal ls so that they span as deep bearns

across the ful l  bay rnodules, vert ical ly supported at their  ends

only by cross wal ls or colurnns. The spandrel  or gr id back-up

can provide transverse support  along the top and bottorn edges

of this long assernbly,  al l  the supports al lowing rnovernent in

the plane of the panels.  The joints rnust accept the transient

or long terrn rrrovements while rnaintaining weather tightness

between the panels and the spandrel  structure, but this rnay be

easier to effect than is cornrnonly supposed.

such deep-bearrr  arrangernents of panels can be brought

about in a direct and calculable Inanner.  A dowel or dowels can

be set into the vert ical  jo ints to act as a shear key whi le providing

transverse al ignrnent too. Horizontal  t ies are let  into the top

and bottorn edges of the assernbled panels to pul l  thern together

and to act as the I t f langestt  of  the deep bearn, The sarne approach

has been found sirnple and effect ive for srnal l  northern bui ldings

where  i t  i s  des i rab le  to  use  the  pane ls  as  the  so le  s t ruc tu re ,  i .  e . ,

to forrn a sandwich rnonocoque unit .  Unusual edge locks and other

expensive detai ls may not be warranted. Wind racking loads are

very srnal l ,  but the deep-bearn approach can take the heavier

spanning loads caused by shifting foundations of such northern building

u n i t s  ( 2 0 1 .

A l I  too  o f ten  a  sandwich  approach is  chosen to  ensure

f la tness  on ly ,  wh i le  the  suppor t ing  s t ruc tu res  are  ar ranged as

before, rnaking no use of the panelts abi l i ty to do the ent ire job

i tsel f .  Part i t ion systerns are cornrnon exarnples. Often the

vert ical  lo ints are effected in the forrn of separate r igid posts

wh ich  are  thernse lves  d is t inc t  and cos t ly  t tSmal l  pane ls ,  r t  wh ich

can be  fa r  less  s t i f f  than  the  pane ls  they  t rsuppor t .  r r  Perhaps

sornething l ike the extruded vinyl  shapes of Figure l l  can be

adequate for penci l - l ine joining of such part i t ions, or for double

par t i t ions  fo r  sound cont ro l  purPoses .
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The sandwich  concept  encourages  the  use  o f  th in  pane ls

as  the  en t i re  wa l l  in  one,  f ro rn  in te r io r  to  ex te r io r  f in ish .  The

shal low joint  space becornes a problern in detai l ing for weather

proof ing, a problem that is receiving rnuch attent ion. The

tradit ional ef forts to provide al l  seal ing of such curtain wal ls

at or near the outer surface have always incurred cost ly di f f i -

cul t ies despite the development of sorne rernarkable elastorner

sealants. Accordingly,  sorne curtain wal l  rnanufacturers have

prornoted a double-seal,  internal draining approach for sorne

t irne. The Norwegians, especial ly,  have taken this approach

one good step further,  developing, test ing and using their  ' ropen

ra in  sc reent '  approach in  the  rnos t  severe  areas  o f  w ind  dr iven

ra in .

As appl ied to through-joints between one-Iayer wal l

corrrponents, the concept involves the placing of a loose shield

over the exter ior face of the joint ,  with the joint  gap having

free vent ing to the outside, fol lowed f inal ly by an air-seal

ptaced near the indoor side, Under uniforrn wind pressure no

pressure  d i f fe rence can ex is t  across  the  wet ted  por t ion  o f

the joint :  the vent ing rnaintains the joint  gap pressure equal

to  the  ou ts ide  pressure .  The shedd ing  o f  water  o r  snow by

the rain screen is thus great ly sirnpl i f ied. The ful l  wind

pressure  is  exer ted  on  the  a i r -sea l  bu t  i t  opera tes  under  d ry

condit ions.

A prograrn of exploratory, qual i tat ive test ing of rnany

shapes of Soints fol lowing this concept was carr ied out at the

Division of Bui lding Research to faci l i tate the development of

a  s t ressed sk in  nor thern  house (20) .  Recent ly -bu i l t  w ind- ra in

sirnulat ion apparatus was used to provide severe but uni forrn

a i r  p ressures ,  and then severe  non-un i fo r r r r  Pressures .  Even

the sirnplest plain-gap joints sirni lar to those i l lustrated in

F igure  lZ  (a )  adrn i t ted  no  water  under  un i fo r rn  a i r  p ressures .

When the r lwindrt  was of non-uniforrn pressure along the joint ,

or struck the surface at a slant,  or i f  the air  seal was opened to

forrn a large leak, such sirnple joints adrni t ted sorne water

through to the gasket,  and a l i t t le through such a leak. Such

condit ions cause air  currents to blow in,  along, and out of

the joint  gap in the windward side, or through-currents are
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set  up  in  the  las t  ins tance.  Prov is ion  o f  a  d is t inc t  en la rgernent

or  t ta i r  charnber "  as  in  F igure  12  (b )  can  serve  to  channe l  such cur ren ts

a long the  ou ter  por t ion  o f  the  jo in t ,  and to  ac t  as  a  r rse t t ing  bas in r r  to

al low any water to drop out.  Such joints proved trouble free in aII

labora tory  tes ts  and in  l im i ted  f ie ld  t r ia ls  o f  the  nor thern  pro to type.

The irnpl icat ions of such an approach for low bui ldings

are  s i rnp le .  The de ta i l  rnay  be  var ied  w ide ly  in  des ign  and

rnanufac ture ,  and assernb ly  to le rances  are  generous .  The a i r

seal i tsel f  can be a low-cost l i rnp plast ic f i l ler exert ing the

very  low pressure  requ i red  to  s top  even severe  w inds ,  and

accornrnodat ing rnovernent through rnult i - Iayer sl ip rather than

rnater ia l  d is to r t ion .  In  the  above labora tory  and f ie ld  t r ia ls ,

the gasket was forrned frorn 4 rni l  (0.  I  rnrn) polyethylene folded

in to  s ix  layers .  I t  w i ths tood repeated  and exaggera ted  rnovernents

la te ra1 ly  and t ransverse ly  w i thout  water  leaks .

Higher bui ldings rnay just i fy rnore precaut ions in such

open ra in  sc reen ar rangernents .  Th ick  water  f i kns  can bu i ld

up and travel hor izontal ly or upwards as wel l  as downwards.

Surface darns are bften recomrnended to break such f lows and

keep the  vents  open,  as  in  F igure  13  (a ) .  S lan t ing  w inds

crea te  p ressure  d i f fe rences  para l le l  to  the  wa l1  sur face  ac t ing

across  such pro t rud ing  ba t tens  as  those shown in  F igure  l l  (a ) ,

but a charnbered "Iegrt t  as shown, should sett le out any water

tha t  i s  pushed in  f rom the  s ide .  The s ize  and geornet ry  o f

such darns, vents and air  charnbers should be studied or checked

for  h igh  bu i ld ing  uses .  Isaksen (62 ' l  reconr rnends tha t  the

vert ical  air  charnbers or drains should lead to the outfal l  port ion

o f  hor izon ta l  jo in ts .  The de ta i l  o f  F igure  13  (b )  i s  adapted

f ro rn  h is  d iscuss ion  and ske tches  o f  hor izon ta l  jo in ts  fo r  concre te

pane l  sys terns .

4 .  5  POTENTIALS

Consider such studied est i rnates as that recent ly attr ibuted

to  Weissr r ran  o f  the  Un i ted  Nat ions  Cent re  fo r  Hous ing ,  Bu i ld ing

and Planningi within 35 years the construct ion rate rnust be

increased sorne  40  t i rnes  to  house the  wor ld rs  u rban growth l

b y  t h e  y e a r  2 , 0 0 0  s o r n e  4 , 0 0 0 , 0 0 0 , 0 0 0  p e o p l e  r n a y  b e  l i v i n g

in  c i t ies  and towns,  an  e igh t fo ld  g rowth  over  the  1950rs .

Then consider the cont inuous-belt  product ion of cornplete sandwich

sect ions that is feasible now with urethane foarn technologyl waII ,

part i t ion and roof sect ions could be produced at speeds in the

order of one hundred feet per rninute. I f  one such rnachine were

turned on ful l  t i rne i t  could forrn al l  the new housing supply in
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Canada.  The ex t ruded wood or  o ther  core  rna ter ia l  p rocesses

also could be l inked to cont inuous cornposite l ines with start l ing

i rnp l i ca t ions .  Ind igenous rTra ter ia ls  such as  a l l  f ib rous  rna ter ia ls

cou ld  be  deve loped to  f i t  such  idea l i zed  produc t ion  concepts  as

both  cores  and sk ins .  Perhaps  the  inorgan ic  expanded c lays ,

concre tes  or  o ther  l igh twe igh t  cores  cou ld  be  ex t ruded or  shaped

on a cont inuous basis,  and rnade in tough self  -skinning sandwich

for rn ;  th is  rnay  no t  be  very  fa r  beyond present  techno logy '

The connota t ions  need no t  be  s t ruc tu ra l .  Perhaps  one

of  the  b ig  needs a t  p resent ,  cons ider ing  the  popu lar i t y  o f .  la rge

window areas  and the  a t tendant  cos ts  o f  heat ing  and coo l ing '  i s

to  deve lop  a  screen o f  l igh t ,  over laPp ing  suspended sh ie lds

fo r  la rge  bu i ld ings .  These cou ld  be  c rea ted  in  vary ing  t rans-

lucencies with,  say vinyl  or acryl ic therrnoforrned skins on

th in  foarn  cores ,  eas i l y  rep laceab le  and invo lv ing  l i t t le  f i re

load.  They  cou ld  be  ar ranged in  vented  "sh ing le ' r  fash ion  to

a c t  a s  o p e n  r a i n  s c r e e n s ,  a s  w e l l  a s  s o l a r  s c r e e n s ,  f o r  t h e

pr i rne  wa l ls  and s t ruc tu re ,  and they  cou ld  use  very  l i t t le

rnater ial  s ince they would not be subjected to wind loads

except  a t  corners  and d iscont inu i t ies .

Heavy  cons t ruc t ion  po ten t ia ls  shou ld  no t  be  neg lec ted .

T h e  r e c e n t r t o r t h o t r o p i c n  b r i d g e s  a r e ,  o f  c o u r s e ,  s t r e s s e d  s k i n

structures that are prolr l i .s ing, al though perhaps not as advanced

yet  as  s tephenson and Fa i rba i rn rs  tubu la r  b r idge o f  I849 (Par t

I ) .  Cornp le te  sandwich  br idge spans  are  feas ib le ,  vary ing  in  sec t ion

depth ,  us ing  s tee l  sk ins  bc lnded to  cores  o f  inorgan ic  rna ter ia ls

or  t rea ted  wood par t i c le  cornpos i tes .  Much o f  the  above is

oversirnpl i f ied.,  as indicated. in the previous discussions, but

the  po ten t ia ls  a re  g rea t  and deve loprnenta l  p rograrns  are  we l l

war ran ted .
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EFFECTS OF CORE SHEAR MODULUS
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FIGURE 1 :  The Br i tann ia  Br idge o f  S tephenson and Fa i rba i rn ,  1849,

perhaps  the  f i rs t  la rge  s t ressed sk in  s t ruc tu re  (cour tesy

Lond.on Midland Region, Br i t ish Rai lway).
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Notat ion

Skin

Stra i  n  € Stress d '  Approx.  Stress
+1- ./ -u,*

FIGURE 3

STRESS & STRAIN DIAGRAMS

b

0r ig inal  Sect ion

(E1 -  E2 -  E3)

b l
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bt = b =-r-'  E I

Transformed Sect ion

FIGURE 4

METHOD OF TRANSFORMED SECTIONS
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(a)  Visco-e last ic (b)  Visco-e last ic-p last ic

FIGURE RHEOLOGICAL MODELS
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FIGURE 8

SECTION OF EXTRUDED TUBULAR PARTI  CLE BOARD

(a)  Corrugated Core (b)  Two-piece Panel

FIGURE 9

DEFORMED PRESSED PARTI  CLEBOAR D OR HAR DBOAR D CORE
AN D PANEL

84t 1/O4 - 5
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(a)  Single-par t i t ion Joint

(b)  Double-par t i t ion Joint

FIGURE I I

EXTRU DE D PLA ST I C JOINTS FOR PARTITION
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0uts ide

(a)  Simple Rain Screen Joint
-  No ra in penetrat ion under uni form wind pressure
-  Water  d ispersed throughout  gap wi th non-uni form

or s lant ing winds

0uts ide

(b)  Chambered Rain Screen Joint
-  No water  passed outer  a i r  chamber in  l imi ted

laboratory and f ie ld t r ia ls
-  Concept  apparent ly  qui te adequate for  low b ldgs.

FIGURE 12

BASIC RAIN SCREEN APPROACH FOR THROUGH-WALL JOINTS

nside Folded P las
Ai r  Sea l

ns ide
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Vents
at ten

Vert ica l

(a)  P lan Sect ion of  Ver t ica l  Jo int

Air  Sea l  Pad
Batten

r id Hor izonta l

Su r face Dam
to Break Upward
Moving Water  F i lms

(b)  Elevat ion Sect ion of  Hor izonta l  Jo int

FIGURE I3

AN OPEN RAIN SCREEN JOINT APPROACH FOR HIGH BUILDINGS
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