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i i

The prim ary o b j e c t iv e  o f  t h i s  in v e s t ig a t i o n  was t o  d eterm in e th e  

f e a s i b i l i t y  o f  u s in g  f ib r o u s  g la s s  r e in fo r c e d  p l a s t i c s  as a s tr u c tu r a l  

m a te r ia l in  farm b u ild in g  d e s ig n .

A r e v ie w  o f  l i t e r a t u r e  in d ic a te d  v e r y  few  in s ta n c e s  where g la s s  

r e in fo r c e d  p l a s t i c s  have been used  t o  p ro v id e  both  s t r u c t u r a l  member and 

c o v e r in g  la y e r  fo r  com plete s t r u c t u r e s .

A r i g i d  frame was chosen  as  th e  s t r u c tu r a l  form t o  be used  in  

th e  in v e s t i g a t i o n .  A m o d ified  T c r o ss  s e c t io n  was adopted  t o  p ro v id e  

d epth  o f  s e c t io n  t o  r e s i s t  bending moments and p rov id e  r i g i d i t y .  A two 

f o o t  w id th  o f  s e c t io n  would a llo w  co n v en ien t b u ild in g  c o n s tr u c t io n .

Based on a su rv ey  o f  com m ercia lly  a v a i la b le  p l a s t i c  r e s in s  and 

f ib r o u s  g la s s  r e in fo r c e m e n t, a m o d ified  epoxy and a p o ly e s te r  r e s in  

were used  w ith  10 ounce p la in  weave g la s s  c lo t h  as r e in fo r c in g  in  th e  

c o n s tr u c t io n  o f  th e  t e s t  s tr u c tu r a l  e le m e n ts . A s t r u c tu r a l  a n a ly s is  

was com pleted  t o  e s t im a te  s t r e s s e s  and d e f le c t io n s  in  th e  fram e.

A model a n a ly s is  o f  th e  frame was made t o  f a c i l i t a t e  th e  in v e s ­

t i g a t i o n .  D is to r te d  m odels were u sed  and p r e d ic t io n  f a c to r s  fo r  s t r e s s  

and d e f l e c t io n  e s t a b l is h e d  t o  t e s t  th e  h y p o th e s e s . Two m odels were  

b u i l t  o f  each r e s in ;  one e s s e n t i a l l y  a d is t o r t e d  model o f  th e  o th e r .

The la y o u t s c a le  betw een  th e  m odels and th e  f u l l  s c a le  frame was f o u r ,  

th a t  i s ,  th e  m odels w ere o n e -fo u r th  th e  s i z e  o f  th e  f u l l  s c a le  frame in  

la y o u t .  W ith a g iv e n  r e s i n ,  one model frame was b u i l t  f u l l  s c a le  in  

c r o s s  s e c t io n ,  th e  o th er  o n e -h a lf  s c a l e .

The two model fram es o f  each r e s in  w ere t e s t e d  by a p p ly in g  sh o r t  

term  s t a t i c  lo a d s  p erp en d icu la r  t o  th e  span th rou gh  a sy stem  o f h y d r a u lic  

c y lin d e r s  and lo a d in g  s h o e s .  Loads were a p p lie d  in  in crem en ts t o  e s ta b ­

l i s h  d e f i n i t e  lo a d - d e f le c t io n  and lo a d - s t r e s s  r e la t io n s h ip s  fo r  each  

fram e. The s p e c ia l  t e s t  f lo o r  p erm itted  t e s t i n g  th e  m odels in  a h o r i -  
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z o n ta l  p la n e . S t r a in  in  th e  ou ter  f ib e r  a t m idspan was measured by 

SR-4 s t r a in  g ages and d e f l e c t io n  m easured by d i a l  in d ic a t o r s .

M oduli o f  e l a s t i c i t y  and maximum s tr e n g th s  in  t e n s io n  and bend­

in g  were e s t a b l is h e d  fo r  each r e s in - g la s s  c lo t h  la m in a te  from sam ples 

cu t from  th e  f la n g e  s e c t io n s  o f  th e  model fr a m e s. The m oduli o f  e l a s ­

t i c i t y  i n  t e n s io n  w ere u sed  w ith  th e  SR-4 s t r a in  gage s t r a in  rea d in g s  

t o  r e l a t e  s t r e s s  t o  lo a d  on th e  fram e. The m oduli o f  e l a s t i c i t y  in  

bending were used  t o  e s t im a te  th e  d e f l e c t io n  o f  th e  fr a m e s .

Measured s t r e s s e s  and d e f le c t io n s  were compared w ith  e st im a te d  

v a lu e s  fo r  th e  phenomena fo r  th e  fou r m odel fram es t o  check th e  a n a ly s is  

o f  th e  s t r u c t u r e .  The p r e d ic t io n  f a c t o r s  fo r  s t r e s s  and d e f l e c t i o n  fo r  

th e  d is t o r t e d  m odels were compared t o  check th e  v a l i d i t y  o f  th e  model 

a n a l y s i s .  R easonab le agreem ent e x is t e d  in  a l l  co m p arison s.

Prom th e  r e s u l t s  o f  th e  in v e s t ig a t io n  th e  fo l lo w in g  c o n c lu s io n s  

w ere made*

(1 )  Epoxy and p o ly e s te r  r e s in s  r e in fo r c e d  w ith  g la s s  c lo t h  

produce a la m in a te  w ith  e x c e l le n t  m echanica l p r o p e r t ie s .

(2 )  The u se  o f s t r u c t u r a l  m odels perm its in v e s t ig a t io n  o f  

h y p o th eses  co n cern in g  m ech an ica l phenomena in  s t r u c t u r e s .  D is to r te d  

m odels ca u se  no in c r e a s e  in  d i f f i c u l t y  over tr u e  m odels in  th e  use o f  

model a n a l y s i s .

(3 )  F ibrous g la s s  r e in fo r c e d  p l a s t i c  r e s in s  can be used  w ith  

c o n fid en ce  in  farm b u ild in g  d e s ig n  and c o n s tr u c t io n .

(4 ) The s t r u c t u r a l  t e s t  f lo o r  w ith  th e  h y d ra u lic  lo a d in g  s y s ­

tem p ro v id es  a co n v en ien t and a ccu ra te  means fo r  a p p ly in g  s t a t i c  lo a d s  

t o  s t r u c tu r a l  e lem en ts such a s  th e  m odel fra m es.
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INTRODUCTION

Farm b u ild in g s  have t r a d i t i o n a l l y  b een  c o n str u c te d  o f  wood, 

m e ta l, m asonry, c o n c r e te ,  or com b in ation s o f  th e s e  m a t e r ia ls .  T h is  

does n ot n e c e s s a r i ly  im ply th a t  th e  use o f  one or more o f  th e s e  m ater­

i a l s  w i l l  a lw ays produce th e  b e s t  farm b u ild in g  t o  f i t  a s p e c i f i c  need* 

For many farm b u ild in g s  a su b sta n ce  w hich com bines some o f  th e  more 

fa v o r a b le  c h a r a c t e r i s t i c s  o f  th e  t r a d i t io n a l  m a te r ia ls  would h e lp  th e  

farm er in  h i s  sea r c h  fo r  b e t t e r  b u ild in g s*  For exam ple, a m a te r ia l  

w hich  com bines th e  im p erm ea b ility  o f  m e ta l, th e  l i g h t  w e ig h t o f  wood, 

and th e  decay r e s is t a n c e  o f  c o n c r e te  in  a d d it io n  t o  adequate m ech an ica l 

s tr e n g th  and h e a t  c o n t r o l ,  would be an e x c e l le n t  c h o ic e  fo r  m ilkhouse  

c o n s tr u c t io n *  JL b u ild in g  composed o f  r e in fo r c e d  p l a s t i c s  for  s tr e n g th  

and c o v e r in g  w ith  a foamed p l a s t i c  fo r  tem p eratu re  c o n tr o l would d i s ­

p la y  th e  above c h a r a c t e r i s t i c s  t o  a marked d e g r e e .

T his in v e s t ig a t io n  d e a ls  w ith  th e  u se  o f  g la s s  r e in fo r c e d  p la s ­

t i c s  t o  form  s t r u c t u r a l  u n it s  fo r  farm b u ild in g s*  The stu d y  may be 

d iv id e d  in t o  th e  fo l lo w in g  o b je c t iv e s *

1* t o  exam ine p l a s t i c  r e s in s  com m ercia lly  a v a i la b le  t o  d e te r ­

mine th o se  s u i t a b le  fo r  u se  in  s t r u c tu r a l  la m in a te s;

2* t o  e s t a b l i s h  a b u ild in g  form  w hich would be a c c e p ta b le  from  

a management v ie w p o in t  and w hich would be s t r u c t u r a l ly  sound;

3* t o  d eterm in e a method o f a n a ly s is  and t e s t i n g  t o  prove th e  

u t i l i t y  o f  th e  m a te r ia l;

4* t o  make a model a n a ly s is  and from such a n a ly s is  p r e d ic t  th e  

b eh a v io r  o f  th e  p r o to ty p e .
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LITERATURE REVIEW'

P l a s t i c  R e sin s

P l a s t i c s  are  d e f in e d  as  ”a la r g e  and v a r ie d  group o f  m ater­

i a l s  w hich c o n s i s t s  o f ,  or c o n ta in s  as a n  e s s e n t i a l  in g r e d ie n t ,  an  

o rg a n ic  su b sta n ce  o f  la r g e  m olecu la r  w eig h t w h ich , w h ile  s o l i d  in  th e  

f in is h e d  s t a t e ,  a t some s ta g e  in  i t s  m anufacture i s  made l iq u id  and 

th u s  ca p a b le  o f  b e in g  formed in t o  v a r io u s  sh a p e s , most u s u a lly  through  

t h e  a p p l ic a t io n ,  e i t h e r  s in g ly  or to g e th e r ,  o f  h ea t and p r e ssu r e ” (2 2 ) •  

P l a s t i c s  a re  su b d iv id ed  in t o  two g e n e r a l c a t e g o r ie s ,  th e r m o p la s t ic  and 

th e r m o se tt in g *  Lam inates and r e in fo r c e d  p l a s t i c s  a r e  th o se  m a te r ia ls  in  

w hich th e  p l a s t i c ,  u s u a l ly  in  a l iq u id  form , i s  used as a b in d er and 

s u r fa c in g  m a te r ia l in  c o n ju n c tio n  w ith  r e in fo r c in g  m a te r ia ls  such a s  

g la s s  m at, g la s s  c lo t h ,  p a p er , e t c .

From a rev iew  o f  th e  th e r m o se tt in g  r e s in s  a v a i la b le  tw o w ere  

c h o sen  t o  be u sed  in  th e  s tu d y . Epoxy r e s in  w hich i s  based  g e n e r a l ly  

upon e p ic h lo r o h y d r in  and b isp h en o l-A , and p o ly e s te r  r e s i n .  No attem p t 

i s  made t o  p r e se n t th e  ch em ica l fo rm u la tio n s  a s  th e y  a re  c o n s id e re d  t o  

be o u ts id e  th e  scope o f  th e  in v e s t ig a t i o n .

Epoxy R e s in

Commercial r e s in s  a re  a m ixture o f  p o lym ers. They c o n ta in  b o th  

ep o x id e  and h y d ro x y l groups cap ab le  o f  fu r th e r  r e a c t io n .  H andling pro­

p e r t i e s  such as pot l i f e ,  s t r e n g th , ch em ica l r e s i s t a n c e ,  h ig h -tem p era -  

t u r e  s tr e n g th  r e t e n t io n ,  and e l e c t r i c a l  p r o p e r t ie s  o f  th e  cured r e s in s  

a re  d i r e c t l y  dependent on th e  c u r in g  a g e n ts  ( 2 9 ) .  P r e se n t a p p lic a t io n s
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o f  epoxy r e s in s  in v o lv e  u se  o f  p o ly a m in es, as w e l l  a s  polyam ide r e s i n s ,  

a c id  a n h y d r id e s , and o th er  r e s in  ty p e s*  They a r e  g e n e r a lly  100 p ercen t  

r e a c t iv e ,  i * e * ,  no gas or l iq u id  i s  ev o lv ed  d u rin g  th e  c u r in g  p ro cess*  

Compared w ith  o th er  r e s i n s ,  epoxy r e s in  la m in a te s  p resen t th e  optimum 

m ech an ica l s tr e n g th  p r o p e r t ie s ,  e x c e l l e n t  th erm al in s  u la t in g  c h a r a c te r ­

i s t i c s ,  s h a t te r  and fungus r e s is t a n c e *  They can  he fo rm u la ted  t o  any 

v i s c o s i t y  and b len d ed  w ith  a v a r ie t y  o f  r e in fo r c in g  .a g e n ts  and f i l l e r s *  

They have e x c e l le n t  a d h es io n  q u a l i t i e s  (2 8 )*

P o ly e s te r  R e sin

A  p o ly e s te r  r e f e r s  t o  an u n sa tu ra ted  p o ly e a te r  b ase r e s in  d i s ­

so lv e d  in  a p o ly m er iza b le  monomer* P o ly e s te r  r e s in s  fo r  r e in fo r c e d  

p l a s t i c s  come g e n e r a l ly  from  th e  p o ly fu n c t io n a l u n sa tu ra ted  e s t e r s  such  

as d i a l l y l  phtha la t e *  They are  p olym erized  or cop o lym erized  through  

th e  use o f  p ero x id es*  The b ase  r e s in  component can be prepared from  

innum erable ch em ica l com b in ation s (2 6 , 27)*  B a sic  advantage o f  th e s e

m a te r ia ls  i s  th a t  th e y  s t a r t  as m ob ile  l iq u id s  and can be co n v erted

q u ic k ly  t o  s o l id s *  They are  a l s o  100 p ercen t r e a c t iv e *

F ib rou s G lass R ein forcem ent 

G la ss  f ib e r s  make e x c e l le n t  p l a s t i c s  re in fo rcem en t b e c a u se t  

1 .  th e y  have s tr e n g th s  g r e a te r  th a n  s t e e l ,

2* th e y  have f la m e , h e a t ,  and ch em ica l r e s is t a n c e  o f c er a m ic s , 

3* th e r e  i s  no m o istu re  a b so r p tio n ,

4* th e y  a r e  a v a i la b le  in  a lm ost u n lim ite d  q u a n t ity ,

5* th e y  d d v elo p  h ig h  in t e r f a c e  shear s tr e n g th s  w ith  many o f th e  

p la s t i c  r e s in s *

F ib ro u s  g la s s  re in fo rcem en t i s  a v a i la b le  in  mat form , a s  g la s s
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c lo t h  in  s e v e r a l  d i f f e r e n t  weave p a tte rn s*  and as r o v in g s*  G la ss  mat 

c o n s i s t s  o f  random le n g th s  o f  f ib e r s  w ith  no p a r t ic u la r  o r ie n ta t io n *  

G la ss  c lo t h  has th re a d s  in  two d ir e c t io n s  i n  th e  weave# Threads run­

n in g  p a r a l l e l  t o  th e  le n g th  o f  th e  c lo t h  are known as "warp” th rea d s*  

Those running a c r o ss  th e  c lo t h  and p erp en d icu la r  t o  th e  warp are r e f e r ­

red  t o  as " p ick ” t h r e a d s • In  p la in  weave th e  warps and th e  p ic k s  c r o s s  

a lt e r n a t e ly *  R ovings are  produced e s s e n t i a l l y  by w ind ing a number o f  

ends o f  s l i v e r  on to  a core*  They are n ot tw is te d  or p l i e d ,  but some­

tim es  a b in d er  i s  used  t o  h o ld  them to g e th e r  (10 )*

S p e c ia l  f in i s h e s  a re  a p p lie d  t o  g la s s  t o  improve i t s  w e t t a b i l i t y  

w ith  th e  r e s in s  • One such f i n i s h  i s  known a s  t̂ 114 in  w hich m eth a cry la te  

chrom ic c h lo r id e  i s  a p p lie d  t o  h ea t c lea n ed  fa b r ic  from an aqueous s o lu ­

t io n *  V olan  A. i s  an improved ^114 where th e  c h lo r in e  i s  h yd ro lyzed  o ff*  

A ccord in g  t o  B ro ssy , e t  a l  ( 8 ) ,  in d iv id u a l g la s s  f ib e r s  have in ­

t r i n s i c  s tr e n g th s  in  ex o ess  o f  500 ,000  p s i  fo r  con tin u ou s lo a d s and 

s tr e n g th s  h a l f  a g a in  as h ig h  fo r  lo a d s o f  sh o r t  d u ra tio n *  Roughly on e-  

h a l f  o f  t h i s  s tr e n g th  i s  l o s t  by sp in n in g  and w eaving th e  f ib e r s *  Ad­

d i t i o n a l  s tr e n g th  i s  l o s t  in  u se  in  g la s s  r e in fo r c e d  p l a s t i c s  b ecau se  

th e  t w is t e d  f ib e r s  cannot e q u a lly  sh are  a p p lie d  lo a d s*  The maximum 

s tr e n g th  o f  a l l  th e  f ib e r s  i s  not r e a l iz e d  s im u lta n e o u s ly  r e s u l t in g  in  

p r e f e r e n t ia l  f a i lu r e *  T his a cco u n ts  fo r  th e  curved  s t r e s s - s t r a i n  ourve  

fo r  com p o site  r e s i n - f i b e r  m a te r ia ls *  The c h a r a c te r  o f  th e  g la s s  su r fa c e  

i s  im portant in  d e v e lo p in g  bond w ith  p la s t i c  r e s in s  s in c e  a l l  th e  lo a d  

must be tr a n s fe r r e d  th rou gh  t h i s  bond by in t e r f a c e  shear •

I n  th e  work r ep o rted  by B ro ssy , e t  a l  ( 8 ) ,  b oth  epoxy and p o ly ­

e s t e r  r e s in s  were used  w ith  p a r a l l e l  g la s s  f ib e r s *  In d iv id u a l g la s s  

f i la m e n ts  were spun onto a r o t a t in g  drum and sprayed w ith  a b in d in g
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r e s i n  t o  p reserv e  t h e ir  r e l a t i v e  p o s it io n *  F le x u r a l t e s t s  made w ith  

sam ples la m in ated  from  th e s e  s h e e t s  d ev e lo p ed  dry maximum u lt im a te  

s tr e n g th s  o f  2 1 1 ,0 0 0  p s i  w ith  s p e c ia l  g la s s *  The im portance o f in t e r ­

f a c i a l  b on d s, g la s s  su r fa c e  n e u t r a l i t y  and b in d er  r e s in  i s  e s t a b l is h e d  

w ith  p a r a l l e l  g la s s  f ib e r  r e in fo r c e d  lam in ated *  T his i s  su p p orted  by 

T riv iso n n o  and Lee (3 0 ) ,  who found th e  s tr e n g th  o f  a d h e s iv e  bond b e­

tw een  r e s i n  and g la s s  can  be g r e a t ly  a l t e r e d  r e s u l t in g  in  in c r e a se d  

f l e x u r a l  s tr e n g th  o f  p o ly e s te r  la m in a tes  by th e  use o f g la s s  f in i s h in g  

a g e n t s •

G lass R e in fo rced  P l a s t i c  R esin s

R e in fo r c in g  Methods

A lth ou gh  th e r e  are  a v a i la b le  and in  u se  s e v e r a l  d i f f e r e n t  r e in ­

fo r c in g  m a te r ia ls  th e  d is c u s s io n  h ere  w i l l  be l im ite d  to  g la s s  f ib e r s ;  

s in c e  th e y  w i l l  produce a la m in ate  w ith  th e  most d e s ir a b le  m echanical 

and ch em ica l p r o p e r t ie s  fo r  farm b u ild in g s*  Used in  th e  mat form , th e r e  

i s  random o r ie n t a t io n  o f  th e  f ib e r s  Tnhich produces an a p p rox im ate ly  i s o ­

t r o p ic  m a te r ia l*  Many o f  th e  p ressu re  lam inated  p rodu cts u se  g la s s  mat 

f o r  s tr e n g th  and f i l l e r  as i t  i s  th e  l e a s t  e x p e n s iv e  o f  th e  forms o f  

g la s s  r e in fo r c in g *  However, i t  r e q u ir e s  about tw ic e  as much g la s s  mat 

t o  produce th e  same s tr e n g th  as w ith  g la s s  in  c lo t h  form* The r a t io  o f  

g la s s  t o  r e s in  v a r ie s  from  ap p rox im ate ly  7(tf> glass-3Q !£ r e s in  t o  BCffo 

g la s s -5 0 ^  r e s in  by volum e (31 ) •

One method o f  la m in a tin g  i s  t o  u se  g la s s  c lo t h  w hich produces  

an  o r th o tr o p ic  m a te r ia l*  Lam inates can be produced w ith  no p ressu re  

hand-w et layu p  or w ith  th e  a d d it io n ,  e i t h e r  s in g ly  or t o g e t h e r ,  o f  h ea t  

and p ressu re*  D ir e c t io n a l  re in fo rcem en t can  be o b ta in ed  by la y in g  

th re a d s  in  a p redeterm ined  p a t te r n  such th a t  maximum s tr e n g th  can be
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o b ta in ed  in  th e  d ir e c t io n  o f  ex p ected  maximum s t r e s s .  D onald son  and 

V e l l e u  ( 1 6 ) ,  d ev e lo p ed  d ir e c t io n a l ly  r e in fo r c e d  p l a s t i c s  w ith  t e n s i l e  

s tr e n g th s  up t o  1 2 0 ,0 0 0  p s i  a t  t e n s io n  m oduli up t o  5.9x10® p s i*  They 

found th e  e p o x ie s  a re  n o t s e n s i t i v e  t o  environm en ta l c o n d it io n s ,  abra­

s io n s ,  n o tch  e f f e c t s ,  e t c .  The e l a s t i c  l im i t s  o f  th e  la m in a te s  a re  

v e r y  c lo s e  t o  u lt im a te  s t r e n g t h s .

M echanical P r o p e r t ie s

T e s ts  have been  condu cted  w hich have e s t a b l is h e d  a f a i r l y  d e f in ­

i t e  range o f  v a lu e s  fo r  th e  m ech an ica l p r o p e r t ie s  o f  g la s s  c lo t h - r e in ­

fo r c e d  p l a s t i c s .  T y p ic a l v a lu e s  fo r  g la s s  c lo th - r e in f o r c e d  epoxy and 

p o ly e s te r  r e s in  la m in a te s  are  g iv e n  in  T able 1 .

TABLE 1

MECHANICAL PROPERTIES OF TWO PLASTIC RESINS 
REINFORCED TOTH CLASS CLOTHl

M echanical P ro p erty R esin s

Epoxy P o ly e s te r

Maximum s tr e n g th  in  bend ing ( p s i  x  10~^) 
Maximum s tr e n g th  in  t e n s io n  ( p s i  x  1 0 -3 )  
Maximum s tr e n g th  in  com pression  ( p s i  x  1 0 -3 )  
Modulus o f  e l a s t i c i t y  in  bending ( p s i  x  10“6 )  
Modulus o f  e l a s t i c i t y  in  t e n s io n  ( p s i  x  10-®)

4 5 -8 0  
3 5 -5 0  
50-90  

2 .0 - 3 .6  
2 .5 - 3 .5

50—63
4 0 -5 0
3 0 -6 0

2 .0 —3 .0
1 .0 - 2 .8

^data from Modern P l a s t i c s  E n cy clo p ed ia  I s s u e  XXX111 (1 9 5 5 ) .  

I n v e s t ig a t io n s  have shown th a t  g la s s  r e in fo r c e d  epoxy and p o ly ­

e s t e r  la m in a te s  serv e  e x c e p t io n a l ly  Trail over a w ide range o f  tem perature  

and h u m id ity . Lower tem p eratu res g e n e r a lly  r e s u l t  in  s l i g h t l y  h igh er  

s t a t i o  s tr e n g th  p r o p e r t ie s .
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The F o r e st P rod u cts L ab oratory , TJSDA, M adison, W isco n sin , has 

c a r r ie d  on an e x te n s iv e  program o f  t e s t i n g  and e v a lu a t io n  o f  p la s t i c  

la m in a te s#  W erren (3 1 , 3 2 , 3 3 , 3 4 ) ,  p r e se n ts  th e  r e s u l t s  o f  a number 

o f  t h e s e  t e s t s  on p o ly e s t e r ,  epoxy and p h en o lic  r e s in  la m in a te s#

V alu es o b ta in ed  fo r  th e  m ech an ica l p r o p e r t ie s  s u b s ta n t ia te  th o se  g iv e n  

i n  T able 1 ,

D e lla  Rocca ( 1 2 ) ,  r e p o r ts  th a t  f ib e r  g la s s  r e in fo r c e d  p o ly e s te r  

r e s in  la m in a te s  e x h ib i t  v e r y  l i t t l e  c reep  a t  room tem p eratu res#  In  r e ­

la t in g  th ic k n e s s  o f  la m in a te  t o  s tr e n g th  i t  appears th a t  o n e -e ig h th  

in ch  th ic k n e s s  g iv e s  th e  optimum s tr e n g th  p r o p e r t ie s#  He c o n s id e r s  

r e in fo rcem en t and m old ing method t o  be o f  prim ary im portance t o  lam in­

a te  p r o p e r t ie s  and v a r ia t io n s  due t o  r e s in  fo r m u la tio n , h u m id ity , e t c # ,  

as b e in g  secondary s in c e  t h e i r  e f f e c t ,  w h ile  im p ortan t, can be m inim ized  

w ith  proper q u a lity  c o n tr o l#

F a tig u e  C h a r a c te r is t ic s

A lth ough  c y c l i c  lo a d in g  I s  g e n e r a lly  not c o n s id e re d  in  farm  

b u ild in g  d e s ig n , i t  i s  n e c e ssa r y  t o  have some knowledge o f  f a t ig u e  

c h a r a c t e r i s t i c s  o f  a new m a te r ia l b e fo r e  com plete a ccep ta n ce  fo r  d e s ig n  

and c o n s tr u c t io n  purposes*

U sing 5x 106 c y c le s  as c r i t e r i o n  fo r  f a t ig u e  s tr e n g th  in  f le x u r e ,  

F r ie d  ( 1 7 ) ,  found th a t  th e  r a t io  o f  f a t ig u e  s tr e n g th  t o  u lt im a te  s t a t i c  

s tr e n g th  ranged from  0#20 t o  0*30 fo r  p o ly e s te r  r e s in  w ith  la m in a te s  

u s in g  a com b in ation  o f  g la s s  c lo t h  and mat# No endurance l im it  was 

reach ed  up t o  107 c y c le s  a lth o u g h  th e  d a ta  appeared t o  be approaching  

an  asym ptote*

For f a t ig u e  t e s t s ,  Mara ( 2 1 ) ,  used  r e c ta n g u la r  c r o ss  s e c t io n  

c a n t i l e v e r  beams o f  both epoxy and p o ly e s te r  r e s in  r e in fo r c e d  w ith
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lo n g i t u d in a l  f i b e r s  co n tin u o u s over th e  le n g th  o f  th e  beam. F a ilu r e  

was in  sh ear in  th e  form  o f  d e la m in a tio n  b eg in n in g  a t  th e  n e u tr a l a x i s • 

He p lo t t e d  shear s t r e s s  v e r su s  th e  lo g a r ith m  o f  th e  c y c le s  and n o ted  

th a t  th e  *knee * o f  th e  S-N  curve appeared betw een  10^ t o  10^ c y c l e s .  

U sing  th e  knee as a f a t ig u e  s tr e n g th  v a lu e ,  th e  r a t i o  o f  f a t ig u e  

s tr e n g th  t o  u lt im a te  s t a t i c  s tr e n g th  i s  ap p ro x im a te ly  20 p ercen t fo r  

p o ly e s te r  r e s in  la m in a te s  and 32 p ercen t fo r  epoxy la m in a tes#

B o ile r  (7 )  determ ined  fa t ig u e  s tr e n g th  based  on a x ia l  lo a d in g .  

A t a f a t ig u e  s tr e n g th  f o r  t e n  m i l l io n  c y c le s  th e  r a t io  o f  fa t ig u e  

s tr e n g th  t o  u lt im a te  s t a t i c  s tr e n g th  ranged from 20 t o  25 p ercen t fo r  

p o ly e s te r  la m in a te s  t o  40  p ercen t fo r  epoxy la m in a te s . Both were room 

tem p eratu re  cu r in g  r e s in s *  He found th a t  m o istu re  e f f e c t s  th e  f a t ig u e  

s tr e n g th  o f  stand ard  p o ly e s te r  r e s in s  o n ly  s l i g h t l y  (2 p ercen t o f  s t a t i c  

t e n s i l e  s tr e n g th  a t  t e n  m i l l io n  c y c l e s ) ;  fo r  epoxy r e s in  la m in a tes  th e  

change i s  i n s i g n i f i c a n t .  Both m a te r ia ls  show a d e c re a se  in  s t a t i c  and 

f a t ig u e  s tr e n g th s  a t  in c r e a se d  tem p era tu re .

In  f le x u r a l  f a t ig u e  t e s t s  o f  32 d i f f e r e n t  p o ly e s t e r ,  ep oxy , and 

p h e n o lic  r e s in s  lam in ated  w ith  e i t h e r  g la s s  c lo th  or g la s s  m at, Fusey  

( 2 4 ) ,  found th a t  th e  p o ly e s te r s  o f f e r  th e  w eak est f a t ig u e  s t r e n g t h s .

The c h o ic e  o f  r e s in  i s  s i g n i f i c a n t  w ith in  th e  ep oxy  group but c h o ic e  o f  

hardener w ith in  th e  same group has no s ig n i f i c a n t  e f f e c t .  He a l s o  n oted  

th a t  g la s s  c lo t h  produces s tr o n g e r  la m in a tes  th an  g la s s  mat and th a t  

c lo t h  f i n i s h  e f f e c t s  f a t ig u e  s t r e n g th .  U sing th e  f a t ig u e  s tr e n g th  a t  

t e n  m i l l io n  c y c l e s ,  th e  r a t i o  o f  f a t ig u e  s tr e n g th  o f  a l l  la m in a te s  t o  

s t a t i c  f l e x u r a l  s tr e n g th  i s  24 p e r c e n t .
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P r e se n t  Use o f  R e in fo rced  P l a s t i c s

One o f  th e  many a p p l ic a t io n s  o f  r e in fo r c e d  p l a s t i c s  i s  in  sand­

w ich  c o n s tr u c t io n  w hich c o n s i s t s  g e n e r a lly  o f  a low  d e n s ity  c o r e  w ith  

g la s s  r e in fo r c e d  p l a s t i c  s u r f a c e s • P a n e ls  b u i l t  in  t h i s  manner are  

used  p r im a r ily  a s  non lo a d  b ea r in g  w a lls  in  s t r u c t u r e s ,  a s  r e f r ig e r a t o r  

w a lls  and o th er  i n s t a l l a t i o n s  where t h e ir  e x c e l le n t  in s u la t in g  q u a l i t i e s  

a r e  in  demand and a s  p a n els  in  a i r c r a f t ,  tr u c k  t r a i l e r  and b oat h u l l  

d e s ig n  ( l l ,  12 )*

There has been  e x t e n s iv e  u se o f  r e in fo r c e d  p la s t i c  p a n els  fo r  

l i g h t i n g  and d e c o r a t iv e  purposes in  home and com m ercial c o n s tr u c t io n *  

R ecent u ses  o f  t h e s e  p a n els  or fo r  s im ila r  la m in a tes  in c lu d e s  p a n els  

fo r  g e o d e s ic  dome c o n s tr u c t io n , sm a ll b oat d e s ig n , and radome c o n s tr u c ­

t io n *  Epoxy r e s in  la m in a te s  a re  b e in g  used in  K e lle r  m odel c o n s tr u c t io n  

fo r  th e  au tom otive  t o o l  and d ie  in d u s tr y  (1 9 )*

A 'new* house co -sp o n so red  by MIT and Monsanto Chem ical Company 

has been  b u i l t  in  w hich th e  f lo o r  s e c t io n s  a re  h o llo w  g ir d e r s  c o n s is t in g  

o f an o u ter  molded p o r t io n  and an in n er  f l a t  s e c t io n *  Woven ro v in g  

r e in fo r c e d  p o ly e s te r  r e s in  la m in ate  i s  used  fo r  th e  su r fa c e  sk in s*

D ietar, e t  a l  ( 1 4 ) ,  in  r e p o r t in g  th e  p r o j e c t ,  in d ic a te  a w orking s tr e n g th  

o f  50 p ercen t o f  u lt im a te  s t a t i c  s tr e n g th  was used  in  d e s ig n  o f  th e  

house com pon en ts. S in c e  th e  d e s ig n  was f a i r l y  cam p les, f u l l  s c a le  

p r o to ty p e s  o f  p o r t io n s  o f th e  house w ere b u i l t  and te s te d *  F u l l  d e s ig n  

lo a d  h e ld  on th e  f lo o r  fo r  s i x  weeks produced no a p p r e c ia b le  creep*

The s tr u c tu r e  r e a c te d  as  d e s ig n  c a lc u la t io n s  had p red ic ted *

G lass r e in fo r c e d  epoxy r e s in  p a ra b o lic  r e f l e c t o r s  show no creep  

or d i s t o r t io n  a f t e r  th r e e  y ea rs  s e r v ic e  (20)*  S u c c e s s fu l  f u l l  s c a le  

t e s t s  on g la s s  r e in fo r c e d  p o ly e s te r  r e s in  s p h e r ic a l  radomes o f  2 1 , 31 ,
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and 55 f e e t  e q u a to r ia l  d iam eter  have been conducted  and th e  radomes a re  

now in  s e r v ic e  under a r c t i c  c o n d it io n s *  The 21 f o o t  radome i s  m olded, 

th e  31 f o o t  and 55 fo o t  radomes a r e  b u i l t  o f  s t i f f e n e d  tr ia n g u la r  p a n e ls*  

The s tr u c tu r e s  r e a c te d  w ith in  th e  a ccep ta n ce  l im i t s  e s t a b l is h e d  from  

s t r u c t u r a l  a n a ly s is  and p re lim in a ry  t e s t s  ( l l ) *

Frame A n a ly s is

Most te x ts :  on in d eterm in a te  s tr u c tu r e s  p r e se n t one or more

methods fo r  a n a ly z in g  r ig id  fram es* In  a l l  c a se s  use i s  made o f  th e

d isp la cem en t c h a r a c t e r i s t ic s  o f  th e  s tr u c tu r e  t o  provide th e  eq u a tio n s  

n e c e ssa r y  fo r  s o lu t io n *  The most b a s ic  method i s  th a t  known as V ir tu a l  

Work or E la s t i c  Energy* In  frame a n a ly s i s ,  when th e  d efo rm ation  i s  

p r im a r ily  f l e x u r a l ,  th e  en ergy  due t o  shear and a x ia l  s t r e s s e s  i s  

g e n e r a l ly  ig n o red  as i t s  c o n tr ib u t io n  i s  a  v e r y  sm all p ercen ta g e  o f  th e  

t o t a l  e l a s t i c  energy  o f th e  s tr u c tu r e  (4 ,  5)*

Model A n a ly s is

A m odel i s  a d e v ic e  w hich i s  so  r e la t e d  t o  a p h y s ic a l  system  

th a t  o b se r v a tio n s  on th e  model may be used  t o  p r e d ic t  th e  fu tu r e  per­

form ance o f  th e  p h y s ic a l  system  in  a g iv en  r e s p e c t  (2 )*  In  many eng­

in e e r in g  problem s i t  becomes ad v a n ta g eo u s, even  n e c e ssa r y  a t  t im e s , t o  

u se m odels t o  p r e d ic t  perform ance o f  a p h y s ic a l  sy stem . A ccu ra te  p re­

d ic t io n s  can be made i f  th e  p r in c ip le s  o f  model th e o r y  and s im i l i t u d e  

are em ployed c o r r e c t l y .

The P r e d ic t io n  E q u ation

A d e p en d a b le  p r e d i c t i o n  e q u a t i o n  can  b e s t  be o b ta in ed  through

th e  use o f  d im en sion a l a n a ly s is *  The developm ent o f th e  id e a  o f  dim en-

s io h a l  a n a ly s is  has b een  a t t r ib u te d  g e n e r a lly  t o  Buckingham and
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Bridgeman* The theorem  i s  d ev e lo p ed  from a c o n s id e r a t io n  o f  th e  dim en­

s io n s  i n  w hich  each  o f  th e  p e r t in e n t  q u a n t i t ie s  in  a phenomena e x i s t *

a phenomena, a s e t  o f  d im e n s io n le ss  and independent term s can  be 

e s t a b l is h e d  by a co m b in a tio n  o f  d im en sio n a l a n a ly s is  and th e  Buckingham  

P i theorem * The Buckingham P i theorem  s t a t e s  th a t  th e  number o f  dim en- 

s io n le s s  and ind ep en dent q u a n t i t ie s  r eq u ir ed  t o  ex p r ess  a r e la t io n s h ip  

among th e  v a r ia b le s  i n  any phenomena i s  eq u a l t o  th e  number o f  quan­

t i t i e s  in v o lv e d  minus th e  number o f  fundam ental d im en sion s in  w hich  

t h e s e  q u a n t i t ie s  may be ex p ressed *  In  e q u a tio n  forms r = n -  a ,  where 

r  i s  th e  number o f  P i te r m s, n i s  th e  number o f  q u a n t i t ie s  and a  i s  

th e  number o f  fundam ental d im ensions in v o lv ed *  A problem  i s  g e n e r a l ly  

s e t  up such th a t  one P i  term  i s  ex p ressed  as a fu n c t io n  o f  th e  rem ain­

in g  te r m s, i . e . ,  TTj = F(TT2  , TT  ̂ ,***TT ) • The o n ly

r e s t r i c t i o n s  p la ced  on th e  P i term s are th a t  th e y  be d im e n sio n le ss  

and independent* A g e n e r a l p r e d ic t io n  eq u a tio n  in v o lv e s  d eterm in in g  

th e  r e la t io n s h ip  betw een  th e  P i term s as e x p r essed  a b o v e .

A g e n e ra l th e o r y  o f  m odels can  be d evelop ed  by e x te n s io n  o f  th e  

e q u a t io n  g iv e n  a b o v e . The e q u a tio n  fo r  th e  p ro to ty p e  i s

S in ce  t h i s  e q u a t io n  i s  p e r f e c t ly  g e n e ra l i t  can  be a p p lie d  t o  

any o th er  s im ila r  p h y s ic a l  system * Hence i t  a p p lie s  i n  p a r t ic u la r  t o  a 

m odel o f  th e  p r o to ty p e . Thus

In  g e n e r a l ,  g iv e n  a  s e t  o f  p h y s ic a l  q u a n t i t ie s  w hich d e s c r ib e

IT, = F(Tr2 ,TTg , • • • Trr ) Cl)

(2 )

An e q u a tio n  fo r  p r e d ic t in g  TTj tr<m  i r |in can  be m ost s im p ly  

o b ta in ed  by d iv id in g  e q u a tio n  ( l )  by e q u a tio n  (2 )*
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TT| FCTTg ,T T3  ,  • • • TTr )

^Im F(lT2irt>1T3m' ' ‘ ‘ ^ rm  *

Now, i f  th e  m odel i s  d e s ig n ed  such th a t

"^2 8 "^2m’ *^3 “ ^ 3 m  1 5 ^ r m (3 )

th e n

U )

T h erefore

E q u ation  (5 )  becomes th e  p r e d ic t io n  eq u a tio n  fo r  th e  system  and 

must be v a l id  i f  e q u a tio n s  (3 )  (known as th e  d e s ig n  and o p e r a tin g  c o n d i­

t i o n s )  are s a t i s f i e d .

I f  a l l  th e  d e s ig n  c o n d it io n s  are s a t i s f i e d ,  th e  m odel i s  s a id

t o  be a ‘t r u e 1 m o d el. I f  a l l  th e  d e s ig n  c o n d it io n s  a re  not s a t i s f i e d ,

th e  b eh a v io r  o f  th e  m odel may be d is t o r t e d  w ith  r e fe r e n c e  t o  th e  fa c to r s  

in c lu d e d  in  th e  co rresp o n d in g  P i term s and th e  p r e d ic t io n  e q u a tio n  may 

be a f f e c t e d  m a t e r ia l ly .

In  g e n e r a l ,  th e  d e s ig n  c o n d it io n s  w i l l  in v o lv e  d is ta n c e s  in d ic ­

a t iv e  o f  th e  s i z e  o f  m odel and p r o to ty p e . The r a t io  o f  a g iv e n  d is ta n c e  

on th e  p ro to ty p e  t o  th e  co rresp o n d in g  d is ta n c e  on th e  model i s  known as  

th e  le n g th  s c a le  and i s  d e s ig n a te d  as n .  L =

S tr u c tu r a l  m odels

S tr u c tu r a l  m odels are g e n e r a l ly  c o n s tr u c te d  fo r  th e  purpose o f

stu d y in g  b eh a v io r  under lo a d .  The b eh av ior  i s  th en  e v a lu a te d  in  term s

o f  r e s is t a n c e  t o  f a i l u r e .  T h e re fo r e , th e  problem i s  one o f  e v a lu a t in g  

d e f l e c t i o n  and s t r e s s .
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D e f le c t io n s  and s t r e s s e s  are fu n c t io n s  o f  ( l )  geom etry , ( 2 ) lo a d s  

and r e s t r a i n t s ,  and ( 3 )  p r o p e r t ie s  o f  th e  m a te r ia l*  The e f f e c t  o f  two 

r e s u l t a n t  fo r c e s  on a sh o r t le n g th  o f  a  s tr u c tu r a l  member i s  one or more 

o f  th e  fo llo w in g *

1* a x i a l  t e n s io n  or co m p ressio n ,

2* c r o s s  s h e a r ,

3* t o r s io n ,

4  • bend ing •

The resp on se  o f  th e  member t o  th e  a c t io n  o f  th e s e  fo r c e s  i s  a 

fu n c t io n  o f  th e  geom etry and p r o p e r t ie s  o f  th e  m a te r ia l*  For exam ple, 

i f  a member i s  su b jeo te d  t o  b en d in g , th e  p r in c ip a l  moments o f  in e r t ia  

and d is ta n c e s  from  th e  n e u tr a l a x is  are th e  im portant geom etric  ch arac­

t e r i s t i c s ,  w h ile  th e  m oduli o f  e l a s t i c i t y  and some measure o f  f le x u r a l  

s tr e n g th  are th e  r eq u ir ed  p r o p e r t ie s  o f  m a te r ia l*

A tr u e  s t r u c tu r a l  model i s  ex p ected  t o  g iv e  a c cu ra te  in fo rm a tio n  

about s t r e s s  and deform ation*

F req u en tly  i t  i s  not p o s s ib le  t o  s a t i s f y  a l l  th e  d e s ig n  c o n d i­

t io n s  fo r  a  tr u e  m odel* A model so  d es ig n ed  th a t  one or more o f  th e  

d e s ig n  or o p e r a tin g  c o n d it io n s  i s  n o t s a t i s f i e d  i s  known as a d is t o r t e d  

m odel* D is t o r t io n  may e x i s t  in  any one or a com b in ation  o f  th e  th r e e  

p r in c ip a l  fa c to r s  in v o lv ed  i n  s t r u c tu r a l  a n a ly s i s ,  v i s * ,  s t a t i c s ,  geom- 

©"fcry, and p r o p e r t ie s  o f  th e  m a te r ia l*  The p r e d ic t io n  eq u a tio n  fo r  a 

d is t o r t e d  m odel may be e s t a b l is h e d  by d eterm in in g  a p r e d ic t io n  fa c to r  

S  such  th a t

1 I i  *  & l r lm

Murphy ( 2 ) g iv e s  p r e d ic t io n  fa c to r s  fo r  s t r e s s  and d e f l e c t io n  

b ased  on th e  fou r  b a s ic  ty p e s  o f  lo a d in g *  The p r e d ic t io n  f a c t o r ,  S ,
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i s  g iv e n  i n  term s o f  a  d i s t o r t i o n  fa c to r  • V a lu es o f  8  are  g iv e n  

fo r  e x a c t ,  p a r t i a l ,  and no s im i la r i t y  o f  c r o s s  s e c t io n  betw een  m odel 

and p r o to ty p e .

14



THE INVEST IG&T ION

P r e lim in a ry  C o n s id e r a tio n  

The r ev ie w  o f  l i t e r a t u r e  in d ic a te s  u se  o f  r e in fo r c e d  p la s t i c s  

i n  many a rea s  w ith  a g r e a t  d e a l o f  su c c e s s*  However, w ith  a few  excep ­

t i o n s ,  t h e i r  u se  i n  b u ild in g  c o n s tr u c t io n  has been  l im ite d  t o  corru gated  

or f l a t  s h e e t s  a s  w a l ls  and r o o f  p a n e ls  fo r  l i g h t  and /or a r c h it e c t u r a l  

e f f e c t ,  or a s  sk in s  i n  sandw ich c o n s tr u c tio n *

As a  gu id e t o  a  f i n a l  c h o ic e  o f  s t r u c t u r a l  shape and c r o s s -  

s e c t i o n ,  th e  fo l lo w in g  p o in ts  were c o n s id e r e d ; The form shou ld

1* p ro v id e  c le a r  span  fo r  optimum f lo o r  and space u t i l i z a t i o n ,

2* perm it pre fa b r ic  a t  io n ,

3* p rov id e s k in  and frame as an in t e g r a l  u n i t ,  and 

4* a l lo w  co n v e n ie n t b u ild in g  exp an sion *

U sing  th e  gu id e p o in ts  l i s t e d ,  a r ig id  frame v/as d esig n ed  as  

shown in  F igu re  1* The f o r t y  fo o t  span was ch o sen  as b e in g  maximum fo r  

farm b u ild in g s *  Ten f o o t  s id e w a lls  should  be ample fo r  m ost a p p l ic a t io n s ,  

A lo n g  r a d iu s  was u sed  t o  h o ld  head room t o  a minimum and s t i l l  a llo w  

w ater t o  move o f f  th e  su r fa c e*  The frame can  be e r e c te d  on c o n c re te  pad 

fo o t in g s  w ith  sim p le  anchor s tr a p s  and b a c k f i l l  p ro v id in g  adequate foun­

d a t io n  supp ort*

The m o d ified  T c r o s s - s e c t io n  perm its th e  c o n s tr u c t io n  o f  th e  

s k in  and frame a s  an in t e g r a l  u n it*  The a d h esiv e  q u a l i t i e s  o f  th e  r e s in s  

p ro v id e  a s tr o n g  w eld  betw een  stem  and f la n g e ,  p e r m itt in g  th e  s e c t io n  

t o  a c t  a s  a u n it*  Expanded p o ly s ty r e n e  a c t s  i n  th e  dual r o le  o f  s t i f -  

fe n e r  and in s u la to r  • The 24 in c h  w id th  o f  s e c t io n  w i l l  a l lo w  b u ild in g
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r i p are
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L A Y O U T

j i xpanded  p o l y s t y r e n e

G la s s  c l o t h  r e i n f o r c e d  
p l a s t i c  r e s i n  la m i n a te

1.  La you t  a no c r o ' s s - s e c t i o n  o f  e x p e r i m e n t a l  r i ^ i a  f rame o f  p^lass
c l o t h  r e i n f o r c e  a p l a s t i c  r e s i n  l a m i n a t e s  snu  e x p a n d e d  p o l y s t y r e n  
Gee T a o l e  2 fo r  d i m e n s i o n s  of p r o t o t y p e  and r r o a e l s .
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e r e c t io n  in  in c r e m e n ts . A d ja cen t u n it s  can  be fa s te n e d  to g e th e r  e i t h e r  

by u se  o f  a r e s in  and g la s s  c lo t h  b a t te n  on th e  j o in t  or by u s in g  m a stic  

i n  th e  j o in t  and fa s te n e r s  ( b o l t s ,  r i v e t s ,  e t c . )  a t  in t e r v a ls  a lon g  th e  

common e d g e . The r e s i n - c l o t h  b a t te n  would p rov id e a permanent w a ter ­

t i g h t  j o i n t .

F ig u re  2 i s  a d e f i n i t i o n  sk e tc h  fo r  e s t a b l i s h in g  geom etric  r e la t io n s h ip s  

u sed  i n  th e  a n a l y s i s .

r e a c t io n  component a t  A i s  ch osen  as th e  red u n d an t. The problem  becomes 

one o f  d e term in in g  X^ such  th a t  th e  h o r iz o n ta l  d isp la cem en t a t  A i s  eq u a l 

t o  z e r o .

t i o n  o f  X^, F igure 3 o , th e  d isp la cem en t due t o  th e  uniform  lo a d  1w* 

p lu s  th e  d isp la cem en t due t o  th e  u n it  lo a d , i s  made eq u a l t o  z e r o .

Frame A n a ly s is

The frame a n a ly s is  was made u s in g  th e  method o f  V ir tu a l  Work.

The frame i s  in d eterm in a te  t o  th e  f i r s t  degree so  th e  h o r iz o n ta l

W ith a v ir t u a l  u n it  lo a d  a c t in g  h o r iz o n t a l ly  a t  A in  th e  d ir e o -

J fm ^ /f e l jd s  +  X^ m^ds/tel (1)

i n  w hich th e  in t e g r a ls  are e v a lu a te d  over th e  e n t ir e  fram e.

R e fe r r in g  t o  F ig u res  3c and 3 d , th e  fo llo w in g  moment e q u a tio n s

apply*

For th e  colum ns i n  th e  reduced s tr u c tu r e ;

\  * 0 , m -= y .

For th e  beam, from th e  end t o  the c e n te r ;  (x  s  0 t o  x  = L /2 );  

My; = -w L x/2 +  w x 2 /2 , m = h +  y .

T h e r e fo r e , th e  in t e g r a ls  above become;
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w #/f+

.Arrrrj

x = d i s t a n c e  fr^m the o u t s i d e  o f  
trie l e g  to-ward the c en te r  o f  
the span.

x = l/ 2 -  r sine*; cos© + r cos^sin©

y — d i s t a n c e  from trie top o f  the  
c o l urn.

y = r co3s(cose + r sin«(sin£ +• D

r = rad ius  of curvature  o f  the 
beam.

D = y 0 “ r

y ^ ~  t o t a l  r i s e  of  the r o o f .

h = h e ig h t  o f  the column.

°< -  o n e - h a l f  the c e n t r a l  a n g l e .

9 = v a r i a b l e  a n g le .

610 = increment in ©.

ds * r d© , arc l e n g th  a long  the  
be am •

w = i n t e n s i t y  o f  the uniformly  
d i s t r i b u t e d  load on the aeam 
in  # / f t  o f  beam, l e n g t h .

L/2 = o n e - h a l f  the span.

(A l l  l e n g th s  are in f e e t ,  a n g le s  
in ra di ans )

Figure 2 .  D e f i n i t i o n  sk e tch  for  the frame a n a l y s i s .
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w # / f t
L _ L  c

w # / f t

Xa

O r ig in a l  s t r u c tu r e  
(a)

Reduced s t r u c t u r e  
(*}

a J c - ^  jLr i m

Moment d i s t r i b u t i o n  on the reduced s t r u c t u r e  due to a u n i t  load a p p l ie d  
at A.

(c )

L
w # / f t

Moment d i s t r i b u t i o n  on the reduced s t r u c t u r e  due to a un iform ly  d i s t r i ­
buted  load .

( * )

F i n a l  moment d i s t r i b u t i o n  on the frame.

(e )

Figure 3 .  Load and moment diagrams for  s o l u t i o n  o f  the r i g i d  frame.
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r *  >
2 rw /E I J  (-L h x /2  -V h x 2 /2  -  Lyx/2 ■¥ x2y/2  )d© + 2 ^ /f e I  I y2dy

°  <* S  (2 )
♦  2Xj1>r / t e l  J  (h2 +  2hy + y 2 )d0 = 0 

o

S u b s t i t u t in g  th e  proper e x p r e ss io n s  fo r  x ,  y ,  h ,  and r (g iv e n  

i n  F ig u re  2 and T able 2 ) in t o  e q u a tio n  ( 2 ) and perform ing th e  in t e g r a t io n ,

%  = 1 1 .2 ti#  (3 )

The moment a t  th e  ju n c t io n  o f  beam and column i s  th u s 1 1 2 i # - f t ,  

and a t  th e  crow n, -65.6w jj£-ft • The maximum s t r e s s  w i l l  be a t  th e  j o in t ;  

t h e r e f o r e ,  w ith  a  d e s ig n  lo a d  o f  6 < # /f t  o f  beam and u s in g  th e  c r o s s -  

s e c t io n  shown i n  F igu re  1 , (d im en sion s from T able 2 ) ,  th e  s t r e s s  i n  th e  

o u ter  f ib e r s  o f  th e  stem  w i l l  be 1 2 ,5 0 0  p s i .  T his i s  w e l l  below  th e  

s tr e n g th  v a lu e s  l i s t e d  in  T able 1 as t y p i c a l  fo r  g la s s  r e in fo r c e d  p la s ­

t i c s .  Assum ing maximum com p ressive  s tr e n g th  o f  3 0 ,0 0 0  p s i ,  t h i s  would  

p rov id e a s t r e s s  f a c t o r  o f  s a f e t y  o f  2 .5 .  The f in a l  moment d i s t r ib u t io n  

fo r  th e  frame i s  shown in  F igu re 3 e .  In  a frame such as t h i s  o n e , th e  

en erg y  due t o  sh ear and a x ia l  lo a d in g  i s  v e ry  sm a ll compared t o  ben d ing  

en erg y ; t h e r e f o r e ,  t h e i r  e f f e c t s  were ig n ored  in  th e  a n a ly s i s .

From th e  p r e lim in a ry  a n a ly s is  i t  became apparent th a t  th e  con­

s t r u c t io n  o f  4 0  fo o t  span fram es would r eq u ire  c o n s id e r a b le  amounts o f  

m a te r ia ls  and r e p re sen ted  a la r g e  in v estm en t in  funds fo r  m a te r ia ls  and 

c o n s tr u c t io n  la b o r .  T h e re fo r e , t o  reduce the c o s t  fo r  t e s t  fra m es, a  

m odel a n a ly s is  was com pleted  w hich a llo w ed  t e s t i n g  th e  h y p o th e s is  a t  

l e s s  expense ev en  though tw o m odels were req u ired  t o  v a l id a te  th e  a n a l y s i s .
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TABLE 2

IAYOUT AND CROSS-SECTION DIMENSIONS OF 
THE FRAME AND THE MODELS

. m . L i i  I . 111 J -1 .............. ■ • i .  "f". I «-*

D im ension

S tr u c tu r e L
( f t )

g
( f t )

h
( f t )

r b 
( f t )  ( in )

c
( in )

d e 
( in )  ( in )

t
( in ) ( in 4 ) ( in )

Frame 40 2 10 100 24 1 .5 8 4 0 • 125 40 6 .2

Model
E025050 10 0 .5 2 .5 25 12 0 .7 5 4 .3 8  2 (1 ) 3 .0 3 3 .3 8

E025100 10 0 .5 2 .5 25 24 1 .5 8 4 3 5 .9 0 5 .5 5

P025050 10 0 .5 2 .5 25 12 0 .7 5 3 .7 5  2 .1 3 4 .1 3 2 .8 2

F025100 10 0 .5 2 .5 25 24 1 .5 7 .7 0  4 .1 9 4 4 .2 9 5 .66

(-l-)See F igure 4 fo r  lam in ate  th ic k n e ss  o f  th e  m odels#

Model A n a ly s is

The m odel a n a ly s is  in v o lv e s  c h o ic e  o f  la y o u t and c r o s s - s e c t io n  

s c a l e s ,  m a te r ia l t o  be u sed , and d ev e lo p in g  p r e d ic t io n  eq u a tio n s  fo r  th e  

d e s ir e d  phenomenon*

The f i r s t  s t e p  i s  t o  d ev e lo p  p r e d ic t io n  eq u a tio n s  for  s t r e s s  

and d e f l e c t i o n  o f  th e  m o d els , th e  two fa c to r s  w hich b e s t  d e sc r ib e  th e  

a c t io n  o f  a s t r u c tu r a l  member under load *  T his i s  done u s in g  th e  d e v e l­

opment p r e se n ted  in  th e  l i t e r a t u r e  r e v ie w .

P r e d ic t io n  E q u a tio n  fo r  S t r e s s

The v a r ia b le s  and t h e ir  r e s p e c t iv e  d im ensions t o  be c o n s id e re d

are I
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V a r ia b le s  D im ensions

s x  s t r e s s  F-L”2

L = le n g th  o f  span L

A * any le n g th  ( la y o u t ) L

= any le n g th  ( c r o s s - s e c t io n )  L

w * lo a d / f o o t  o f  beam F-L“l

E s  modulus o f  e l a s t i c i t y  i n  t e n s io n  F-L~2

From t h i s  s x f ( L ,  w , E )

There are s i x  v a r ia b le s  and tw o fundam ental q u a n t i t ie s ;  th e r e ­

f o r e ,  th e r e  w i l l  be 6 - 2  = 4 P i term s*

TT1 = sL /w , TT2 = V l ,  TT3 = rJ/L, TT4 = w/EL

or

“" i  s  t t 2 ,  t t 3 ,  t t 4 )

The same term s ap p ly  t o  th e  model*

*^lm “ s m'̂ ‘W /win* *̂ *2m “  ^m/̂ m* "̂ *3m ” *^*4m= wra/^

and

"^lm “ ^ 2 m ' "^3ma

The d e s ig n  c o n d it io n s  become;

V .  *  W  V L a  V * *

The o p e r a tin g  c o n d it io n s  a r e ;

■w/fcL = l y ^ , ^

And th e  p r e d ic t io n  e q u a tio n  fo r  s t r e s s  i s  

sL/w = s mLn/w m
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P r e d ic t io n  E q u a tio n  fo r  D e f le c t io n

V a r ia b le s  D im ensions

d = d e f l e c t io n  L

L = le n g th  o f  span L

X = any le n g th  ( la y o u t )  L

= any le n g th  ( c r o s s - s e c t io n )  L

w = lo a d / f o o t  o f  beam F-L“^

B s  modulus o f  e l a s t i c i t y  in  bending F-L"^

From t h i s  d a f ( L ,  X , w , E )

A g a in  th e r e  are s i x  v a r ia b le s  and tw o fundam ental q u a n t i t ie s ;  

th ere fo re*  th e r e  are 6 - 2 = 4  P i term s •

TTj “ TT2 = fyh,  TTg = TT4  = w A L

and fo r  th e  m od el,

^ lm  ~ *^2m s *^3m " ^*4m “ ^W^m^m

The d e s ig n  c o n d it io n s  are*

h /L  = X „ A i .  \A >  * ^ n A a

The o p e r a tin g  c o n d it io n s  a re;

W/&L s  " j A A a

And th e  p r e d ic t io n  e q u a tio n  fo r  d e f l e c t io n  i s  

d /l i  -

The d e s ig n  c o n d it io n s  in d ic a te  th a t  th e  model and pro to typ e  

sh o u ld  be g e o m e tr ic a l ly  s im ila r  and th e  o p era tin g  c o n d it io n s  g iv e  th e  

lo a d  r e la t io n s h ip .

A le n g th  s c a le  o f  fou r was u se d , or L *  41 ^ . T his s c a le  was 

s a t i s f a c t o r y  fo r  la y o u t  but i f  used fo r  th e  c r o s s - s e c t io n  would r e s u l t  

in  a v e ry  t h i n  s k in  w hich would oause d i f f i c u l t y ,  b o th  in  c o n s tr u c t io n  

and i n  b eh a v io r  under lo a d . T h e re fo r e , d is t o r t e d  m odels were u se d ,
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t h a t  i s ,  th e  c r o s s - s e c t io n  s c a le  d i f f e r e d  from th e  la y o u t s c a le *

When a d is t o r t e d  m odel i s  u se d , th e r e  have t o  be tw o m odels;

e s s e n t i a l l y  one a d is t o r t e d  model o f  th e  o th er*  T his i s  n e c e s sa r y  in

order t o  * prove* th e  m odel* I f  th e  p r e d ic t io n  eq u a tio n s  fo r  th e  d i s ­

t o r t e d  m odels are proven  c o r r e c t ,  th e n  th e  in fo rm a tio n  secu red  from th e  

t e s t s  ca n  be a p p lie d  w ith  c o n fid en ce  t o  th e  f u l l  s c a le  s tr u c tu r e *

For th e  d is t o r t e d  m od el, th e  d e s ig n  c o n d it io n s  a re ;

?\/L -  Ajq/Ljjj,

■where £  i s  th e  d i s t o r t i o n  fa c to r *

From Murphy ( 2 ) ,  th e  p r e d ic t io n  fa c to r s  fo r  s t r e s s  and d e f l e c t i o n  

c o n s id e r in g  bending ty p e  lo a d s ,  a re ; fo r  d isp la ce m e n t, o(4 ,  fo r  s t r e s s ,  

o(3 * i s  d e f in e d  = o(4I  /  n4 ,  n  i s  th e  le n g th  s c a l e ,  I  i s  th e

moment o f  i n e r t i a  o f  th e  c r o s s - s e c t io n *

T h e r e fo r e , th e  p r e d ic t io n  eq u a tio n s  become

(sL/W) / (sjjjLjjj/Wj )̂ = * 3 .  (a /L  y U n / L n )  = c<4 .

R e fe r r in g  t o  th e  o p era tin g  c o n d it io n s ,  

w/tSL =

i f  th e  same m a te r ia l i s  used  in  model and p r o to ty p e , th e n

w/ wm = E^ /Em̂ im ~ V̂̂ *m = n *

From th e  p r e d ic t io n  e q u a tio n  fo r  s t r e s s  

(s/s^CL/Ljn) (wjq/ w) = o(3, s „ oC3sm.

From th e  p r e d ic t io n  eq u a tio n  fo r  d e f l e c t io n

^ / U d n A )  = <*4 .  d ■ 11 < A i .

The r e la t io n s h ip  betw een model E 0 2 5 0 5 o (l)  and th e  f u l l  s c a le

frame

(•^The m odel frame d e s ig n a t io n .  E in d ic a te s  epoxy r e s in ,  th e  
f i r s t  3 d i g i t s  in d ic a te  la y o u t s c a l e ,  ( e . g . ,  050 s  o n e -h a lf  s c a l e ) ,  th e  
l a s t  3 d i g i t s  in d ic a te  c r o s s - s e c t io n  s c a l e ,  ( e . g . ,  050 = o n e -h a lf  s c a l e ) .
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n  = L/Lj, = 4 ,  ^  = 2 H m

O f4  =  ( 4 ) 4 d ) 4  =  16 

<X = 2

Thus*

s as 8Sjjj5 d — 64dj^

The r e la t io n s h ip  betw een model E 025100 and th e  f u l l  s c a le

frame

n -  4 ,

o<4 = (4 )4 ( l ) 4  -  256 

oC * 4  

Thus I

s s  6 4 sm, d 1024dm

Frame A n a ly s is  fo r  The Models

The g e n e r a l e q u a tio n s  d evelop ed  fo r  th e  a n a ly s is  o f  th e  f u l l  

s c a le  frame a l s o  a p p ly  t o  th e  m odels* T h e re fo r e , th e  e x p r e s s io n s  fo r  

L, h ,  x ,  y ,  and r fo r  th e  model as in d ic a te d  i n  F igure 2 and T able 2 , 

w ere s u b s t i t u t e d  i n  e q u a t io n  (2 ) g iv in g

= 2 .7w  #

Thus th e  moment a t  m idspan fo r  th e  model i s

XA (h +  g )  -  wL2 /8  = -4 .4 w  # - f t

The s t r e s s  a t  m idspan i s  

s = Mj/ I  *  ~ 5 2 * 8 w c/l 

The d e f l e c t i o n  a t  th e  crown (m idspan) was e s t im a te d  by th e  

method o f  V ir tu a l  Work. A u n it  lo a d  was assumed t o  a c t  a t  th e  crown i n

th e  d ir e c t io n  o f  th e  ex p e c ted  d isp la cem en t*  The frame i s  in d eterm in an t

t o  th e  f i r s t  d egree so  a g a in  th e  h o r iz o n ta l  r e a c t io n  a t  A was assumed as 

th e  redundant t o  ta k e  advantage o f  th e  p rev io u s a n a ly s i s .  The v a lu e  o f
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d eterm in ed  due t o  a. u n it  v e r t i c a l  lo a d  a c t in g  a t  th e  crown i s  0.445j^*

The e q u a t io n  fo r  d e f l e c t io n  a t  th e  crown i s

rh J *
6C -  2 J (m M ^/felJds +  2 I (m B ty fc^ d s

o o

From 0 t o  h ,  = 2 .7 y ,  m = 0 .4 4 5 y , d s ^ d y .

From 0 t o  L /2 , = 2.7wh + 2.7w y -  (w L /2)x + (w /2 )x ^ ,

m = 0*445h ■+• 0 .4 4 5 y  -  0«5x,

ds = rd©.

C arryin g  out th e  in d ic a te d  o p e r a t io n s , s u b s t i t u t in g  e x p r e s s io n s  

fo r  x ,  y  and ds as in d ic a te d  in  F igure 2 and g iv e n  in  Table 2 , th e  

d e f l e c t i o n  a t  th e  crown i s

dc = ( 0 . 12x 106

The r e la t io n s h ip  betw een  th e  m odels b u i l t  w ith  a g iv e n  r e s i n ,  

u s in g  th e  c r o s s  s e c t io n  d im ension s fo r  th e  fou r  m odels g iv e n  in  T able 2 ,  

and F ig u re  4 , i s  g iv e n  in  Table 3* In  th e  fo llo w in g  d is c u s s io n ,  th e  

frame w ith  th e  la r g e r  c r o s s - s e c t io n  d im en sions i s  co n s id e re d  th e  m odel, 

th e  o th er  i s  th e  p r o to ty p e .

TABLE 3

MODEL KBIATIOMSKIPS FOR THE DISTORTED MODELS

Epoxy r e s in P o ly e s te r  r e s in

n «  1 n = 1
o( = 1 .8 6 «  * 1 .8 1
s — 6 •47s1Il s — 5*968^
d = 11 .83dm d = 1 0 ,8dm
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Experim ental I n v e s t ig a t io n

T est F a c i l i t i e s

The f i r s t  s ta g e  o f  th e  exp er im en ta l work in v o lv e d  th e  c o n s tr u c ­

t i o n  o f  th e  t e s t  f a c i l i t i e s *  To f a c i l i t a t e  t e s t in g *  a s p e c ia l  f lo o r  

was c o n s tr u c te d  so  th a t  th e  fram es co u ld  be loaded  in  a h o r iz o n ta l  p lane  

th rou gh  a sy stem  o f  h y d r a u lic  c y lin d e r s  and lo a d in g  sh oes*  The f lo o r  

as c o n s tr u c te d  i s  based  on p lan s fo r  a s im ila r  f lo o r  in  use a t  Purdue 

U n iv e r s ity *  Minor changes were made t o  f i t  th e  a v a i l a b i l i t y  o f  space  

and m a te r ia ls #  F igu re 5 i s  a sch em atic diagram  o f  th e  h y d ra u lic  sy stem  

u sed  t o  a p p ly  th e  lo a d s*  I fe ils  b u i l t  up from I  beams are imbedded i n  

th e  f lo o r  t o  p rovid e r e a c t io n  su p p o r ts • S t e e l  co n c re te  in s e r t s  are s e t  

i n  a g r id  p a t te r n  i n  th e  f lo o r  t o  p rov id e  anchors fo r  th e  h y d ra u lic  

c y l in d e r s *  F igu re  7 shows m odel E025050 under t e s t *  The r e a c t io n  

b ra ces  a re  t i e d  t o g e t h e r ,  in  a d d it io n  t o  b e in g  b o lte d  t o  th e  r e a c t io n  

r a i l s ,  t o  r e s i s t  th e  h o r iz o n ta l  th r u s t  o f  th e  frame* The w h i f f le  t r e e  

arrangem ent o f  th e  lo a d in g  sh oes a llo w s  lo a d in g  in  a p lane p erp en d ic ­

u la r  t o  th e  span* The in d iv id u a l lo a d in g  sh oes are 6 in ch es  on c e n te r ;  

e q u iv a le n t  t o  2 fo o t  on c e n te r  lo a d in g  on th e  f u l l  s c a le  frame* T his  

i s  an a c c e p ta b le  ap p rox im ation  t o  a u n ifo rm ly  d is t r ib u t e d  lo a d . The 

r e a c t io n  b ra ces  a re  b u i l t  heavy enough th a t  th e r e  w i l l  be no d is p la c e ­

ment o th er  th a n  th e  d e f l e c t io n  o f  th e  frame under t e s t .

Model C o n s tr u c tio n

The m odel fram es w ere c o n s tr u c te d  u s in g  a h a n d -w et-layu p  p r o c e s s .  

Wood fem ale  molds were b u i l t  fo r  th e  f la n g e  c o n s tr u c t io n . A f te r  con­

s t r u c t io n  o f  th e  molds fo r  th e  epoxy r e s in  la m in a te , th e y  were f i r s t  

g iv e n  a c o a t o f  John son’s p a s te  w ax. Then a la y e r  o f  form r e le a s e  

a g e n t (a  p r o p r ie ta r y  m ix) was a p p lie d , a llo w ed  t o  d ry , and a second
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Cylinder

P r e s s u r e  gaga P r e s s u r e  gage

Giate v a lv e

d a te  v a l / e

4 -way v a lv e
Gi© 1 i e f va 1 ve

Pump

F igure  5* S c h e m a t ic  diagram o f  h y d r a u l i c  system used in load  t e s t s  
of  the model f ram es .
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c o a t  o f  Jo h n so n ’ s p a s te  wax a p p lie d  t o  com plete th e  mold p rep a ra tio n *  

The m o d ified  epoxy r e s in  c o n s is t e d  o f  a la m in a tin g  m ix and 

h ard en er w hich  w ere m ixed and a p p lie d  w ith  a sm all p a in t ‘brush* S in ce  

th e  p o t l i f e  a f t e r  m ix in g  was o n ly  30 m in utes a t  70°F , th e  r e s in  was 

m ixed i n  on© p in t  b a tch es  and a p p lied *  F igure 6 shows th e  molds and 

m a t e r ia ls  u sed  t o  b u ild  th e  f la n g e  s e c t io n s  o f  model E 025050*

The la m in a tin g  p r o c ess  c o n s i s t s  o f  th e  fo l lo w in g  s te p s*  ( l )  

a p p ly  a c o a t  o f  r e s in  t o  th e  m old, (2 )  p la ce  a la y e r  o f  g la s s  c lo t h  

i n  th e  mold and work out a l l  th e  a ir  b u b b les w ith  a f l a t  p a d d le , ( t h i s  

a l s o  a s su r e s  adequate w e t t in g ) ,  (3 )  ap p ly  another la y e r  o f  r e s i n ,  (4 )  

p la c e  an oth er  la y e r  o f  g la s s  c l o t h ,  (5 )  ap p ly  a la y e r  o f  r e s in *  Con­

t in u e  th e  p r o c ess  u n t i l  th e  d e s ir e d  number o f  la m in a tio n s  i s  ob ta in ed *  

As recommended by th e  m anufacturer o f  th e  r e s in ,  an  attem pt was made 

t o  produce a la m in a te  a p p rox im ate ly  50^ r e s in - 5 ( $  c lo t h  by volum e*

The r e s in  r ea ch es  i t s  peak exotherm  a few  m in utes b e fo re  b eg in n in g  t o  

g e l*  A t t h i s  tim e i t  has th e  c o n s is t e n c y  o f  w ater so  th e r e  i s  danger  

o f  r e s i n  s ta r v in g  i f  th e  la m in a tin g  p r o c ess  i s  c a r r ie d  on to o  r a p id ly .  

T h is  occu rred  in  b oth  o f  th e  epoxy r e s in  m odels • Model E 025050, b e in g  

th e  f i r s t  t o  be b u i l t ,  s u f fe r e d  th e  m o st . The r e s in  cu res t o  a hard  

mass i n  a p p ro x im a te ly  3^  hours a t  70<2F and rea ch es f u l l  s tr e n g th  in  

about 12 h o u r s . P r e ca u tio n s  must be observed  in  h a n d lin g  epoxy r e s in  

as r e s in  c o n ta c t  w ith  th e  s k in  ca u ses  i r r i t a t i o n  and m ild  d e r m a t i t i s .

I n  c o n s tr u c t io n  o f  th e  m od els , a s  soon  as th e  f la n g e  was b u i l t  

up t o  th e  d e s ir e d  number la m in a t io n s , th e  expanded p o ly s ty r e n e  core  for  

th e  stem  was s e t  in  p o s i t io n  and th e  sk in  lam in ated  in  p la ce  on i t .  

Epoxy and p o ly s ty r e n e  are  non r e a c t iv e  so  t h i s  c o u ld  be done w ith  ea se*  

In  f a c t ,  epoxy r e s in  i s  a n a tu r a l a d h es iv e  and produces a s tr o n g  bond 

w ith  p o ly s ty r e n e . The stem  la m in ate  was bonded d ir e c t ly  t o  th e  f la n g e
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F i g u r e  7 .  Model E025050 u nde r  s h o r t - t e r m  s t a t i c  t e s t  i n  t h e  s t r u c t u r e s  
t e s t  l a b o r a t o r y *

F ig u r e  6* M a t e r i a l s  used  i n  l a m i n a t i n g  w i t h  epoxy r e s i n *  ( l )  fem ale  mold ,  
(2 )  g l a s s  c l o t h ,  (3 )  m o d i f i e d  epoxy r e s i n ,  (4 )  r e s i n  h a r d e n e r *
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lam inate so  th e  p o ly sty ren e  serv es  on ly  as a s t i f f e n e r  and form in  th e  

c o r e .  The p o ly esty ren e  board was s e t  in  p lace in  the flan ge  w h ile  the

r e s in  was s t i l l  l iq u id  t o  a llo w  a bond to  be produced t o  hold  i t

s e c u r e ly  in  p o s i t io n .

The beam and columns were la id  up s e p a r a te ly , w ith  an ex tra  two

fo o t  s e c t io n  o f  th e  column fla n g e  produced from which samples were cut

t o  provide data fo r  e s ta b lis h in g  m a teria l c o n s ta n ts .

A fte r  th e  beam and columns were cu red , m iter cu ts  were made on 

th e ends o f  th e  beam and the upper end o f  th e  columns and the two p arts  

jo in e d  by ap p ly in g  a res in -c lo th  scab t o  th e j o in t  along th e  stem and 

over th e  o u ts id e  o f  th e  f la n g e .  A g u sse t p la te  was s e t  in  th e j o in t  to  

a llo w  th e  e n t ir e  w idth o f  th e  flan ge to  carry load around th e  corner  

from th e  beam in to  th e  column.

The c o n s tr u c t io n  o f  th e  p o ly e s te r  m odels was e s s e n t i a l l y  th e  

same as  fo r  th e  ep oxy  r e s in  ex cep t fo r  th e  r e s in  m ix tu r e . F igure 8 

shows th e  v a r io u s  s ta g e s  i n  th e  c o n s tr u c t io n  o f  model P025050. The 

p o ly e s te r  r e s in  p r e p a r a tio n  in v o lv e s  more m a te r ia ls  and th u s , from th a t  

p o in t ,  i s  n ot as c o n v en ien t t o  use as th e  epoxy; how ever, i t  i s  non  

t o x i c  t o  th e  s k in .  A nother advantage t o  th e  p a r t ic u la r  fo rm u la tio n  o f  

p o ly e s te r  w hich  was u sed  i s  i t s  tr a n s lu c e n c y  w hich allow s one t o  s e e  a ir  

bu bbles i n  th e  lam in ate  and th e r e fo r e  work them o u t . In  w eld in g  th e  

two p ie c e s  o f  cured  lam in ate  i t  i s  n e c essa ry  t o  roughen th e  s u r fa c e s  

s l i g h t l y  w ith  f in e  sand paper or emery c lo t h  and c le a n  them th o ro u g h ly  

w ith  a lc o h o l  in  order t o  in su re  developm ent o f  adequate bond. P o ly e s te r  

r e s i n  w i l l  d is s o lv e  th e  expanded p o ly s ty r e n e ;  th e r e fo r e ,  i t  was n ec­

e s s a r y  t o  a p p ly  a la y e r  o f epoxy r e s in  on th e  stem  co res  b e fo re  c o v er ­

in g  them  w ith  th e  p o ly e s te r  r e s in - g la s s  c lo t h  la m in a te .

In  a l l  la m in a tin g  work, ca re  must be e x e r c ise d  t o  m a in ta in  c le a n
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F igu re 8* M a ter ia ls  and procedures used in  c o n s tr u c t io n  o f  model 
P 0 2 5 0 5 0 .

a* M a te r ia ls  u sed  i n  la m in a tin g  w ith  p o ly e s t e r  r e s i n .
( l )  fem a le  m old , (2 )  g la s s  c l o t h ,  (3 )  s u r fa c e  r e s i n ,
(4 )  i n t e r i o r  r e s i n ,  (b )  t h ix o t r o p ic  a g e n t ,  (6 )  c o b a l t  
n a p th a n a te  a c c e l e r a t o r ,  ( 7 )  M3K p e r o x id e  c a t a l y s t .

b .  F in is h e d  f la n g e s  b e fo r e  rem oving  from  th e  m old .

c .  C om pleted beam and cojumn s e c t io n s  rem oved from  th e  m old . 
The c o re  o f  th e  stem  i s  expanded p o ly s t y r e n e .

d .  Frame s e c t io n s  w ith  m iter  c u ts  f i t t e d  and h e ld  in  p o s i t i o n  
fo r  w e ld in g *

e .  C om pleted m odel P 025050 under lo n g - te r m  lo a d  t e s t .



F i g u r e  8# M a t e r i a l s  and  p r o c e d u r e s  u s e d  i n  c o n s t r c t i o n  of  n o d e l  P 0 2 5 0 5 0 .
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(d)

urnf f i i| j

( e )

F i g u r e  8 .  M a t e r i a l s  and  p r o c e d u r e s  u sed  i n  c o n s t r u c t i o n  o f  model  P025050
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m olds w ith, a good c o v e r in g  o f  wax b e fo re  a p p ly in g  any r es  i n * W ith th e s e  

p r e c a u t io n s ,  th e  cured  lam in ate  can  be s tr ip p e d  from th e  mold w ith  ea se*

Ins trume n t a t  i  on

To ch eck  adequacy o f  a s t r u c tu r a l  d e s ig n  some measurement o f  

e i t h e r  s t r e s s  or d isp la cem en t or both  sh ou ld  be made* As d eve lop ed  in  

th e  m odel a n a l y s i s ,  m easurem ents o f  both  phenomena i s  req u ired  t o  check  

th e  a n a ly s is *  D e f le c t io n s  are c o n v e n ie n tly  and a c c u r a te ly  m easured  

u s in g  d i a l  in d ic a to r s *  S t r e s s  cannot be measured d i r e c t l y  but must be 

o b ta in e d  by m easuring s t r a in  and r e la t in g  s t r a in  t o  s t r e s s  through known 

s t r e s s - s t r & in  r e la t io n s h ip s  fo r  th e  m a ter ia l*  E le c t r ic  r e s is t a n c e  s t r a in  

g a g e s , s e n s i t i v e  t o  sm a ll changes in  s t r a in ,  are e a s i l y  m ounted, and 

fo r  s t a t i c  s t r a i n s ,  r eq u ir e  o n ly  sim ple in d ic a t in g  in stru m en ts*  A  d ia l  

in d ic a t o r  was u sed  i n  th e  t e s t s  t o  measure d e f l e c t io n  a t  th e  crown, 

w ith  an  in d ic a to r  on th e  o u ts id e  o f  each column t o  in d ic a te  any l a t e r a l  

movement o f  th e  frame •

Type A - l ,  SR-4 e l e c t r i c  r e s is t a n c e  s t r a in  gages were mounted on

th e  ou ter  su r fa c e  o f  th e  f la n g e  and stem  a t  th e  crown and on one column

t o  p rov id e  s t r a in  measurement a t  two p o s it io n s  on th e  frame* A Young 

s t r a i n  in d ic a to r  was used t o  in d ic a te  th e  s t r a in s  sen sed  by th e  gages*

Two f le x u r e  sam ples (one from each  r e s in  la m in a te )  were pre­

pared fo r  la b o r a to r y  t e s t i n g  w ith  Type A - l ,  SR-4 gages mounted on them  

t o  check th e  resp o n se  o f  SR-4 gages on th e  la m in a tes*  The two specim ens  

were lo ad ed  in  th e  same manner as th e  sam ples used  to  determ ine th e  

e l a s t i c  m o d u li. A check o f  s t r e s s  v ersu s  load  in d ic a te d  maximum 

d if f e r e n c e  o f  2% betw een  s t r e s s e s  in d ic a te d  by SR-4 gages in  th e  fo rce

tr a n s d u c e r . The r e s u l t s  o f  th e  t e s t s  are shown in  F igure 9*
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D eterm in in g  M a te r ia l C on stan ts

V a lu es  fo r  th e  d i f f e r e n t  m oduli o f  e l a s t i c i t y  and maximum 

s tr e n g th s  fo r  th e  la m in a te s  l i s t e d  i n  Table 1 were used  in  th e  o r ig in a l  

d e s ig n  c a lc u la t io n s  fo r  th e  fram e. To check  both  th e  q u a l i ty  o f  lam­

in a t e  produced and th e  d e s ig n  p r e d ic t io n s ,  i t  was n e c e s sa r y  t o  determ ine  

th e  m a te r ia l c o n s ta n ts  fo r  each r e s in  lam in ate  u sed  in  th e  p r o je c t*  

T h e r e fo r e , sam ples fo r  d eterm in in g  bending and t e n s io n  m oduli and 

s tr e n g th s  were cu t from th e  e x c e s s  f la n g e  lam in ate  o f  each m a t e r ia l .

The t e s t  sam ples were prepared and t e s t e d  a cco rd in g  t o  ASTM d e s ig n a ­

t io n s  ( l ) ,  ASTM d e s ig n a t io n  D63 8 - 52T was used  fo r  th e t e n s io n  sp e c ­

imens and ASTM d e s ig n a t io n  D790-49T was used fo r  th e  bending specim ens*

The t e n s io n  t e s t s  were c a r r ie d  out u s in g  a Baldwin-Emery SR -4, 

Model FGT, u n iv e r s a l  t e s t i n g  machine fo r  a p p ly in g  th e  lo a d s  and a 

T in iu s -O lse n  s u b s iz e  s t r a in  gage (one in c h  gage le n g th )  t o  measure 

s t r a in *  A t o t a l  o f  tw en ty  sam ples were t e s t e d  from each r e s in  lam - 

in a t e - 1 0  from each  m od el, w ith  5 p a r a l l e l  t o  th e  warp and 5 p erp en d ic­

u la r  t o  th e  w arp . R e su lts  o f  th e  t e s t s  are  shown in  F igures 1 0 , 11 and 

1 2 .
The f le x u r a l  t e s t s  were made u s in g  an instrum en t d eve lop ed  for  

d eterm in in g  p h y s ic a l p r o p e r t ie s  o f  g ra in s  ( 3 6 ) ,  Figure 13a shows a 

t e s t  in  p ro g ress  on an epoxy r e s in  sp ecim en . F igure 13b shows sample 

d a ta  s h e e ts  from th e  Brush O sc illo g ra p h  used to  record  th e  in fo rm a tio n  

from th e  t e s t s .  The graphs provide a record  o f  both  lo a d  and d e f l e c ­

t i o n  from w hich  modulus and maximum s tr e n g th  v a lu e s  can  be r e a d i ly  

com puted. T able 4  l i s t s  th e  v a lu e s  o f  E and fo r  th e  epoxy and

p o ly e s te r  r e s i n  la m in a te s .
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(a)

( b )

e from model  E025050 u n d e r  t e s t  u s i n g  t h e  
( b )  T y p c i a l  o s c i l l o g r a p h  c h a r t  r e c o r d  from

( a )  F l e x u r e  samp 
f o r c e  t r a n s d u c e r
t h e  f l e x u r e  t e s t s *
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TABI£ 4

MECHANICAL PROPERTIES OP TWO PLASTIC RESIN-GLASS CLOTH 
LAMINATES AS DETERMINED PROM SAMPLES TAKEN PROM 

THE FIANCE LAMINATES OP THE MODEL FRAMES

R esin s

Epoxy P o ly e s te r

Maximum s tr e n g th  i n  bending ( p s i  x  10”3 ) 
Maximum s tr e n g th  i n  t e n s io n  ( p s i  x  10~3 ) 
Modulus o f  e l a s t i c i t y  i n  bending ( p s i  x  1 0 -6 )  
Modulus o f  e l a s t i c i t y  in  t e n s io n  ( p s i  x  10*“3 )

2 0 .8
2 1 .9

2 .4
1 .5

23*3
1 7 .3

2 .3
1 . 5 ( 1 )
1 . 7 ( 2 )

(^ M o d e l P025100* ^ M o d e l  P 025050.

Model T e s t in g

Model E025050 was th e  f i r s t  frame t o  be c o n str u c ted  and te s te d *

No s e r io u s  d i f f i c u l t i e s  were ex p er ien ced  in  th e  use o f  th e  t e s t  eq u ip ­

ment and a r o u t in e  was e s t a b lis h e d  w hich p erm itted  lo a d in g  in  increm en ts  

up t o  th e  d e s ir e d  l e v e l*  Model E025050 was load ed  t o  f a i lu r e  during  

th e  second lo a d in g  c y c le *  The beam broke in  th e  stem  o f  th e  beam in  a 

co m b in a tio n  o f  com p ression  and b u ck lin g  f a i lu r e  ap p rox im ately  e ig h t  

in c h e s  in  from th e  end* The lo a d  was r e le a s e d  and th e  frame retu rn ed  

t o  i t s  o r ig in a l  p o s it io n *  A one in c h  s e c t io n  o f  sk in  e n c lo s in g  th e  

f r a c tu r e  was exit from th e  beam and new g la s s  and r e s in  la id  in  the s e c ­

t i o n  and a llo w ed  t o  c u r e . The t e s t s  were resumed w ith  no apparent lo s s  

in  s tr e n g th  in  th e  fram e. The frame f a i l e d  a second tim e in  one column 

a t  a p o in t a p p ro x im a te ly  24 in ch es  from th e  base* The second f a i lu r e  

was s im ila r  in  n atu re t o  th e  f i r s t ,  i . e . ,  a com b in ation  o f  b u ck lin g  and 

c o m p r e ss io n . Both f a i l u r e s  occu rred  a t  th e  same s t a t i c  lo a d .  A gain  a 

one in ch  s e c t io n  was c u t from th e  lam inated  s k in  and new r e s in  and c lo ih
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0-p plied  and a llo w e d  t o  c u r e .  The t e s t s  were resumed w ith  no apparent 

change i n  p h y s ic a l  p r o p e r t ie s .  The v a lu e  fo r  th e  modulus o f  e l a s t i c i t y  

m  t e n s io n  as  d eterm in ed  by sample t e s t i n g  was used  in  com puting th e  

s t r e s s  from in d ic a te d  v a lu e s  o f  s t r a in  a t  th e  ou ter  f ib e r  o f  th e  stem  a t  

th e  crow n . R e s u lt s  o f  th e  t e s t s  are shown i n  F igu res 14 and 1 5 .

Model E025100 was th e  second frame b u i l t  and t e s t e d .  Loads 

w ere a p p lie d  i n  in crem en ts and th e  s t r a in  and d e f l e c t io n  a t  th e  crown 

reco rd ed  fo r  each  lo a d .  A t th e  upper l im it  o f  th e lo a d s ,  th e r e  was 

some c r u sh in g  o f  th e  colum n fla n g e  due t o  th e  h o r iz o n ta l th r u s t  d e v e l­

oped i n  th e  fl'am e. The r e s u l t s  o f  th e  t e s t s  a re  shown in  F ig u res  16 

and 1 7 .

Loading t e s t s  o f  th e  frames o f  p o ly e s te r  r e s in - g la s s  c lo t h  

la m in a te s  were condu cted  in  th e  same manner as th o se  fo r  th e  epoxy  

r e s i n  fra m es. The r e s u l t s  o f  th e  t e s t s  are shown in  F igu res 1 8 , 1 9 , 20 

and 2 1 .

Long-term  S t a t ic  L oad in g. -  The sh o r t-term  s t a t i c  load  t e s t s  as  

d e sc r ib e d  p r e v io u s ly  do not provide in fo rm a tio n  on b eh av ior  o f  th e  

fram es and m a te r ia l i f  lo a d s  o f  c o n s id e r a b le  m agnitude a re  im pressed  

on th e  s tr u c tu r e  over a p er io d  o f  t im e .  To determ ine th e  p o s s ib le  

p resen ce  o f  c r e e p  i n  th e  m a t e r ia l ,  m odel E025050 was su b je c te d  t o  a 

u n ifo rm ly  d is t r ib u t e d  c o n s ta n t lo a d  o f  50 # /ffc  o f  beam, (ap p rox im ate ly  

40^ o f  th e  s t a t i c  f a i l u r e  lo a d ) D e f le c t io n  measurements w ere observed  

and record ed  from  th e  crow n. The lo a d  was l e f t  in  p lace  u n t i l  an e q u i­

lib r iu m  p o s i t io n  was d e f i n i t e l y  e s t a b l i s h e d .  The lo a d  was th e n  removed 

and th e  frame checked  t o  determ ine i f  i t  would reco v er  t o  i t s  o r ig in a l  

u n load ed  p o s i t i o n .  The r e s u l t s  o f  th e  t e s t  are shown in  F igure 2 2 .

Model P025050 was su b jec te d  t o  a lo n g -term  lo a d  t e s t  s im ila r  t o  

th e  t e s t  o f  E 025050 . A u n ifo rm ly  d is t r ib u t e d  lo a d  o f  4 2 .5 # / f t  o f  beam
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was p la c e d  on th e  frame and o b se rv a tio n s  o f  th e  d e f l e c t io n  a t  th e  crown 

w ere made a t  in t e r v a ls  u n t i l  th e  frame had reached an e q u ilib r iu m  p o s i­

t io n *  The lo a d  was th e n  removed and o b se rv a tio n s  co n tin u ed  u n t i l  th e  

frame had a g a in  reach ed  eq u ilib r iu m *  The lo a d  o f  42.5jSf/ffc o f  beam on 

th e  m odel i s  e q u iv a le n t  t o  a lo a d  o f  17Q$/ffc o f  beam on th e  f u l l  s c a le  

fram e* The r e s u l t s  o f  th e  t e s t  are shown in  F igure 23*
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RESULTS AND DISCUSSION

Use o f  The C o n stru c tio n  J & te r ia ls

S u c c e s s fu l  use o f  th e  p la s t i c  r e s in s  for  hand-w et layu p  m olding  

depends on r e s in  fo r m u la tio n , c a t a l y s t ,  h ard en er, mold p r e p a r a tio n , and 

o p era to r  ex p er ien ce#  Some o f  th e s e  fa c to r s  a re  determ ined  by th e  

m a te r ia l  m anufacturer and some are c o n tr o lle d  by th e  fa b r ic a to r #  The 

tw o r e s in s  em ployed in  t h i s  p r o je c t  are  r e l a t i v e l y  ea sy  t o  work 

a lth o u g h  son© ex p er ien ce  i s  h e lp f u l ,  i f  not n e c e s s a r y , t o  in su re  a u n i­

form p r o d u c t•

P a r t ic u la r  care must be ta k en  t o  p r o te c t  a g a in s t  a ir  in c lu s io n #  

E ven  w ith  th e  tr a n s lu c e n t  p o ly e s te r  r e s in  bubbles are d i f f i c u l t  t o  see  

u n le s s  th e  background and l ig h t in g  a re  r ig h t#  A l i g h t  c o lo r e d  back­

ground w ith  d ir e c t  l i g h t in g  a id s  in  d e te c t io n  o f  th e  a ir  pook ets#  A 

common erro r  (ex p er ien ced  by th e  a u th o r) i s  t o  r e s in  s ta r v e  a rea s  o f  

c lo th #  T his i s  g e n e r a lly  due t o  ig n o r in g , or not b e in g  aware o f ,  th e  

change i n  v i s c o s i t y  o f  th e  r e s in  a t  peak exotherm  -  th e  h ea t gen era ted  

c h e m ic a lly  du rin g  th e  c u r in g  p ro cess#  For a v ery  sh o rt p er iod  o f  t im e ,  

a s  th e  r e s i n  approaches peak exotherm , th e  v i s c o s i t y  red u ces m arkedly, 

r e s u l t in g  i n  a runout o f  r e s in #  I f  lam in ate t h ic k n e s s ,  and th u s r e s in ,  

i s  b u i l t  up t o o  q u ic k ly , th e  runout a t peak exotherm  w i l l  r e s u l t  in  th e  

upper c lo t h  f ib e r s  b e in g  w ith o u t s u f f i c i e n t  r e s in  t o  produce t h e ir  max­

imum s t r e n g t h s « T his can  be preven ted  by la m in a tin g  such th a t  the  

r e s in  has begun t o  g e l  b e fo r e  th e  su cceed in g  la y e r  i s  a p p lied #  F igure  

24 i l l u s t r a t e s  an adequate r e s in —c lo t h  r a t io  and a r e s in  s ta r v e d  lam inate#  

Too ra p id  r e s i n  b u ild u p  w i l l  a l s o  r e s u l t  in  th e  c lo t h  * f l o a t i n g 1,  

r e s u l t in g  i n  uneven d i s t r ib u t io n  o f  c lo t h  a cro ss  th e  se c t io n #
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I t  i s  n e c e ssa r y  t o  u se  a th ix o tr o p ic  agen t i f  th e  la m in a te  i s  t o  

be c o n s tr u c te d  on a s t e e p ly  s lo p in g  or v e r t i c a l  su r fa c e*  The t h ix o -  

t r o p ic  a g en t p rev en ts  sa g g in g  w ith o u t a p p r e c ia b ly  a l t e r in g  th e  m echanical 

p r o p e r t ie s  o f  th e  f i n a l  product*

R ep a irs t o  th e  la m in a te s  made w ith  e i t h e r  r e s in  can  be made v e ry  

sim p ly  by rem oving th e  fr a c tu r e d  p o r tio n  and la y in g  in  new m a te r ia l w ith  

no app arent l o s s  in  s tr en g th *  T his i s  a sm a ll but im portant p o in t in  

m ain tenance o f  b u ild in g s *

The p la in  weave g la s s  c lo t h  used  in  th e  lam in ates i s  v ery  ea sy  

t o  han dle a lth o u g h  i t  i s  not p o s s ib le  t o  bend i t  in t o  abrupt 90 degree  

co rn ers*  T his c h a r a c t e r i s t ic  i s  not im portant in  th e  fa b r ic a t io n  o f  

r e l a t i v e l y  s im p le  frame c r o s s  s e c t io n s *

Type A - l ,  SR-4 s t r a in  gages are  e a s i l y  mounted on e i th e r  r e s in  

la m in a te . The adjustm ent n e c essa ry  t o  account fo r  d if f e r e n c e s  in  

modulus o f  e l a s t i c i t y  betw een lam inate  and gage m a te r ia l i s  l e s s  th a n  

one per c en t*  T h is c o r r e c t io n  was co n sid ered  n e g l ig ib le  in  th e  p resen t  

work.

F igu re  24 i l l u s t r a t e s  th e  d if fe r e n c e  betw een a s a t i s f a c t o r y  

la m in a te  and one th a t  has been  r e s in  s ta r v ed  due t o  runout* Both are  

from  la m in a te s  o f  fou r la y e r s  o f  g la s s  c l o t h .  F igure 24a i s  an edge 

v iew  o f  th e  two sam ples w ith  th e  g la s s  th rea d s b lackened  fo r  c o n tr a s t  

w ith  th e  r e s i n .  N o tice  how th e  one la y e r  o f  g la s s  in  sample A i s  a t  

th e  edge o f  th e  lam in ate  w ith  v ery  l i t t l e  r e s in  c o v e r in g , even  though  

th e  o th er  g la s s  la y e r s  appear t o  be f a i r l y  e v en ly  d is t r ib u te d  th rou gh  

th e  sam p le . Sample B shows v e ry  c le a r ly  th e  uniform  d i s t r ib u t io n  o f  

g la s s  a c r o s s  th e  la m in ate  w ith  ample r e s in  c o v er in g  on both  s id e s *

F igure 24b i s  a p lan  v iew  o f  th e  same sam ples a g a in  showing th e  con­

t r a s t  betw een  th e  two la m in a te s . The weave p a tte r n  o f th e  c lo t h  i s
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(a )

24 ( a )  Pdge  v i e w  o f  two eoo:xy r e s i n - g l a s s  c l o t h  l a m i n a t e s  show ing
* g l a s s  d i s t r i b u t i o n  t h r o u g h  t h e  c r o s s  s e c t i o n .  (b )  P l a n  v i e w  

o f  the laminates show ing  the s u r f a c e  a p p e a r a n c e .
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c l e a r l y  shown i n  sam ple A in d ic a t in g  th e  la c k  o f  r e s in  cover*  Sample B 

shows how a la m in a te  su r fa c e  should  appear i f  proper r e s in - g la s s  d i s t r i ­

b u t io n  i s  m ain ta in ed *

M echanical P r o p e r t ie s  o f  The M a ter ia ls

T en sio n

The s t r e s s —s t r a in  cu rves fo r  both  r e s in  la m in ates are q u ite  

s im ila r  I *1 th a t  th e y  e x h ib i t  th e  g en era l c h a r a c t e r i s t ic s  o f  a t y p ic a l  

b r i t t l e  m a te r ia l*  T his i s  a d em on stra tion  o f  what B ro ssy , e t  a l ,  ( 8 )* 

c a l l  p r e f e r e n t i a l 1 f a i lu r e *  This was a u d ib ly  apparent du rin g th e  t e s t s  

as th e  in d iv id u a l  f ib e r s  and stran d s would break w ith  a pronounced snap  

as th e  lo a d  in c r e a se d  up t o  th e  p o in t  where th e  t o t a l  rem aining stran d s  

would f a i l  sudd en ly  and d ra m a tica lly *  There was no n o t ic e a b le  * n eck ing  

down* o f  th e  specim en b e fo re  fa i lu r e *

One s e t  o f  cu rves i s  shown fo r  th e  epoxy r e s in  lam in ates -  th o se  

fo r  lo a d  a p p lie d  p a r a l l e l  t o  th e  warp (F igu re 1 0 ) • T his i s  done because  

th e r e  i s  no apparent d if fe r e n c e  in  th e  beh avior o f  th e  lam in ate loaded  

p erp en d icu la r  t o  th e  warp u n t i l  th e  s t r e s s - s t r a i n  r e la t io n s h ip  has pro­

g r e s s e d  beyond th e  l in e a r  p o r t io n  o f  th e  curve* S in ce  th e  s t r a ig h t  l in e  

segm ent i s  th e  im portant p art in  d eterm in in g  modulus o f  e l a s t i c i t y  and 

th e  modulus p a r a l l e l  t o  th e  warp i s  th e  one th a t  a p p lie s  t o  th e  problem , 

th e  o th er  cu rves are  not presen ted *  The two epoxy la m in ates are  u n i­

form  i n  s tr e n g th  p r o p e r t ie s  as th e  cu rves c o in c id e  on th e  s t r a ig h t  l in e  

p o r tio n *  The apparent weakness o f th e  th in n e r  lam in ate  can be a t t r i b ­

u te d  t o  th e  f a c t  th a t  th e r e  are  fewer g la s s  f ila m e n ts  and a l s o  th e  

th in n e r  la m in ate  was r e s in  s ta r v ed  t o  a g r e a te r  degree th an  th e  h e a v ie r  

one* The modulus o f  e l a s t i c i t y  and maximum s tr e n g th  in  t e n s io n  d e te r ­

mined fo r  th e  epoxy r e s in  la m in a tes  from th e  sam ples are low compared t o
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th e  v a lu e s  g iv e n  i n  T able 1 .  The d i f f e r e n c e s  are  most l i k e l y  due t o  

low er q u a l i t y  la m in a te  p lu s  th e  fa c t  th a t  th e  r e s in  used  i s  a m o d ified  

epoxy w ith  th e  m anufacturerC 1 ) in d ic a t in g  p o s s ib le  s tr e n g th s  s l i g h t l y  

lo w er  th a n  th o se  g iv e n  i n  Table 1 *

There i s  a d if f e r e n c e  in  th e  s t r e s s - s t r a i n  cu rves fo r  th e  p o ly ­

e s t e r  r e s in  la m in a te s  (F ig u res  11 and 1 2 ) ,  b oth  acco rd in g  t o  th e  model 

from  w hich  th e  sam ples were ta k en  and a cco rd in g  t o  d ir e c t io n  o f th e  

sam ple w ith  r e s p e c t  t o  th e  warp o f th e  c l o t h .  Samples from model 

P025050 show th e  h ig h e s t  modulus o f  e l a s t i c i t y  in  t e n s io n  even though  

th e y  r e p r e se n t  th e  th in n e r  lam inate th ic k n e ss*  The d if fe r e n c e  here  

m ight be due a g a in  t o  b e t t e r  q u a lity  workmanship as model F025050 was 

c o n s tr u c te d  a f t e r  co m p le tio n  o f  P025100. A nother fa c to r  which cou ld  

c o n tr ib u te  t o  th e  d i f f e r e n c e s  i s  th e  am bient tem perature during th e  

c u r in g  p e r io d . The am bient tem perature was approxim ately  50°F throu gh­

out th e  cu r in g  tim e fo r  P025100 w h ile  i t  was app roxim ately  75°F  

th rou gh ou t th e  cu r in g  p er io d  fo r  P025050.

I t  i s  n a tu r a l t o  ex p ect a low er modulus p erp en d icu lar  t o  th e  

warp as th e  c r o s s  th r e a d s , or p ic k , are  fo rced  t o  bend around th e  warp 

d u rin g  w eav in g , th u s when a p u r e -te n s io n  load  i s  p laced  on th e  lam inate  

i n  th e  d ir e c t io n  o f  th e  p ick  th e  g la s s  f ila m e n ts  must be p u lle d  s t r a ig h t  

b e fo r e  th e y  can  d e v e lo p  maximum lo a d  ca rry in g  c a p a c ity .  Fewer f ila m e n ts  

are e q u a lly  loaded  a t  any one tim e du rin g th e  t e s t s .

The v a lu e s  fo r  E in  t e n s io n  l i e  w ith in  th e  range g iv e n  in  

T able 1 as t y p ic a l  fo r  p o ly e s te r  r e s in  la m in a te s . The maximum s tr e n g th  

in  t e n s io n  i s  lo w , but th e  com parison cannot be made t o o  s t r i c t l y  s in c e

^ V h e  m anufacturer o f  th e  epoxy r e s in  g iv e s  th e  fo llo w in g  
v a lu e s  as r e p r e s e n ta t iv e  fo r  th e  la m in a tin g  m ix used  in  th e  m odels*  
maximum s tr e n g th  in  t e n s io n  -  2 7 ,4 0 0 p s i ,  in  bending -  2 8 ,0 0 0 p s i .
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th e  t a b le  v a lu e s  a p p ly  t o  low  p ressu re  la m in a te s . Mb v a lu e s  are  a v a i l ­

a b le  fo r  no p r e ssu r e  hand layu p  la m in a te s .

The m od uli o f  e l a s t i c i t y  determ ined were used  t o  r e la t e  th e  

s t r a i n  sen se d  by th e  SR—4 s t r a in  gages t o  th e  s t r e s s  in  th e  outer f ib e r s  

o f  th e  frame c r o s s  s e c t io n  a llo w in g  a r e la t io n s h ip  t o  be e s t a b l is h e d  

b etw een  s t r e s s  i n  th e  frame and th e  a p p lied  lo a d .

F lex u re

B ecause o f  th e  sm a ll s i z e  o f  th e  bending specim ens (one in ch  by 

fo u r  in c h e s  by th e  th ic k n e s s  o f  th e la m in a te ) i t  i s  d i f f i c u l t  t o  d ev e lo p  

equipm ent w hich  w i l l  a c c u r a te ly  app ly  th e  lo a d  and measure th e  d is p la c e ­

m en t. A fo r c e  tra n sd u cer  developed  by G, C. Zoerb (3 6 ) used  in  d e te r ­

m in in g  th e  m ech an ica l p r o p e r t ie s  o f g r a in  provided th e  b e s t  means for  

a c c u r a t e ly  and c o n v e n ie n t ly  con d u ctin g  th e  bending t e s t s .  The t e s t  

machine produces a co n sta n t r a te  o f  d eform ation  in  th e  t e s t  specim en as  

s p e c i f i e d  by ASTM d e s ig n a t io n s .  Through th e  use o f  SR-4 gages w ith  a  

Brush o s c i l lo g r a p h  and a m p li f ie r s ,  a permanent record  o f  con tin u ou s  

lo a d - d e f l e c t  io n  r e la t io n s h ip  i s  ob ta in ed  from which th e  maximum s tr e n g th  

and modulus o f  e l a s t i c i t y  can  be com puted. F igure 13a shows one o f  th e  

epoxy r e s in  lam in ate  specim ens b e in g  t e s t e d .

F ig u re  13b shows t y p ic a l  data  from th e  two r e s in  la m in a te s . The 

upper ch a r t i s  from  th e  t e s t  o f  sample P -A i5 (p o ly e s te r  r e s in ,  model 

P025100, p a r a l l e l  t o  th e  warp, f i f t h  sample o f  th e  l o t ) .  The low er  

c h a r t  i s  fo r  sample E-A1 2 * A s im ila r  d e s c r ip t io n  a p p lie s  t o  t h i s  

sam ple •

I t  i s  o f  in t e r e s t  t o  compare th e  fa i lu r e  p a tte r n  o f  th e  two 

la m in a te s . The lo a d  on th e  p o ly e s te r  lam in ate in o rea sed  a t  n e a r ly  con ­

s ta n t  r a te  t o  th e  maximum and th en  th e  specim en f a i l e d  a b ru p tly  w ith
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n e a r ly  co m p lete  r e le a s e  o f  load*  The epoxy lam in ate  d id  n o t break com­

p l e t e l y  a t  th e  maximum lo a d  but f a i l e d  in  c l e a r ly  d e fin e d  s te p s  in d i­

c a t in g  d i s c r e t e  c lo t h  f ib e r  f a i lu r e  as th e  d e f l e c t io n  was in crea sed *

The maximum s t r e s s  was c a lc u la te d  as th e  s t r e s s  a t  maximum lo a d  

b e fo r e  f a i lu r e *  W ith sample th e  maximum lo a d  i n  pounds,

P «  A«L(o*132) »  I 65  pounds* A i s  th e  a tte n u a to r  s e t t in g  and L i s  th e  

maximum number o f  l i n e s  o f  pen d e f le c t io n *  The c o n s ta n t , 0*132, i s  

tr u e  fo r  a  p a r t ic u la r  c a l ib r a t io n  o f  th e  o sc il lo g r a p h *  S in ce  th e  moment 

a t  th e  c e n te r  o f  a s im p ly  supported  beam w ith  a co n cen tra ted  lo a d  a t  

m idspan i s  P L /4 , th e  maximum s t r e s s  i s  3PL/2bh^# L fo r  th e  sample i s  

2 in c h e s ;  t h e r e f o r e ,  sm s  3P/bh2 * For sample £ ^ 15* sm = 2 2 ,5 0 0 p s i*

The modulus o f  e l a s t i c i t y  in  bending i s  determ ined from th e  

r e la t io n s h ip  fo r  m idspan d e f le c t io n  o f  th e  s im p le  beam, i * e . ,  

d = F L ^ /48E I. Thus E « EL^/48Id = (2/bh^ ) ( P /d ) ,  where P /d  i s  th e  load  

per in c h  o f  d e f le c t io n *  The lo a d - d e f le c t  io n  r e la t io n s h ip  i s  determ ined  

from  th e  i n i t i a l  l in e a r 1 p o r tio n  o f  th e  cu rves*  E fo r  ^"^15 i s ,

2 .6 1 x 1 0 s  p s i .

The v a lu e  fo r  maximum s t r e s s  in  bending as g iv e n  in  Table 4 fo r  

th e  epoxy r e s in  la m in a tes  i s  low  as compared t o  th e  f ig u r e s  g iv e n  by  

th e  r e s in  m anufacturers*  No v a lu e  was in d ic a te d  fo r  E but th e f ig u r e  

2 *4x 106p s i  as determ ined from th e  t e s t s  l i e s  w ith in  th e  range g iv e n  in  

T able 1* The v a lu e  o f  E fo r  th e p o ly e s te r  r e s in  (2 .3 x l0 ^ p s i)  a l s o  l i e s  

w ith in  th e  range o f  v a lu e s  g iv e n  in  T able 1 .  However, th e  maximum 

s tr e n g th  i n  bend ing fo r  t h e  p o ly e s te r  r e s in  lam in ate  i s  low  compared t o  

th e  in d ic a te d  normal r a n g e . The d if fe r e n c e s  betw een norm ally  ex p ected  

v a lu e s  and th o se  computed u s in g  sam ples from t h i s  work are probably due 

t o  th e  same in f lu e n c e s  as g iv e n  fo r  th e  t e n s i l e  t e s t  r e s u l t s *

A maximum s t r e s s  o f  ap p rox im ately  3 0 ,0 0 0 p s i in  t e n s io n ,
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co m p ress io n  and bend ing was assumed in  th e  o r ig in a l  d e s ig n  as g iv in g  a 

s t r e s s  s a f e t y  f a c t o r  o f  2*5 (page 20 )* The maximum s t r e s s  fo r  th e  lam­

in a t e s  produced v a r ie s  from 1 7 ,3 0 0  t o  2 3 ,3 0 0  p s i j  ap p rox im ately  2 /3  o f  

th e  assumed d e s ig n  v a lu e*  Thus, th e  s t r e s s  fa c to r  o f  s a f e t y  i s  reduced  

from 2*5 t o  about 1 #4# T his would s t i l l  be a c ce p ta b le  fo r  farm b u ild ­

in g  c o n s tr u c t io n  i f  a ssu ran ce  co u ld  be had th a t  th e  m a te r ia l would be 

un iform  i n  q u a lity #  A com m ercial p rod u ction  o f  th e  la m in a tes  would 

in su r e  b e t t e r  q u a l i ty  c o n tr o l  so  th a t  s t r e s s  fa c to r s  o f  s a f e t y  co u ld  be 

red uced  a llo w in g  f o r  more econ om ical use o f  th e  m a te r ia l .  W ith com plete  

know ledge o f  th e  r e s in  b e in g  u sed , i t s  s tr e n g th  c h a r a c t e r i s t i c s ,  e t c # ,  

d e s ig n s  co u ld  be d ev e lo p ed  which would a llo w  th e  fanner t o  tak e  f u l l  

advantage o f  th e  in h er e n t s tr e n g th  o f  th e  m a t e r ia l .

E v a lu a tio n  o f  The Model A n a ly s is

For th e  proposed s o lu t io n  o f  th e  frame t o  be v a l id ,  th e  t e s t  

r e s u l t s  on th e  m odels sh ou ld  show rea son ab le  agreem ent both  from a 

m o d el-p ro to ty p e  com parison and from a com parison o f  t e s t  r e s u l t s  w ith  

th e  e s t im a te d  v a lu e s  fo r  th e  phenomena b e in g  measured# A d e c is io n  as t o  

what c o n s t i t u t e s  rea so n a b le  agreem ent i s  c o n d it io n e d  by p erson a l o p in io n  

b ased  on e x p er ien ce  w ith ,  and knowledge o f ,  a g iv e n  s i t u a t io n .  The 

l im i t s  fo r  agreem ent v ersu s  d isagreem ent cannot be s e t  r ig id ly  but s h i f t  

t o  f i t  th e  s i t u a t io n  w ith  reason  c o n tr o l l in g  th e  f in a l  c h o ic e .

E xam ination  o f  F igu res 14 through 21 w i l l  provide a c le a r  p ic tu r e  

o f  th e  com parison  o f  t e s t  r e s u l t s  w ith  e stim a ted  v a lu es  fo r  s t r e s s  and 

d e f l e c t i o n  a t  th e  crow n. There i s  q u ite  a la r g e  spread  in  v a lu e s  fo r  

s t r e s s  and d e f l e c t i o n  in  th e  p ro to ty p es (E025050 and P025050) a t  any  

g iv e n  load #  T h is i s  due p a r t ly  t o  o b serv a tio n  and in s tr u m en ta tio n  d i f ­

f i c u l t i e s .  I t  was d i f f i c u l t  t o  h o ld  th e  load  c o n sta n t a t any g iv e n  p o in t
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i n  th e  low  range in  w hich  th e  t e s t s  were run and th e  bourdon typ e  p r e s ­

su re  ga g es  were som etim es s lu g g is h  in  resp on se  a t  th e s e  p r e s s u r e s • 

However, enough r e p l i c a t e s  were run t o  e s t a b l i s h  d e f in i t e  r e la t io n s h ip s  

betw een  th e  v a r ia b le s  concerned*

T h is d i f f i c u l t y  was not p resen t in  t e s t i n g  m odels E025100 and 

P 025100, p r im a r ily  b ecause o f  th e  m agnitude o f  th e  a p p lie d  lo a d s which  

r e s u l t e d  in  b e t t e r  p ressu re  c o n tr o l and b e t t e r  gage r e sp o n se , but a ls o  

b eca u se  o f  th e  in c r e a se d  r i g i d i t y  o f  th e  la r g e r  s e c t io n s  w hich ten d ed  t o  

s t a b i l i z e  th e  frame a c t io n *

The b e s t  s t r a ig h t  l in e  was drawn through th e  p lo t te d  p o in ts  and, 

i f  n e c e s s a r y , c o r r e c te d  t o  pass through th e  o r ig in *  S in ce  a l in e a r  

s t r e s s - s t r a i n  r e la t io n s h ip  was assum ed, th e  estim a ted  v a lu e s  fo r  s t r e s s  

and d e f l e c t i o n  were determ ined as fu n c tio n s  o f  load  per fo o t  o f  beam 

and p lo t t e d  on th e  curve sh e e ts  w ith  th e  measured v a lu es*  In  a l l  c a se s  

e x ce p t on e , th e  measured v a lu e s  are  l e s s  th an  estim a ted *  The one 

e x c e p t io n  i s  F025050 in  which th e  measured s t r e s s  i s  app roxim ately  9 

per c en t above th e  e s t im a te d  va lu e*  These r e s u l t s  are shown in  Table 5* 

The g r e a t e s t  d if fe r e n c e  in  s t r e s s  occurred w ith  E025100, 16*4 per c e n t ,  

and th e  l e a s t  d if f e r e n c e  w ith  P025100, 1*5 per cen t*  The g r e a te s t  

d if f e r e n c e  i n  d e f l e c t io n  occurred  w ith  P025050, 17*5 per c e n t ,  and th e  

l e a s t  d if f e r e n c e  w ith  E025100, 9 .3  per cen t*  The p ro to ty p es e x h ib ite d  

th e  g r e a t e s t  d i f f e r e n c e s  in  d e f le c t io n *  A lth ough  th e  d if fe r e n c e s  in  

some in s ta n c e s  appear t o  be ra th er  h ig h  i t  i s  f e l t  th a t  t h i s  does not 

d e tr a c t  from  th e  v a l i d i t y  o f  th e a n a ly s i s .  In a ccu ra c ie s  in  frame con­

s t r u c t io n  and frame measurements p lu s  any errors in  th e  t e s t i n g  f a c i l ­

i t i e s  c o u ld  e a s i l y  combine t o  produce th e  d if fe r e n c e s  shown betw een  

e s t im a te d  and observed  v a lu e s .  E f fo r t s  were made t o  produce a uniform  

la m in a te  on th e  fram es and m ain ta in  uniform  d im ensions in  la y o u t and
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c r o s s  s e c t io n  but i t  i s  d i f f i c u l t  t o  c o n tr o l th e s e  item s w ith o u t u s in g  

la r g e ,  p r e c i s io n  made molds w ith  s k i l l e d  te c h n ic ia n s  do in g  th e  la m in a t­

in g *  A sm a ll e r r o r  in  m easuring sk in  th ic k n e s s  fo r  determ in in g  th e  mom­

e n t  o f  i n e r t i a  fo r  th e  frame c r o s s  s e c t io n s  would cause a r e l a t i v e l y  

la r g e  d if f e r e n c e  i n  th e  f in a l  e s t im a te  o f  s t r e s s  and d e f l e c t io n .

TABLE 5

ESTIMATED AMD MEASURED VALUES OF DEFLECTION (d ) AMD LOWER FIBER 
STRESS ( s )  AT TEE CROWN OF THE FOUR MODEL FRAMES.

R esin Epoxy P o ly ester

Model E025100 E0250S0 P025100 PQ25050

d
( in ) ( # / in 2 ) ( in )  ( # / in 2 ) ( in )  ( # / in 2 ) ( in )  ( # / in 2 )

E stim ated  
Measured 
% d i f f .

.00139w
•00126w

9 .3

8 .08w 
6 .75w 
16 .4

• 0165w 59 .Ow
• 0139w 5 1 .8w 
15 .8  12.2

•00118w 6.75w  
•00105w 6.65w  

1 1 .0  1 .5

•0126w 3 6 . lw  
• 0104w 3 9 .4w 
17 .5  9 .1

TABLE 6

ESTIMATED A I'D MEASURED VALUES OF DEFLECTION AMD STRESS FOR THE 
MODEL AMD PROTOTYPE'1 ) FOR TWO RESIN-GLASS CLOTH LAMINATES.

R e s in Epoxy P o ly e s te r

R a tio d/^m s/ sm d/^m s/ s m

E stim a ted 1 1 .8 3 7 .3 1 0 .8  5 .3 5
Measured 11 .03 7 .6 3 9 .9  5 .8 4
% d i f f . 6 .8 5 .1 8 .3  9 .1

(^ P r o to t y p e s  are E025050, P025050; m odels are E025100, F025100.

E xam in ation  o f  Table 6 w i l l  provide in fo rm a tio n  o f  th e  v a l i d i t y  

o f  th e  model a n a ly s i s .  The agreem ent betw een estim a ted  and measured
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v a lu e s  o f  th e  r a d io s  fo r  s t r e s s  and d e f le c t io n  betw een model and p ro to ­

ty p e  in d ic a t e  w hether or n ot th e  a n a ly s is  can be a ccep ted  and the  

r e s u l t s  o f  th e  t e s t s  p r o je c te d  t o  a f u l l  s c a le  frame • The r a t io s  are  

c o n s is t e n t  f o r  b oth  r e s in s *  The measured r a t io s  are  below  e stim a ted  

r a t io s  fo r  d e f l e c t i o n ,  above fo r  s t r e s s *  However, th e  d if fe r e n c e s  

b etw een  m easured and e s t im a te d  v a lu e s  are a l l  below  10 per cen t*  A gree­

ment w ith in  t h i s  range su p p orts th e  d e c is io n  th a t  th e  a n a ly s is  can  be 

a c c e p te d  and th e  r e s u l t s  used  in  th e  d e s ig n  o f  a f u l l  s c a le  s tr u c tu r e*

I t  i s  n e c e s sa r y  t o  examine th e  cu rves t o  g e t  an e st im a te  o f  th e  

m agnitude o f  s t r e s s  and d e f le c t io n  which m ight be exp ected  in  a f u l l  

s c a le  frame based  on th e  r e s u l t s  o f  th e  model a n a ly s i s .  R e fer r in g  t o  

th e  o r ig in a l  model a n a ly s i s ,  th e  p r e d ic t io n  eq u a tio n s  fo r  s t r e s s  and 

d e f l e c t i o n  a re; fo r  model P025100, s ® 64sm,  ^ *  3*024dm, i f  th e  le n g th

and c r o s s  s e c t io n  s c a le s  are used  as g iven *  T h ere fo re , i f  we want t o  

u se  m easured s t r e s s  and d e f le c t io n  v a lu e s  t o  p r e d ic t  frame b eh a v io r , we 

f in d ,  fo r  a d e s ig n  lo a d  o f  6 0 # / f t  o f  beam, th a t  th e  s t r e s s  in  lower 

f ib e r s  a t  th e  crown w i l l  be 6 4 (1 01*25) » 6 4 8 0 p s i, and th e  d e f le c t io n  a t  

th e  crown w i l l  be 1024(0*01575) » 16*1 in c h e s .  I t  should  be remembered 

t h a t  i n  making th e  p r o je c t io n  a 1 5 # / f t  load  on th e  model i s  e q u iv a le n t  

t o  a 6 0 # / f t  lo a d  on th e  fram e, i . e . ,  w = 4wm* I t  i s  im m ediately  

app arent th a t  th e  o r ig in a l  frame d e s ig n  i s  ex trem ely  f l e x i b l e  and b e­

cau se  o f  t h i s  would probably  not be a c c e p ta b le , even though th e  s t r e s s  

i s  q u ite  lo w . T his does not p resen t any problem , how ever, as the d e s ig n  

i s  e a s i l y  m o d ifie d  t o  c o r r e c t  t h i s  d e fe c t*  The p o in t t o  be em phasized  

i s  th a t  th e  model a n a ly s is  i s  v a l id  and in fo rm a tio n  from th e problem can  

be used  t o  support fubure d e s ig n  e s t im a te s*
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Long-term  Loads

A s tu d y  o f  F ig u res  22 and 23 su p p orts  th e  sta tem en t o f  D ie t z ,  

e t  a l  ( l 4 ) ,  t h a t  th e  m a te r ia ls  do not e x h ib i t  any creep  under lo n g -term  

lo a d s*  The cu rv es  are r e p r e s e n ta t iv e  o f  th e  e l a s t i c  a f t e r e f f e c t  as 

shown by th e  in c r e a s e  i n  s t r a in  w ith  tim e a f t e r  lo a d  a p p l ic a t io n  and th e  

co rresp o n d in g  tim e dependent r e le a s e  o f  s t r a in  a f t e r  un loading* The 

e f f e c t  o f  tem p eratu re  on m a te r ia l b eh av ior  i s  dem onstrated by th e  c y c l i c  

n a tu re  o f  th e  v a lu e s  fo r  d e f l e c t io n  o f  F025050 a f t e r  th e ra te  o f  s t r a in ­

in g  had reduced t o  a lm ost zero* The o b serv a tio n s  were made a t  0800 and 

a t  1700 d a i ly  w ith  th e  tem perature d if fe r e n c e  betw een th e  two tim es  

about 20°F* T his e f f e c t ,  though n o t ic e a b le ,  i s  not o f  s u f f i c i e n t  mag­

n itu d e  t o  be o f  any consequence in  th e d e s ig n  o f  farm b u ild in g s  •
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C (INCLUSIONS

1* Epoxy and p o ly e s te r  r e s in s  r e in fo r c e d  w ith  g la s s  f ib e r s  pro­

duce a la m in ate  uniform  in  m echanical p r o p e r tie s  s u ita b le  fo r  use as a 

s t r u c t u r a l  m a te r ia l#  Hand w et layup o f  th e  lam in ate i s  p o s s ib le  a l ­

though  i t  i s  d i f f i c u l t  t o  m a in ta in  good q u a lity  c o n tr o l u n le s s  th e  

la m in a to r  has had c o n s id e r a b le  ex p er ien ce  and th e molds a re  c a r e f u l ly  

c o n s tr u c te d *  In  a d d it io n  t o  t h e ir  advantages such a s ,  r o t  r e s i s t a n c e ,  

w ater  p r o o fn e s s ,  s t r e n g th , e t c . ,  th e  r e in fo r c e d  p la s t i c s  can  be molded 

in t o  an  i n f i n i t e  number o f  shapes w ith  ease*

SR-4 e l e c t r i c  r e s is ta n c e  typ e  s t r a in  gages a re  v ery  e a s i l y  

mounted on th e  la m in a tes  p ro v id in g  a v ery  co n v en ien t means fo r  measur­

in g  s t r a i n ,  and th u s s t r e s s ,  in  a s tr u c tu r e  b u i l t  o f  th e  g la s s  r e in ­

fo r c e d  p l a s t i c s .

2* The u se  o f  s tr u c tu r a l models perm its in v e s t ig a t io n  o f  hypo­

th e s e s  co n cern in g  m echanical phenomena in  s tr u c tu r e s  w ith ou t th e  expense  

and d i f f i c u l t i e s  encountered  w ith  a f u l l  s c a le  u n i t • D is to r te d  m odels 

ca u se  no in c r e a se  in  d i f f i c u l t y  over tr u e  m odels when c o n s id e r in g  th e  

u se  o f  model a n a ly s i s .

3* Agreement betw een model and p roto typ e i s  w ith in  a ccep ta b le  

d if f e r e n c e s  betw een  m easured and estim a ted  v a lu e s  fo r  th e  phenomena 

o b se r v e d . The r e s u l t s  o f  th e model stu d y  in d ic a te  f ib ro u s  g la s s  r e in ­

fo r c e d  p la s t i c  r e s in s  can be used w ith  co n fid en ce  in  farm b u ild in g

d e s ig n  and c o n s tr u c t io n *

4* The s t r u c tu r a l  t e s t  f lo o r  w ith  th e  h y d ra u lic  lo a d in g  system  

perm its c o n v e n ie n c e , a ccu ra te  c o n tr o l and ra p id  v a r ia t io n  in  load
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a p p l ic a t io n  t o  any s tr u c tu r e  th a t  i s  r e l a t i v e l y  narrow in  d im en sion  p er­

p en d icu la r  t o  th e  f lo o r  and th e  d ir e c t io n  o f  th e  a p p lie d  lo a d s#  W ith 

th e  w h i f f l e - t r e e  ty p e  lo a d in g  sh o e s , no d i f f i c u l t y  was ex p er ien ced  in  

t e s t i n g  a s e c t io n  o f  two f o o t  depth#
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SUMMARY

The o v e r a l l  o b jec b iv e  o f bhe in v e sb ig a b io n  v/as bo debermine bhe 

f e a s i b i l i b y  o f  u s in g  f ib r o u s  g la s s  r e in fo r c e d  p la s b ic  r e s in s  in  farm  

b u ild in g  co n sb ru cb io n .

A  lib e r a b u r e  rev iew  was conducbed bo debermine bhe s u ib a b il ib y  

bhe co m m erc ia lly  a v a i la b le  p la sb ic  r e s in s  fo r  such u ses*  Two r e s in s  

were ch o sen  fo r  use in  bhe p r o je c t  — a m o d ified  epoxy and p o ly esb er  

r e s in *  P la in  weave g la s s  c lo b h  was used  as rein forcem en t •

A r ig id  frame wibh a m od ified  T c r o s s  s e c b io n  was d evelop ed  as  

a b u ild in g  form  w hich would provide c le a r  span and a llo w  use o f  bhe 

r e in fo r c e d  p la s b ic s  as bobh sk in  and frame* The bwo foob depbh o f  bhe 

u n ib  w ould a llo w  co n v en ien t b u ild in g  exp a n sio n  wibh ad jacen t un ibs  

e a s i l y  w elded bogebher wibh r e s in  and g la s s  c lo b h .

A m odel a n a ly s is  was made and d isborbed  sbrucbural models were 

u sed  bo check  bhe o r ig in a l  d e s ig n . Two models o f  d i f f e r e n t  c r o ss  s e c ­

b io n  s c a le  were b u ilb  o f  each r e s in ,  bhus p ro v id in g  a mebhod o f  'proving*  

bhe m o d el. The m odels were besbed by a p p ly in g  shorb berm u n iform ly  

d isb r ib u b ed  sb a b ic  lo a d s  bhrough a sysbem o f  h y d ra u lic  c y lin d e r s  and 

s p e c ia l  lo a d in g  s h o e s , wibh d e f le c b io n  and sb r a in  measured ab bhe crow n.

M aberial consbanbs were debermined from sam ples cub from bhe 

f la n g e  lam inabe o f  each  model frame* E v a lu e s  in  bending debermined  

from  b h ese  sam ples were used  bo esbimabe d e f le c b io n s  in  bhe fra m es. 

S b ra in s  were sen sed  by SR.—4: sb r a in  gages mounted on bhe outer su r fa c e s  

o f  bhe sbem and f la n g e .  S b re sse s  were debermined by m u lb ip ly in g  bhe 

s b r a in  bhus m easured by bhe v a lu e  o f  E debermined from  bhe sa m p les.
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E stim a ted  and m easured v a lu e s  o f  s t r e s s  and d e f l e c t io n  fo r  th e  

fo u r  m odels are shown i n  T able 5 .  S a t is f a c t o r y  agreem ent was o b ta in ed  

b etw een  m easured and e s t im a te d  v a lu e s  o f  both  phenomena* R easonable  

agreem ent was o b ta in ed  betw een  e st im a te d  and m easured p r e d ic t io n  fa c to r s  

fo r  th e  m odel a n a ly s is ;  th u s ,  th e  r e s u l t s  o f  th e  t e s t s  on th e  model 

fram es ca n  be e x tr a p o la te d  w ith  co n fid en ce  •
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SUGGEST 10 IS FOR FURTHER STUDY

1* I n v e s t ig a te  th e  use o f  g la s s  r e in fo r c e d  p la s t i c s  fo r  p a r t i ­

c u la r  farm "building a p p lic a t io n s  such as tow er s i l o s .

2 .  I n v e s t ig a te  b u ild in g  elem ent c r o s s  s e c t io n  and la y o u t t o  

d eterm ine th e  most econ om ical u n it  o f  r e in fo r c e d  p la s t i c s  s u ita b le  fo r  

c le a r  span c o n s tr u c t io n  fo r  farm b u ild in g s*

3 .  I n v e s t ig a t e  th e  use o f  g la s s  r e in fo r c e d  p la s t i c s  i n  t h in  

s h e l l  c o n s tr u c t io n *

4* I n v e s t ig a te  th e  p o s s i b i l i t i e s  o f  d ev e lo p in g  standard s iz e  

p r e fa b r ic a te d  b u ild in g  e lem en ts  o f  r e in fo r c e d  p la s t i c s  which would per­

m it f l e x i b l e  b u ild in g  arrangem ent*

5 .  I n v e s t ig a te  th e  use o f  d i f f e r e n t  forms o f  f ib r o u s  g la s s  as 

p l a s t i c  r e s in  r e in fo r c in g  m a ter ia ls*
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