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P R E FAC E

T h e  A CI R e c o m m e n de d P ra c ti c e  G u i de li n e s  fo r FR P 

B a rs  i n  P re - En g i n e e re d P ro j e c ts  p ro v i d e  p ra c ti c al  i n fo r-

m a ti o n  o n  h o w  to  w o rk w i th  a n d  i n s ta l l  n o n - me ta l l i c  g l a s s  

f b e r- re i nfo rc e d p o l y m e r ( G F RP )  re i nfo rc e m e n t .  I t  de t ai l s  

th e  ke y  c o n s i d e rati o n s  fo r w h e re  to  u s e  G F R P re i n fo rc e m e n t,  

th e  ty p e s  o f G F R P re i n fo rc e me n t a v a i l a b l e ,  a n d  h o w  to  p l a n  

fo r i n s ta l l i n g  th i s  ty p e  o f re i n fo rc e m e n t.  T h e  ke y  a ttri b u te s  

o f G F R P re i n fo rc e m e n t an d  i ts  p ro p e r u s e  are  a l s o  d i s c u s s e d .

I n  a d d i ti o n ,  th e  A CI R e c o m m e n de d P ra c ti c e  Gu i de -

li n e s  fo r FR P B a rs  i n  P re - En g i n e e re d P ro j e c ts  p ro v i d e s  

p re s c ri p ti v e  d e s i g n  ta b l e s  fo r c o m mo n  a p p l i c a ti o n s  s u c h  a s  

re s i d e n ti a l  fo u n d a ti o n  w al l s  an d  s l a b s - o n - g ro u n d .  T h e  ta b l e s  

p r e s e n t e d  a r e  s i m i l a r  t o  t h e  p r e s c r i p t i v e  t a b l e s  i n  “ C o d e  

R e q u i r e m e n t s  fo r  R e s i d e n t i a l  C o n s t r u c t i o n  a n d  C o m m e n -

t a r y ”  ( A C I  3 3 2 ) .  T h e y  a r e  m e a n t  t o  a l l o w  c o n t r a c t o r s  t o  

u n d e rs ta n d  h o w  to  s e l e c t th e  a p p ro p ri a te  s i z e ,  l o c a ti o n ,  an d  

s p a c i n g  o f G F R P re i n fo rc e m e n t fo r a p ro j e c t a n d  to  c o mp a re  

th e  l a y o u t o f G F R P re i n fo rc e me n t to  s te e l  re i n fo rc e me n t.

T h e  s t o r a g e ,  h a n d l i n g ,  a n d  i n s t a l l a t i o n  o f G F R P re i n -

fo r c e  m e n t  i s  p r e s e n t e d  w i t h  fo c u s  o n  t h e  r e q u i r e m e n t s  

i n  “ C o n s t r u c t i o n  w i t h  G l a s s  F i b e r- R e i n fo r c e d  P o l y m e r 

Re i nfo rc  i n g  B a rs —S p e c i f c at i o n ”  ( A C I  S P E C - 4 4 0 . 5 ) .

T h e  a p p e n d i x  t o  t h i s  g u i d e  p r o v i d e s  a d d i t i o n a l  d e t a i l e d  

i n fo r m at i o n  fr o m F R P  b a r m a n u fa c t u re r s  o n  c o m me rc i a l l y  

av a i l a b l e  p r o d u c t s  a n d  s o l u t i o n s .

E a c h  c h a p t e r o f t h i s  m a n u a l  w a s  r e v i e w e d  b y  a t l e a s t t w o  

re v i e w e r s ,  w h o  p ro v i d e d  v a l u a b l e  c o m m e n t s ,  s u g g e s t i o n s ,  

a n d  i n s i g h t s .  T h i s  m a n u a l  w o u l d  n o t b e  p o s s i b l e  w i t h o u t t h e  

c o nt r i b u t i o n s  of t h e s e  r e v i e we r s ,  a n d t h e i r efo r t s  a r e  h i g h l y  

a p p r e c i a t e d .  T h e  fo l l o w i n g  r e v i e w e r s  a r e  a c k n o w l e d g e d  

a n d  t h a n ke d :

G u s a i  A l  A i t h a n

G r e g g  B l a s z a k

V i c k i  B ro w n

Fr a n c i s c o  d e  C a s o

A p a r n a D e s h mu k h

Jo n a t h a n  Fi s c h e r

D o u g  G r e me l

M a r i a  L o p e z  d e  M u r p h y

A n t o n i o  N a n n i

J ay  Pe a s e

C a ro l  S h i el d

D o u g  To m l i n s o n

Je r z y  Z e m aj t i s

K e y w o r d s :  c o m p r e s s i ve  s t r e n g t h ;  c o v e r ;  d u r a b i l i t y ;  f r e ;  fo o t i n g s ;  fo u n -

d a t i o n s ;  G F R P  r e i n fo r c e m e n t ;  m o d u l u s  o f e l a s t i c i t y ;  r e i n fo r c e m e n t ;  

s l a b s ;  s p l i c i n g ;  w a l l s .

W i l l i a m  J.  G o l d

Ma n a g i n g  Edi to r
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C H A P T E R  1 —I N T R O D U C T I O N

This  manual aims  to  p ro vide guidanc e fo r the us e of glas s  f b er-

reinfo rc ed p olymer (GF RP )  reinfo rc ing b ars  in c o mmo n co nc rete  

cons truc tion applications ,  inc luding b as ement foundation walls  

and fatwo rk.  The guidanc e is  b as ed o n the c o de requirements  

provided in AC I C O D E- 440. 1 1 - 22,  “ B uilding C ode Require-

ments  for S truc tural C onc rete Reinforced with Glas s  Fib er- Rein-

fo rced P o lymer (GF RP )  B ars —C o de and C o mmentary. ” It us es  

the requirements  in this  document to modify the tab les  provided  

for s teel- reinforc ed c onc rete in AC I 3 3 2- 20,  “ C ode Require-

ments  for Res idential C onc rete and C ommentary. ”  C omb ining  

the requirements  of thes e two documents  provides  a s et of pre-

engineered des ign tab les  for GFRP b ars  in a range of c ommon  

res idential and light c ommerc ial applic ations .  Note that thes e  

tab les  only apply to b uildings  as s igned to S eis mic  D es ign C ate-

go ries  A,  B ,  or C  as  def ned in AC I 3 3 2  S ec tio n 1 . 1 . 7 .

A d d i ti o n al l y,  th i s  m a n u a l  a i ms  to  p ro v i d e  a n  o v e rv i e w  o f 

G F RP b a rs  a n d f b e r- re i nfo rc e d p o l y m e r ( F RP )  m a te ri a l s  

b ro a d l y.  A b as i c  u n d e rs ta n d i n g  o f th e  m a te ri a l  p ro p e rti e s ,  

s tre n g th s ,  a n d  l i m i ta ti o n s  o f th e s e  m a te ri a l s ,  th e i r h i s to ry  

o f u s e  a n d  re s e a rc h ,  a n d  ty p i c a l  ap p l i c a ti o n s  c a n  h e l p  g u i d e  

d e c i s i o n s  o n  w h e re  a n d  h o w  to  u s e  th e s e  b ars .

L as tl y,  c o ns truc ti o n wi th G F RP b ars  dife rs  fro m the  us e  

o f tradi ti o n al  s te e l  re i n fo rc e men t.  A p p l i c ati o n  g u i dan c e an d  

e x amp l e s  are p ro v i de d i n  th i s  man u al  to  fac i l i tate  th e  s afe  an d  

p ro p er u s e  o f G FRP b ars  i n  re i n fo rc e d c o n c re te c o n s tru c ti o n .

1 . 1 —A p p l i c a t i o n  a n d  re s e a rc h  h i s t o r y

T h e  u s e  o f G F R P re i n fo rc e me n t b e g a n  i n  th e  l a te  1 9 7 0 s  

a s  a  n o n m e tal l i c  a l te rn a ti v e  to  s te e l  re i n fo rc e me n t.  M u c h  o f 

th e  i n i ti a l  i n te re s t i n  G F R P re i n fo rc e m e n t w a s  d u e  to  a p p l i -

c a ti o n s  th a t d e ma n d e d  n o n m e ta l l i c  re i n fo rc e me n t.  T h e s e  

i n c l u d e  re i n fo rc e m e n t o f s tru c tu re s  a ro u n d  ma g n e ti c  re s o -

n an c e  i m a g i n g  ( M RI )  u n i t s  i n  h o s p i t a l s  a n d i n  m a g n e t i c  

l e v i ta t i n g  ( ma g l e v )  t ra i n s ,  a s  s h o w n  i n  F i g .  1 . 1 a.  I n  b o t h  of 

th e s e  a p p l i c a ti o n s ,  fe rro u s  m ate ri a l s  c a n  i n te rfe re  w i th  th e  

o p e rati o n  o f th e  e q u i p me n t,  a n d  G F R P re i n fo rc e me n t—as  

a  n o n m e ta l l i c ,  n o n - fe rro u s  a l te rn ati v e —h a s  b e c o me  a  s ta n -

d a rd  c o n s tru c ti o n  p ra c ti c e  fo r th e s e  a p p l i c a ti o n s .  S o m e  o f 

th e  l a rg e s t e arl y  a p p l i c a ti o n s  o f G F R P re i n fo rc i n g  b ars  w e re  

i n  th e  G o n d a B u i l d i n g  a t th e  M ay o  C l i n i c  i n  R o c h e s te r,  

M N ,  b u i l t i n  2 0 0 1 ,  an d  a t th e  N a ti o n a l  I n s ti tu te s  o f H e al th  

i n  B e th e s d a ,  M D ,  b u i l t i n  1 9 8 4 ,  b o th  i n v o l v i n g  re i n fo rc i n g  

c o n c re te  e l e me n ts  i n  c l o s e  p ro x i mi ty  to  M R I  u n i ts .

D u ri n g  th i s  ti m e ,  th e re  w as  a l s o  i n te re s t i n  th e  n o n c o rro -

s i v e  n a tu re  o f G F R P re i n fo rc e m e n t a n d  a n  i n c re a s i n g  a w are -
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n e s s  o f th e  d e te ri o ra ti o n  o f s te e l - re i n fo rc e d  c o n c re te  d u e  to  

c o rro s i o n  o f th e  e mb e d d e d  s te e l .  B y  th e  mi d - 1 9 9 0 s ,  s e v e ra l  

b ri d g e  s tru c tu re s  w e re  c o n s tru c te d  u s i n g  G F R P re i n fo rc e -

me n t a s  a  w a y  o f re d u c i n g  ma i n te n a n c e  c o s ts  a s s o c i a te d  

w i th  c o rro s i o n  i s s u e s .  T h e re  a re  s e v e ra l  e a rl y  e x am p l e s  o f 

b ri d g e  d e c ks  e x p o s e d  to  d e i c i n g  s a l ts  b e i n g  re i n fo rc e d  w i th  

G F R P b ars  to  re d u c e  c o rro s i o n  a n d  s p a l l i n g  o f th e  c o n c re te  

s u rfa c e .  O n e  e x a m p l e  i s  s h o w n  i n  F i g .  1 . 1 b .

E a rl y  ap p l i c a ti o n s  o f G F R P re i n fo rc e m e n t w e re  c o u p l e d  

w i th  an d  s u p p o rte d  b y  re s e a rc h  i n to  th e  s tru c tu ra l  c a p a c i ty  

o f G F R P - re i n fo rc e d  c o n c re te  me m b e rs .  E a rl y  s tu d i e s  o f 

F R P - re i n fo rc e d  c o n c re te  fo c u s e d  o n  b e a ms  a n d  s l a b s  re i n -

fo rc e d w i t h  G F RP ( F az a  a n d G a n g a Ra o  1 9 9 3 ;  N a n n i  1 9 9 3 ;  

B e n m o kra n e  1 9 9 6 ) .  T h e s e  e a rl y  s tu di e s  v e ri f e d th a t  m a n y  

o f th e  s a me  p ri n c i p l e s  o f s te e l - re i n fo rc e d  c o n c re te  a l s o  a p p l y  

to  G F R P - re i n fo rc e d  c o n c re te .

L a t e r s t u di e s  fo c u s e d o n  s p e c i f c  a s p e c ts  of G F RP re i n -

fo rc e m e n t  s u c h  a s  du ra b i l i ty  ( B e n m o kra n e  a n d Ra h m a n  

1 9 9 8 ;  P o rt e r e t  a l .  1 9 9 7 ) .  M u c h  of t h e  du ra b i l i t y  re s e a rc h  

w a s  c o n c e rn e d  w i th  th e  ab i l i ty  o f G F R P b a rs  to  s u s ta i n  

l o a d s  i n  th e  a l ka l i n e  e n v i ro n me n t o f c a s t c o n c re te .  T h e s e  

s tu d i e s  i n d i c ate d  th a t p ro p e r re s i n  s y s te m s  i n  th e s e  b a rs  

Fig .  1 . 1 a —GFR P re in fo rce me n t u s e d a ro u n d MR I u n its  in  h o s p ita ls  a n d in  m a g le v tra in  

a p p lica tio n s .  Th e  p h o to  o n  th e  le ft is  o f th e  A irp o rtL in k m a g le v ra ilwa y  th a t co n n e cts  to  

th e  Mia m i In te rmo da l Ce n te r (MIC) ,  b u ilt in  2 01 1 .  Th e  p h o to  o n  th e  rig h t is  a  ca g e  o f re in -

fo rce m e n t b e in g  tra n s p o rte d to  a  co n cre te  p la ce m e n t in  a  ro o m  th a t will e ve n tu a lly  h o u s e  

a n  MR I u n it (p h o to s  co u rte s y  o f D o u g  Gre m e l) .
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w o u l d p ro v i de  p ro te c t i o n  t o  t h e  g l a s s  f b e r re i nfo rc e m e n t  

a n d  a l l o w  fo r l o n g - te rm  p e rfo rma n c e .  T h i s  h as  b e e n  fu rth e r 

s u b s ta n ti a te d  th ro u g h  l o n g - te rm s tu d i e s  o f b a rs  i n  s e rv i c e  

( G o o ra n o ri m i  e t  al .  2 0 1 9 ) .  M o re  di s c u s s i o n  of du ra b i l i t y  i s  

i n  C h a p te r 2 .

R e s e a rc h  o n  b o n d  c h a ra c te ri s ti c s  o f G F R P re i n fo rc e me n t 

to  c o n c re t e  ( B a ki s  e t  a l .  1 9 9 8 ;  B a n k e t a l .  1 9 9 8 ) ,  th e  s h e a r 

s t re n g t h  of c o n c re t e  e l e m e n t s  re i nfo rc e d w i th  F RP ( Tu re y e n  

an d F ro s c h  2 0 0 3 ) ,  a n d re i nfo rc i n g  o th e r c o n c re t e  e l e m e n ts  

s u c h  a s  s qu a re  an d c i rc u l a r c o l u m n s  ( D e  L u c a  e t  a l .  2 0 1 0 ;  

A ff 2 0 1 3 )  h a v e  a l l  h e l p e d s e rv e  a s  th e  b a s i s  fo r th e  de v e l -

o p me n t o f A C I  C O D E - 4 4 0 . 1 1 .  A d d i ti o n a l  i n fo rm a ti o n  o n  

th e  re s e a rc h  a n d  i n i ti a l  a p p l i c a ti o n s  o f G F R P re i n fo rc e m e n t 

c a n  b e  fo u n d  i n  A C I  4 4 0 . 1 R - 1 5 ,  “ G u i d e  fo r th e  D e s i g n  a n d  

C o n s tru c ti o n  o f S tru c tu ra l  C o n c re te  R e i n fo rc e d  w i th  F i b e r-

Re i nfo rc e d P o l y m e r ( F RP )  B a rs . ”

1 . 2 —A p p l i c a t i o n  e xa m p l e s

To d ay,  G F R P re i n fo rc i n g  b a rs  are  u s e d  e x te n s i v e l y  i n  

c o a s ta l  c o n s tru c ti o n ,  b ri d g e  c o n s tru c ti o n ,  a n d  g e n e ra l  

c o n s tru c ti o n  w h e re  l i g h tw e i g h t,  e a s y - to - p l a c e  re i n fo rc e me n t 

i s  a d v an ta g e o u s .  A fe w  re c e n t e x am p l e s  a re  h i g h l i g h te d  i n  

F i g .  1 . 2 a  to  1 . 2 e .

Fig .  1 . 1 b —B ridg e  de cks  re in fo rce d with  GFR P b a rs  a s  a  wa y  o f m itig a tin g  co rro s io n  

is s u e s  wh e n  e xp o s e d to  de icin g  s a lts .  Th e  p h o to  o n  th e  le ft is  o f th e  Sie rrita  de  la  Cru z  

Cre e k B ridg e  in  A m a rillo ,  TX,  wh ich  wa s  co n s tru cte d in  2 000.  Th e  p h o to  o n  th e  rig h t is  o f 

th e  R e d R ive r Flo o dwa y  b ridg e  in  Win n ip e g ,  MB ,  Ca n a da ,  wh ich  co n s u m e d o ve r 3 1 0, 000 

lb  (1 4 0, 000 kg )  o f GFR P re in fo rcin g  b a rs  a n d wa s  co n s tru cte d in  2 006.
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Fig .  1 . 2 a —Th e  u s e  o f GFR P re in fo rcin g  b a rs  o n  B ra y s  B a y o u  Hike  &  B ike  Tra il in  

Ho u s to n ,  TX,  a llo w e d th e  c o n tra c to r to  w o rk e f c i e n tly  u s i n g li gh te r e q u i p m e n t.  Th i s  w a s  

i n  a re a s  w h e re  h e a vi e r e q u i p m e n t w a s  n o t a lw a y s  p o s s i b le  to  u s e .  Th e  c o n tra c to r w a s  a b le  

to  p re - tie  g rids  o f re in fo rce m e n t th a t we re  e a s ily  m o ve d in to  p o s itio n .

·  Pro je ct s iz e :  1 0 ft (3  m)  wide  x 9 m ile s  (1 4  km)  lo n g ,  o r 4 75, 000 ft2  (4 4 , 000 m 2 )

·  GFR P b a r:  Ga to rB a r GFR P No .  3  (M1 0)

·  Co n s tru ctio n  tim e  fra me :  Su mm e r/Fa ll 2 02 2

Fig .  1 . 2 b —Th e  fo u n da tio n s  a n d s h e a r wa lls  o f th is  e ig h t-

s to ry b u ildin g  we re  re in fo rce d with  GFR P re in fo rcin g  b a rs .  

Siz e s  ra n g in g  fro m  No .  3  to  No .  1 1  b a rs  we re  u s e d a n d 

re q u i re d c o m p li c a te d b e n d ge o m e tri e s  fo r a n c h o ra ge s  a n d 

tie s .  Th is  illu s tra te s  th e  u tility  o f GFR P b a rs  in  co mp le x a n d 

de m a n din g  s tru ctu ra l a p p lica tio n s .

·  Pro je ct s ize :  1 , 4 00, 000 lin e a r ft (4 2 6, 000 lin e a r m )  o f 

GFR P b a r

·  GFR P b a r:  MST- B A R  Siz e s  No .  3  (1 0M) ,  No .  5 (M1 6) ,   

No .  8  (M2 5) ,  a n d No .  1 1  (M3 5)

·  Co n s tru ctio n  tim e  fra me :  2 02 0
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Fig .  1 . 2 c—Th e  L o w B a tte ry Se a wa ll a n d s e a s ide  p ro me n a de  is  a  h is to ric la n dma rk in  

Ch a rle s to n ,  SC.  Th e  s e a wa ll wa s  ra is e d 1 . 8  ft (0. 5 m)  to  ma tch  th e  Hig h  B a tte ry  Se a wa ll.  

GFR P re in fo rce m e n t wa s  u s e d du e  to  its  a b ility  to  re s is t co rro s io n  in  th is  s e ve re  co a s ta l 

e n viro n me n t a n d fo r a e s th e tic co n ce rn s  with  s te e l co rro s io n  p ro du cts  le a ch in g  o n to  th e  

s u rfa ce  o f th e  co n cre te  (Ste p u ta t e t a l.  2 02 2 ) .

·  Pro je ct s iz e :  3 . 9 m ile s  (6. 3  km)  o f s e a wa ll

·  GFR P b a r:  Fib e rg la s ™  R e b a r b y  O we n s  Co rn in g  In fra s tru ctu re  So lu tio n s

·  Co n s tru ctio n  tim e  fra me :  2 02 1  to  2 02 2

Fig .  1 . 2 d—Cu rre n tly th e  la rg e s t s in g le  p ro je ct to  u s e  GFR P re in fo rce m e n t,  th e  Jiza n  Flo o d 

Mi ti ga ti o n  Ch a n n e l i s  a  m e ga p ro j e c t to  p ro te c t th e  refn i n g fa c i li ti e s  of Sa u di  A ra m c o  o n  

th e  b a n ks  o f th e  R e d Se a  in  Sa u di A ra b ia .  Th e  GFR P b a r p ro vide s  co rro s io n  re s is ta n ce  

in  th is  co a s ta l re g io n  a n d its  lig h t we ig h t a llo we d fo r fa s te r in s ta lla tio n  th a n  tra ditio n a l 

me th o ds .  Th e re  wa s  a  re p o rte d 2 1 %  co s t s a vin g s  in  in itia l co n s tru ctio n  u s in g  GFR P b a rs  

ve rs u s  e p o xy - co a te d s te e l b a rs  (Ville n  Sa la n  e t a l.  2 02 1 ) .

·  Pro je ct s iz e :  To ta l le n g th  o f 1 3  m ile s  (2 1  km) ;  th e  ch a n n e l re a ch e s  a  m a xim u m width  o f 

2 3 6 ft (72  m )

·  GFR P b a r:  D e xtra  A STEC Gla s s  R e b a r Ga le n - Pa n a m e rica /B in e vir Fib e rg la s s  R e b a r 

a n d IKK Ma te e n b a r™

·  Co n s tru ctio n  tim e  fra me :  2 01 9 to  2 02 0
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Fig .  1 . 2 e —Th e  Ha rke r Is la n d B ridg e  in  Ca rte re t Co u n ty,  NC,  is  a  3 . 2  m ile  (5 km)  lo n g  

ve h icu la r b ridg e  n e a r th e  O u te r B a n ks  th a t in clu de s  2 8  s p a n s .  Th e  b ridg e  de ck is  re in -

fo rce d with  GFR P b a rs ,  a n d th e  b ridg e  g irde rs  a re  b o th  p re s tre s s e d with  ca rb o n  FR P 

(CFR P)  te n do n s  a n d re in fo rce d with  GFR P b a rs .  Th e  e n tire  b ridg e  s tru ctu re  u s e s  a lmo s t 

n o  s te e l re in fo rce m e n t.  FR P s o lu tio n s  we re  u s e d o n  th is  b ridg e  to  co mb a t th e  co rro s ive ,  

b ra ckis h  co a s ta l e n viro n m e n t o f th e  O u te r B a n ks .  

·  Pro je ct s iz e :  1 , 575, 000 lin e a r ft (4 8 0, 000 lin e a r m)  o f GFR P re in fo rce me n t

·  GFR P b a r:  Fib e rg la s ™  R e b a r b y  O we n s  Co rn in g  In fra s tru ctu re  So lu tio n s  No .  4  (M1 3 ) ,  

No .  5 (M1 6) ,  No .  6 (M1 9) ,  a n d No .  8  (M2 5)

·  Co n s tru ctio n  tim e  fra me :  2 02 2  to  2 02 3

1 0     R E C O M M E N D E D  P R AC T I C E  G U I D E L I N E S  F O R  F R P  B A R S  I N  P R E - E N G I N E E R E D  P R O J E C T S

Full document details: ACI MNL-6-23

http://www.avadocuments.com/doc/aci-mnl-6-23
http://www.avadocuments.com/doc/aci-mnl-6-23


C H A P T E R  2 —M AT E R I A L S  A N D  D U R A B I L I T Y

2 . 1 —I n t ro d u c t i o n

I t i s  i mp o rtan t to  u n de rs tan d th at s i mp l y  re p l ac i n g  s te el  

re i nfo rc e me nt wi th the  s ame  s i z e  and s p ac i ng  of f b e r-  

re i nfo rc e d p o l yme r ( F RP )  re i nfo rc e me nt i s  no t ap p ro p ri ate .  

F RP re i nfo rc e me nt mus t b e  s p e c i f c al l y de s i g ne d b as e d o n the  

u n i qu e  p ro p e rti e s  o f FR P.  T h i s  c h ap te r i s  me an t to  p ro v i de  a  

s y n o p s i s  o f th e  ke y  p ro p e rti e s  o f F RP as  i t re l ate s  to  i ts  u s e i n  

re i nfo rc ed c o n c rete  s tru c tu re s .

F RP re i nfo rc e m e n t  b e h a v e s  i n  a  m u c h  dife re n t w a y  t h a n  

s te e l  re i n fo rc e me n t.  I t i s  n o t d u c ti l e  l i ke  s te e l ,  m e a n i n g  th a t 

i t d o e s  n o t re ac h  a  y i e l d  p o i n t an d  p e rm an e n tl y  b e n d .  R a th e r,  

i t i s  fu l l y  e l a s ti c  a n d  w i l l  s n a p  b a c k to  i ts  o ri g i n a l  s h ap e  o n c e  

l o ad s  a re  re m o v e d .  T h i s  a l s o  m e an s  th a t w h e n  i t d o e s  fa i l  

o r b re ak,  i t d o e s  s o  s u d d e n l y  a n d  w i th o u t w a rn i n g .  I t i s  th e  

v e ry  de f n i ti o n  of a b ri t tl e  m a te ri a l .  A l t h o u g h  t h e s e  m a t e -

ri a l s  a re  b ri ttl e ,  m o s t F R P ma te ri al s  h av e  v e ry  h i g h  te n s i l e  

s tre n g th  ( m u c h  h i g h e r t h a n  s t e e l  i n  m a n y  c as e s ) ,  a n d t h e y  a re  

v e ry  l i g h t w e i g h t ( w e i g h i n g  o n l y  a  fra c ti o n  of w h a t s t e e l  o r 

al u m i n u m  w e i g h s  o n  a  w e i g h t  p e r v o l u m e  b a s i s ) .

T h e s e  u n i q u e  p ro p e rti e s  h a v e  l e d  to  th e  w i d e s p re a d  u s e  o f 

th i s  m a te ri a l  i n  a i rc raft ( th e  w i n g s  a n d fu s e l a g e  of m o de rn  

c o mm e rc i a l  a i rc ra ft s u c h  a s  th e  B o e i n g  7 8 7  are  c o n s tru c te d  

al m o s t  e n ti re l y  of F RP m a te ri a l s ) ,  s p o rt i n g  g o o ds  ( g o lf 

c l u b s ,  b i c y c l e s ,  s ki s ,  s u rf b o a rds ,  f s h i n g  ro ds ,  an d m a n y  

o th e r s p o rti n g  g o o d s  re l y  h e av i l y  o n  th e  u s e  o f F R P m ate -

ri a l s ) ,  an d a u t o m o t i v e  a p p l i c a t i o n s .

FRP materi al  i s  a c o mp o s i te  mate ri al  c o n s i s ti n g  o f a de n s e  

ne two rk of hi g h- s tre ng th,  c o nti nuo us  f b e rs  that are  b o und 

to g e the r b y a p o l yme r mate ri al .  T he  f b e rs  p ro vi de  the  s tre ng th  

and s tifne s s  p ro p e rti e s  to  the  c o mp o s i te  and the  p o l yme r b i nds  

the  f b e rs  to g e the r and g i ve  the  mate ri al  i ts  s hap e .  I t i s  i mp o r-

tant to  re c o g ni z e  that F RP mate ri al s  have  dife re nt p ro p e rti e s  

i n dife re nt di re c ti o ns .  S i mi l ar to  w o o d,  w hi c h i s  s tro ng  al o ng  

i ts  g rai n  an d w e ak p e rp e n di c u l ar to  i ts  g rai n ,  FR P mate ri al s  are  

s tro ng e s t and s tife s t i n the  di re c ti o n of the  f b e rs ,  b ut s i g ni f -

c antl y w e ake r i n di re c ti o ns  of- ax i s  to  the  f b e r di re c ti o n.  T he  

FR P mate ri al  s h o w n  i n  Fi g .  2 . 1 ,  fo r e x amp l e,  w o u l d h av e  h i g h  

s tre ng th o nl y i n the  di re c ti o n al o ng  the  f b e rs .  I n the  di re c ti o ns  

p e rp e ndi c ul ar to  the  f b e rs ,  the  mate ri al  w o ul d b e  s i g ni f c antl y  

l o we r i n s tre ng th ( j us t the  s tre ng th of the  p o l yme r al o ne ) .  I n  

addi ti o n  to  me c h an i c al  p ro p erti e s ,  o th e r p ro p erti e s  s u c h  as  th e  

c o efc i e nt of the rmal  e x p ans i o n,  e l e c tri c al  c o nduc ti vi ty,  and 

th ermal  c o n du c ti v i ty  c an  al s o  v ary  de p e n di n g  o n  di rec ti o n .

F RP re i nfo rc i n g  b a rs  t y p i c a l l y  h a v e  f b e rs  ru n n i n g  o n l y  

a l o n g  th e  l e n g th  o f th e  b ar.  T h i s  a l l o w s  th e  b a rs  to  h a v e  h i g h  
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s t re n g t h  a n d s t ifn e s s  al o n g  th e  l e n g t h  of t h e  b a r,  b u t t h e  b a rs  

h a v e  re l a ti v e l y  l o w e r s tre n g th  a n d s tifn e s s  p e rp e n di c u l a r t o  

th e  b a r.  A s  s u c h ,  F R P b a rs  h a v e  l o w e r s h e a r s tre n g th  a n d  

ma y  h a v e  l o w e r b o n d  s tre n g th  th a n  c o m p a ra b l e  s te e l  b a rs .

2 . 2 —F R P  t y p e s

T h e  F R P ma te ri al s  mo s t c o mm o n l y  fo u n d  fo r c o n s tru c ti o n  

ap p l i c a ti o n s  a re  c o n s t ru c t e d of g l as s  f b e r ( G F RP ) ,  b a s a l t  

f b e r ( B F RP ) ,  o r c a rb o n  f b e r ( C F RP ) .  A ra m i d f b e rs  ( A F RP )  

ma y  a l s o  b e  u s e d  b u t a re  l e s s  c o m m o n .  T h e  p o l y m e rs  u s e d  

to  c o ns truc t FRP b ars  are ty p ic al ly  v iny l es ter o r ep o x y  thermo -

s etting  p o l y mers .  O ther thermo s et p o ly mers  s uc h as  p o ly es ters  

ma y  a l s o  b e  fo u n d  b u t a re  n o t a s  c o mm o n .

T h e  ty p e s  o f F R P s y s te m s ,  m a te ri a l s ,  a n d  o th e r s tru c tu re s  

i n  c o n s tru c ti o n  a re  q u i te  v as t a n d  a re  i n c re a s i n g .  T h e y  ra n g e  

fro m th e  v e ry  e x o ti c ,  s u c h  as  th e  c i rc u l a r C F R P ro o f o f th e  

A p p l e  T h e a te r a t A p p l e  C o mp u te r ’ s  h e a d q u a rte rs  i n  C u p e r-

ti n o ,  C A ,  to  mo re  c o mm o n  a p p l i c a ti o n s  s u c h  a s  m o i s tu re -

re s i s tan t G F R P w a l l  p a n e l s  u s e d  i n  g a ra g e s  an d  l a u n d ry  

s p a c e s .  F i g u re  2 . 2 a  s h o w s  a n  a rra y  o f v a ri o u s  F R P m a te ri a l s  

u s e d  i n  c o n s tru c ti o n  a p p l i c a ti o n s .

S p e c i f c a l l y  fo r c o n c re t e  c o n s t ru c t i o n ,  F RP m a te ri a l s  a re  

u s e d  fo r s tru c tu ra l  a p p l i c a ti o n s ,  i n c l u d i n g  F R P b a rs  a n d  

Fig.  2 . 1 —FR P c o m p o s ite  m a te ria l s h o win g th e  two  m a teria ls  fo rm in g it.  Th e  fb e rs  u s e d 

in  h igh - s tre n gth  FR P c o m p o s ite s  a re c o n tin u o u s  (th e y a re  n o t c h o p p e d fb e rs  o r dis c re te  

fb e rs  like  m a y b e fo u n d in  fb er- reinfo rc e d c o n c re te ) .  Th e  fb e rs  th em s elve s  a re ve ry s m a ll 

diame te r (le s s  than the  diame ter o f a hu man hair) .  A  de ns e  ne two rk o f the s e  s mall- diame te r,  

c o n tin u o u s  fb e rs  re info rc e  th e  FR P m a te ria l.  A n  FR P c o m p o s ite  m a te ria l will gen e ra lly h a ve  

s e ve ra l m illio n  fb e rs  p e r s q u a re  in c h  of c ro s s  s e c tio n .
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g ri d s  fo r c o n c re te  re i n fo rc e me n t,  s ta y - i n - p l a c e  F R P fo rms ,  

an d  as  e x te rn a l l y  b o n d e d  re i n fo rc e me n t fo r s tre n g th e n i n g  

an d re tro f t  of e x i s t i n g  c o n c re te  e l e m e n ts .

G F R P,  B F R P,  an d  C F R P re i n fo rc i n g  b ars  a re  c o mm o n l y  

av a i l a b l e .  G F R P a n d  B F R P b a rs  a re  g e n e ra l l y  th e  m o s t 

e c o n o mi c a l  a n d  h a v e  s i m i l a r p ro p e rti e s .  C F R P b a rs  h a v e  

m u c h  h i g h e r s t re n g t h  a n d s t ifn e s s  t h an  G F RP o r B F RP b u t  

are  g e n e ra l l y  m o re  c o s tl y.  C F R P re i n fo rc i n g  b ars  are  l e s s  

Fig .  2 . 2 a —FR P ma te ria ls  a re  u s e d in  a  wide  va rie ty  o f co n s tru ctio n  a p p lica tio n s .  Th e  

ima g e s  a b o ve  s h o w GFR P win do w fra m e s  u s e d b y  ma n y  win do w a n d do o r m a n u fa ctu re rs ,  

co mp o s ite  g ra tin g s  a n d ra ilin g  s y s te m s  u s e d in  in du s tria l a n d p e de s tria n  b ridg e  a p p li-

ca tio n s ,  FR P u tility  a n d lig h t p o le s ,  a n d FR P s ta ke s  u s e d in  g a rde n s  a n d fo r s n o wp lo w 

ma rke rs  (p h o to s  co u rte s y  o f Ga le n - Pa n a me rica /B in e vir) .
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c o m m o n  fo r n e w  c o n s tru c ti o n .  T h e y  a re  mo re  c o mm o n l y  

u s e d  i n  s tre n g th e n i n g  o r re i n fo rc i n g  e x i s ti n g  s tru c tu re s .  

C F R P w ra p s  a n d  l a m i n a te s ,  a s  s h o w n  i n  F i g .  2 . 2 b ,  a re  a l s o  

c o m mo n l y  u s e d  fo r s tre n g th e n i n g  e x i s ti n g  s tru c tu re s .

F R P b a rs  c a n  a l s o  b e  as s e mb l e d  i n to  m a n u fa c tu re d  g ri d s  

o r m an u fa c tu re d  as  g ri d s  s i m i l a r to  w e l d e d  w i re  fa b ri c  re i n -

fo rc e me n t,  a s  s h o w n  i n  F i g .  2 . 2 c .

F i g u re  2 . 2 d  s h o w s  s e v e ra l  ty p e s  o f F R P b a rs .  A S T M  

D 7 9 5 7 / D 7 9 5 7 M  s e ts  s ta n d a rd  re q u i re m e n ts  fo r F R P re i n -

fo rc i n g  b a rs .  T h i s  s ta n d a rd  ap p l i e s  o n l y  to  s o l i d ,  ro u n d ,  

G F R P b a r s  m a d e  w i th  v i n y l  e s te r re s i n .  A C I  C O D E -

4 4 0 . 1 1  p ro v i d e s  b u i l d i n g  

c o d e  re q u i re me n ts  o n l y  fo r 

b a rs  th a t c o n fo rm to  A S T M  

D 7 9 5 7 / D 7 9 5 7 M  an d  th e  

p re s c ri p ti v e  d e s i g n  ta b l e s  

a n d  re c o mm e n d a ti o n s  i n  

th i s  m an u a l  a p p l i e s  o n l y  to  

b a rs  th a t c o n fo rm  to  A S T M  

D 7 9 5 7 / D 7 9 5 7 M .  N e w  s ta n -

d a rd s  fro m  A S T M  a re  u n d e r 

d e v e l o p m e n t th a t w i l l  a l l o w  

fo r b ro a de r f b e r a n d re s i n  

t y p e s  ( s u c h  a s  b a s a l t  f b e r a n d 

e p o x y  re s i n s )  i n  fu t u re  c o de  

re q u i re m e n ts .

2 . 3 —M e c h a n i c a l  

p ro p e r t i e s

2 . 3 . 1  Te n s ile  p ro p e rtie s —

T h e  m o s t  s i g n i f c a n t  dife r-

e n c e  b e tw e e n  th e  te n s i l e  

Fig.  2 . 2 b—Externally bonded FRP reinforcement is often  

used to strengthen existing concrete elements.  This photo  

shows a carbon fabric or wrap FRP system being applied 

with structural resins and adhesives to add external reinforce-

ment to a concrete beam.

Fig .  2 . 2 c—FR P g rids  u s e d s imila rly  to  we lde d wire  fa b ric fo r re in fo rce m e n t o f co n cre te  

s la b s ,  wa lls ,  a n d o th e r e le m e n ts  (h o to s  co u rte s y  Ga le n - Pa n a m e rica /B in e vir) .
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p ro p e rti e s  o f F R P ma te ri a l s  a n d  s te e l  i s  th e  b ri ttl e  n a tu re  o f 

F R P m a te ri al s .  T h e  l ac k o f d u c ti l i ty  o r y i e l d i n g  i n  F R P b ars  

re q u i re s  th a t th e y  h a v e  h i g h e r s a fe ty  fa c to rs  i n  d e s i g n .  I n  

re i n fo rc e d  c o n c re te  a p p l i c a ti o n s ,  th i s  m i g h t re s u l t i n  m o re  

F R P re i n fo rc e me n t b e i n g  re q u i re d  v e rs u s  s te e l  re i n fo rc e m e n t 

e v e n  th o u g h  F R P m a te ri a l s  ty p i c a l l y  h a v e  h i g h e r te n s i l e  

s tre n g th  th a n  s te e l .  G F R P a n d  B F R P b ars  a l s o  h a v e  l o w e r 

s t ifn e s s  t h a n  s te e l  re i nfo rc e m e n t ,  w h i c h  re s u l t s  i n  m o re  

G F R P o r B F R P b a rs  b e i n g  n e e d e d  to  c o n tro l  c ra c ki n g  an d  

defe c ti o n s  i n  c o n c re te  e l e m e n ts  c o m p are d to  e l e m e n t s  w i th  

s te e l  re i n fo rc e m e n t.  C F R P b a rs  g e n e ra l l y  h av e  m u c h  h i g h e r 

s t re n g t h  a n d s i m i l a r s t ifn e s s  t o  s te e l  b a rs .  A c o m p a ri s o n  of 

h o w  th e s e  v ari o u s  ma te ri al s  b e h av e  u n d e r te n s i l e  s tre s s  i s  

s h o w n  i n  F i g .  2 . 3 . 1 .

I t i s  a l s o  i m p o rta n t to  n o te  th a t th e  te n s i l e  s tre n g th  o f F R P 

b ars  c h a n g e s  w i th  th e  b a r s i z e .  L arg e r b a r d i a m e te rs  g e n e r-

al l y  h a v e  l o w e r n e t  t e n s i l e  s t re n g t h  b e c au s e  t h e  o u te r f b e rs  

of th e  b a r a re  m o re  h i g h l y  s t re s s e d t h a n  th e  i n n e r f b e rs  of th e  

b a r w h e n  l o ade d i n  t e n s i o n  ( a n d b o n de d to  c o n c re te ) .  A S T M  

D 7 9 5 7 /D 7 9 5 7 M  p ro v i d e s  a  ta b l e  o f th e  mi n i m u m  te n s i l e  

fo rc e  fo r G F R P b a rs  w i th  a  ra n g e  o f v a l u e s ,  d e p e n d i n g  o n  

th e  b a r s i z e .  F o r e x a m p l e ,  th e  mi n i m u m  te n s i l e  fo rc e  fo r a  

1 /4  i n .  ( 6 . 3  m m )  di am e te r,  N o .  2  ( N o .  M 6 )  b a r i s  6 1 0 0  l b  

Fig .  2 . 2 d—So lid,  ro u n d,  FR P b a rs  fo r co n cre te  re in fo rce m e n t.  Th e  p h o to  o n  th e  le ft s h o ws  

GFR P (lig h te r- co lo re d b a rs )  a n d B FR P (da rke r- co lo re d b a rs )  (p h o to  co u rte s y  o f Ga le n  

Co m p o s ite s ) .  Th e  p h o to  o n  th e  rig h t is  a  b u n dle  o f GFR P b a rs  (p h o to  co u rte s y  o f Ga to rB a r) .
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( 2 7  kN ) ,  w h i c h  t ra n s l at e s  to  1 2 5  ks i  ( 8 4 4  M P a ) ,  w h e re a s  

th e  m i n i m u m  s tre n g th  of a  1 - 1 /4  i n .  ( 3 2 . 3  m m )  di a m e t e r,   

N o .  1 0  ( N o .  M 3 2 )  b a r i s  9 8 , 2 0 0  l b  ( 4 3 7  kN ) ,  w h i c h  t ra n s l a t e s  t o   

7 7  ks i  ( 5 3 4  M P a ) .

2.3.2  Co m p re s s ive  p ro p e rtie s —F RP b a rs  do  h a v e  s i g n i f -

c a n t c o m p re s s i v e  s tre n g th .  H o w e v e r,  th e i r c o m p re s s i v e  

s tre n g th  a n d s tifn e s s  i s  l o w e r t h an  t h e i r t e n s i l e  s t re n g t h .  

F R P b a rs  a re  ty p i c a l l y  u s e d  fo r te n s i l e  re i n fo rc e me n t w i th o u t 

mu c h  re l i an c e  o n  th e m  fo r c o m p re s s i v e  s tre n g th .

2.3.3  Sh e a r s tre n g th —T h e  s h e a r s tre n g th  o f F R P b ars  i s  

g e n e ra l l y  l o w e r th a n  c o m p a ra b l y  s i z e d  s te e l  b a rs .  A S T M  

D 7 9 5 7 / D 7 9 5 7 M  d o e s  re q u i re  th a t b a rs  h av e  a mi n i mu m  

s h e a r s t re n g t h  of 1 9 , 0 0 0  p s i  ( 1 3 1  M P a )  w h e n  te s te d p e r 

A S T M  D 7 6 1 7 / D 7 6 1 7 M .

2.3.4  B o n d s tre n g th —F R P b a rs  i n te n d e d  to  b e  u s e d  fo r 

c o n c re te  re i n fo rc e m e n t g e n e ra l l y  h a v e  s u rfa c e  tre a tme n ts  

th a t al l o w  fo r b o n d  to  c o n c re te .  T h e s e  c a n  b e  s an d  c o at-

i n g s ,  defo rm a ti o n s  s u c h  a s  h e l i c a l l y  w o u n d f b e rs  t h a t i n de n t 

th e  s u rfa c e  o f th e  b a r,  o r p ro tru s i o n s  o r l u g s  ma c h i n e d  i n to  

th e  s u rfa c e  of t h e  b ar.  ( T h e re  a re  o th e r F RP b a rs  u s e d w i th  

Fig .  2 . 3 . 1 —Te n s ile  s tre s s - s tra in  cu rve s  fo r va rio u s  FR P re in fo rcin g  b a rs  ve rs u s  Gra de  60 

s te e l re in fo rcin g  b a rs .  FR P is ,  in  g e n e ra l,  a  b rittle  m a te ria l.  GFR P a n d B FR P b a rs  h a ve  

h i gh  s tre n gth  b u t lo w e r s tifn e s s  th a n  s te e l.  CFR P b a rs  h a ve  v e ry  h i gh  s tre n gth  a n d s i m i la r,  

b u t s li gh tly  le s s ,  s tifn e s s  th a n  s te e l re i nfo rc e m e n t.
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c o n c re te  th a t d o  n o t u s e  s u rfa c e  tre a tme n ts ,  s u c h  a s  F R P d o w e l  

b a rs  an d  F R P b a rs  e mb e d d e d  i n  e p o x y  u s e d  fo r s tre n g th e n i n g  

e x i s ti n g  s t ru c t u re s . )  G F RP b a rs  c o nfo rm i n g  t o  A S T M  D 7 9 5 7 /

D 7 9 5 7 M  a re  re q u i re d  to  h a v e  a  b o n d  s tre n g th  o f at l e as t  

1 1 0 0  p s i  ( 7 . 6  M P a )  to  c o n c re t e  w h e n  t e s t e d p e r A S T M  

D 7 9 1 3 /D 7 9 1 3 M .

2.3.5  Stre n g th  a t b e n ds —F RP b a rs  c a n n o t  b e  f e l d b e n t  

d u e  to  th e i r l a c k o f d u c ti l i ty.  H o w e v e r,  i t i s  c o m mo n  fo r b a rs  

to  b e  p ro d u c e d  w i th  9 0 - d e g re e  b e n d s  b y  b a r ma n u fac tu re rs .  

T h e  b e n d ra di u s  th a t  t h e  f b e rs  m u s t  fo l l o w  t o  a l l o w  s u c h  

b e n d s  d o  re s u l t i n  a  l o w e r te n s i l e  s tre n g th  a t b e n d  l o c a ti o n s .  

A S T M  D 7 9 5 7 / D 7 9 5 7 M  re q u i re s  th e  te n s i l e  s tre n g th  o f th e  

b e n t p o rti o n  o f a  b a r to  b e  a t l e a s t 6 0 %  o f th e  s tre n g th  o f th e  

s tra i g h t b a r.

2.3.6  D u ra b i lity — F R P b a r s  a r e  o ft e n  s e l e c t e d  fo r  t h e i r 

l o n g - t e r m  d u r a b i l i t y,  p a r t i c u l a r l y  i n  c o r r o s i v e  e n v i r o n -

m e n t s .  H o w e v e r,  d u r a b i l i t y  o f F R P b a r s  h a s  b e e n  t h e  s u b j e c t 

o f m u c h  r e s e a r c h .  I n  p a r t i c u l a r,  t h e  d u r a b i l i t y  o f G F R P 

b a r s  i n  a l k a l i n e  e n v i r o n m e n t s ,  a s  e x i s t  i n  n e w  c o n c r e t e ,  h a s  

b e e n  o f i n t e r e s t .  I t  i s  k n o w n  t h a t  a l k a l i n e  e n v i r o n m e n t s  c a n  

d e g r a d e  s o m e  c o m m o n l y  u s e d  t y p e s  of b a r e  g l a s s  f b e r s ,  

e s p e c i a l l y  w h e n  c o u p l e d  w i t h  m o i s t u r e  a n d  h e a t .  R e s e a r c h  

h a s  i n d i c a t e d  t h a t  t h e  r e s i n  c o m p o n e n t  o f t h e  G F R P m a t e -

r i a l  i s  c r i t i c a l  i n  ofe r i n g  p r o t e c t i o n  t o  G F RP  b a r s .  A S T M  

D 7 9 5 7 / D 7 9 5 7 M  s p e c i f e s  o n l y  v i n y l  e s t e r  r e s i n  b e c a u s e  

r e s e a r c h  h a s  s h o w n  g o o d  p e r fo r m a n c e  o f G F R P b a r s  i n  

a l k a l i n e  e n v i r o n m e n t s  fo r  t h i s  r e s i n  t y p e  a n d  t h e  b u l k  o f 

t h e  r e s e a r c h  a n d  l o n g - t e r m  d u r a b i l i t y  s t u d i e s  a r e  o n  b a r s  

m a d e  w i t h  v i n y l  e s t e r  r e s i n s .  F i g u r e  2 . 3 . 6  s h o w s  a  m i c r o -

s c o p i c  v i e w  o f a  G F R P - t o - c o n c r e t e  i n t e r fa c e .  B e t w e e n  t h e  

c o n c r e t e  a n d  t h e  G F R P b a r  i s  a  w h i t e  b a n d  w i t h  d a r k e r 

o v a l s .  T h i s  i s  t h e  r e s i n - r i c h  s a n d  c o a t i n g  o n  a  t y p i c a l  G F R P 

b a r.  I t  h a s  b e e n  p r o p o s e d  t h a t  t h i s  b a n d  p r o v i d e s  p r o t e c -

t i o n  fo r  t h e  g l a s s  f b e r s  fr o m  t h e  a l k a l i n e  e n v i r o n m e n t  of 

t h e  s u r r o u n d i n g  c o n c r e t e .  E v e n  w i t h o u t  t h i s  l a y e r,  t h e  g l a s s  

f b e r s  a l o n g  t h e  o u t s i d e  of t h e  b a r  m a y  d e t e r i o r a t e  d u e  t o  

a l k a l i n i t y  b u t  o n l y  o u t e r  f b e r s  w o u l d  b e  afe c t e d .  L o n g -

t e r m  d u r a b i l i t y  s t u d i e s  h a v e  s h o w n  t h a t  b a r s  i n  s e r v i c e  fo r 

n e a r l y  2 0  y e a r s  h a v e  s h o w n  o n l y  a  2 %  r e d u c t i o n  i n  t e n s i l e  

s t r e n g t h .  F u r t h e r m o r e ,  d e s i g n  p r o c e d u r e s  i n  A C I  C O D E -

4 4 0 . 1 1  a c c o u n t  fo r  p o t e n t i a l  r e d u c t i o n s  i n  s t r e n g t h  o v e r 

t i m e  t o  h e l p  e n s u r e  a d e q u a t e  l o n g - t e r m  s t r u c t u r a l  c a p a c i t y  

o f G F R P - r e i n fo r c e d  c o n c r e t e  e l e m e n t s .

2.3.7  A STM min im u m p ro p e rtie s —A S T M  D 7 9 5 7 /

D 7 9 5 7 M  s e ts  mi n i m u m  p ro p e rti e s  fo r G F R P b a rs .  H o w e v e r,  

man y  m a n u fa c tu re rs  p ro d u c e  b a rs  th a t h a v e  m u c h  h i g h e r 

p ro p e rt i e s ,  e s p e c i a l l y  h i g h e r s t ifn e s s .  H i g h e r- s tifn e s s  b a rs  
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w o u l d  re s u l t i n  b e tte r s tru c tu ra l  p e rfo rma n c e .  T h e  d e s i g n  

ta b l e s  p ro v i d e d  i n  th i s  m a n u a l  a re  al l  b a s e d  o n  A S T M  m i n i -

mu m s .  A C I  C O D E - 4 4 0 . 1 1  d o e s  a l l o w  fo r d e s i g n i n g  u s i n g  

a s p e c i f c  b a r m a n ufa c tu re r ’ s  p ro p e rti e s .  T h u s ,  b ar s p ac i n g s  

m a y  b e  a b l e  to  b e  re du c e d if h i g h e r- s t ifn e s s  b a rs  a re  u s e d.  

T h e  tab l e  v a l u e s  i n  th i s  ma n u a l  s h o u l d  b e  c o n s i d e re d  c o n s e r-

v a ti v e  fo r b a rs  th a t c o n fo rm to  A S T M  D 7 9 5 7 / D 7 9 5 7 M .

Tab l e  2 . 3 . 7  ( Tab l e  M 2 . 3 . 7  fo r S I  uni ts )  g i ve s  the  mi ni mum  

p ro p erti e s  fo r b ars  fro m A S T M  D 7 9 5 7 /D 7 9 5 7 M .  N o te  th at 

b ar s i z e s  an d c ro s s - s e c ti o n al  are as  are  th e  s ame  as  s te e l  b ars .  

A l s o  n o te th at b ar s tre n g th  do e s  v ary  w i th  b ar s i z e .  A s  s tate d  

p re v i o u s l y,  l arg e r b ars  h av e  l o w er s tre n g th  th an  s mal l e r b ars  

du e  to  s tre s s e s  i n  th e  i n n e r p o rti o n  o f th e b ar b e i n g  l o w e r th an  

o n  th e  o u te r s u rfac e  o f th e  b ar.  A S T M  D 7 9 5 7 /D 7 9 5 7 M  o n l y  

c o ve rs  b ars  rang i ng  fro m N o .  2  ( N o .  M 6 )  to  N o .  1 0  ( N o .  M 3 2 ) .  

G F RP b ars  l arg e r than N o .  1 0  ( N o .  M 3 2 )  are  no t c o mmo n  

b u t are  b e c o mi n g  av ai l ab l e.  T h e  a p p e n d i x  to  th i s  m a n u a l  

p ro vi d e s  p ro p e r ti e s  fo r s p e c ifc  F RP b a r m a n u fa c t u re r s .

Fig .  2 . 3 . 6—Micro s co p ic ima g e  o f th e  in te rfa ce  b e twe e n  a  GFR P b a r a n d co n cre te .  Th e  

wh ite  b a n d with  da rk o va ls  is  th e  re s in - rich  s a n d co a tin g  o n  th e  o u ts ide  o f th e  b a r (s a n d 

p a rticle s  a re  th e  da rk o va ls ,  th e  re s in  is  th e  wh ite  b a n d) ,  s h o win g  th e  p ro te ctio n  th e  re s in  

ofe rs  to  th e  G FR P b a r (Go o ra n o ri m i  e t a l.  2 0 1 9 ) .
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2 . 4 —Fi re  re s i s t a n c e  c o n s i d e ra t i o n s

T h e  p o l y m e r c o mp o n e n t o f F R P m ate ri a l s  w i l l  s o fte n  

u n d e r mo d e ra te l y  h i g h  h e a t.  A t e l e v ate d  te mp e ra tu re s ,  th e  

p o l y m e r rap i d l y  tra n s i ti o n s  fro m  a  g l a s s y  ma te ri al  to  a  

ru b b e ry  m a te ri a l  a n d  th e  F R P ma te ri al  ra p i d l y  l o s e s  s tre n g th  

an d s t ifn e s s .  T h e  g l a s s  t ran s i ti o n  t e m p e rat u re  Tg  o f F R P 

m a te ri a l s  i s  th e  av e ra g e  te m p e ra tu re  o v e r w h i c h  i t tra n s i -

ti o n s  fro m a ri g i d ,  g l a s s y  ma te ri a l  to  a  ru b b e ry  m a te ri a l .  T h e  

tra n s i ti o n  o c c u rs  ra p i d l y  o v e r a  s ma l l  te mp e ratu re  c h a n g e  a s  

s h o w n  i n  F i g .  2 . 4 .  T h e  tran s i ti o n  to  a ru b b e ry  m a te ri a l  i s  a  

p e rm an e n t c h a n g e  fo r th e rm o s e tti n g  p o l y m e rs  s u c h  a s  th e  

v i n y l  e s te rs  u s e d  i n  F R P re i n fo rc i n g  b a rs .

M o s t c o mm e rc i al l y  a v ai l ab l e  F R P b a rs  c o n s tru c te d  u s i n g  

v i n y l  e s te r p o l y m e rs  h a v e  a  g l as s  tra n s i ti o n  te m p e ra tu re  n e a r 

2 5 0 ° F  ( 1 2 0 ° C ) .  A S T M  D 7 9 5 7 /D 7 9 5 7 M  re qu i re s  a  mi n i m u m  

g l a s s  t ra n s i ti o n  t e m p e ra tu re  of 2 1 2 ° F  ( 1 0 0 ° C )  t e s t e d p e r 

A S T M  E 1 3 5 6 .  I n  th e  c o mm e n ta ry,  A C I  C O D E - 4 4 0 . 1 1  

S e c ti o n  R 2 0 . 2 . 2 . 3  re c o mm e n d s  th a t G F R P re i n fo rc e m e n t 

Ta b l e  2 . 3 . 7 —AS TM  D 7 9 5 7 /D 7 9 5 7 M  m i n i m u m  p ro p e r ti e s  fo r G F R P  b a rs

B a r n o .

D i a me te r,  

i n .

A re a ,  

i n . 2

G u a ra n te e d  

u l ti m a te  

te n s i l e  

fo rc e ,  ki p

G u a ra n te e d  

u l ti m a te  

te n s i l e  

s tr e n g th ,  p s i

G u a r a n te e d  

te n s i l e  s tr e n g th  

a t b e n d s ,  p s i

E l a s ti c  

mo d u l u s ,  

p s i

S h e a r  

s tre n g th ,  

p s i

B o n d  

s tr e n g th ,  

p s i

2 0 . 2 5 0 . 0 4 9 6 . 1 1 2 4 , 0 0 0 7 4 , 4 0 0

6 , 5 0 0 , 0 0 0 1 9 , 0 0 0 1 1 0 0

3 0 . 3 7 5 0 . 1 1 1 3 . 2 1 2 0 , 0 0 0 7 2 , 0 0 0

4 0 . 5 0 . 2 2 1 . 6 1 0 8 , 0 0 0 6 4 , 8 0 0

5 0 . 6 2 5 0 . 3 1 2 9 . 1 9 4 , 0 0 0 5 6 , 4 0 0

6 0 . 7 5 0 . 4 4 4 0 . 9 9 3 , 0 0 0 5 5 , 8 0 0

7 0 . 8 7 5 0 . 6 5 4 . 1 9 0 , 0 0 0 5 4 , 0 0 0

8 1 . 0 0 . 7 9 6 6 . 8 8 5 , 0 0 0 5 1 , 0 0 0

9 1 . 1 2 5 1 . 0 8 2 . 0 8 2 , 0 0 0 4 9 , 2 0 0

1 0 1 . 2 5 1 . 2 7 9 8 . 2 7 7 , 0 0 0 4 6 , 2 0 0

Ta b l e  M 2 . 3 . 7 —AS T M  D 7 9 5 7 /D 7 9 5 7 M  m i n i m u m  p ro p e r t i e s  fo r  G F R P  b a rs

B a r  n o .

D i a m e te r,  

m m

A r e a ,  

mm 2

G u a r a n te e d  

u l ti ma te  

te n s i l e  

fo rc e ,  kN

G u a ra n te e d  

u l ti m a te  

te n s i l e  

s tre n g th ,  

M P a

G u a ra n te e d  

te n s i l e  s tre n g th  

a t b e n d s ,  M P a

E l a s ti c  

mo d u l u s ,  

M P a

S h e a r 

s tre n g th ,  

M P a

B o n d  

s tre n g th ,  

M P a

M 6 6 . 3 3 2 2 7 8 4 4 5 0 6

4 4 , 8 0 0 1 3 1 7 . 6

M 1 0 9 . 5 7 1 5 9 8 3 1 4 9 9

M 1 3 1 2 . 7 1 2 9 9 6 7 4 4 4 4 7

M 1 6 1 5 . 9 1 9 9 1 3 0 6 5 3 3 9 2

M 1 9 1 9 . 1 2 8 4 1 8 2 6 4 1 3 8 5

M 2 2 2 2 . 2 3 8 7 2 4 1 6 2 3 3 7 4

M 2 5 2 5 . 4 5 1 0 2 9 7 5 8 2 3 4 9

M 2 9 2 8 . 7 6 4 5 3 6 5 5 6 6 3 3 9

M 3 2 3 2 . 3 8 1 9 4 3 7 5 3 4 3 2 0
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s h o u l d  n o t b e  u s e d  i n  s tru c tu re s  th a t a re  i n  e n v i ro n m e n ts  

w i th  s e rv i c e  t e m p e rat u re s  t h at  ri s e  to  w i t h i n  2 7 ° F  ( 1 5 ° C )  of 

th e  g l a s s  tra n s i ti o n  te m p e ra tu re .  T h a t i s ,  s e rv i c e  te m p e ra tu re  

s h o u l d  n o t e x c e e d  Tg  – 2 7 ° F  ( Tg  – 1 5 ° C )  t o  a v o i d s oft e n i n g  

o f th e  F R P an d  l o s s  o f p ro p e rti e s .

U n d e r mo re  s e v e re  e l e v ate d  te mp e ratu re  c o n d i ti o n s ,  s u c h  

a s  f re ,  t h e  s tre n g th  of th e  F RP b a rs  m ay  b e  c o m p ro m i s e d.  

A C I  C O D E - 4 4 0 . 1 1  d o e s  n o t a l l o w  th e  u s e  o f G F R P b a rs   

i n  f re - ra t e d c o n s tru c ti o n  u n l e s s  th e  f re  re s i s t a n c e  i s   

de m o n s tra te d b y  c al c u l a t i o n s  o r te s ts  a n d t h e  b u i l di n g  ofc i a l  

a l l o w s  i t.  T h e  c o mm e n ta ry  to  A C I  C O D E - 4 4 0 . 1 1  p ro v i d e s  

g u i da n c e  fo r m e th o ds  to  p ro te c t G F RP b a rs  i n  a  f re  u s i n g  

a d d i ti o n a l  c o v e r o r i n s u l ati o n  n e ar th e  e n d s  o f b a rs  a n d  a t b a r 

s p l i c e s .  T h e  u s e  o f th e s e  m e th o d s  w o u l d  re q u i re  ad d i ti o n a l  

s c ru t i n y  b y  th e  b u i l di n g  ofc i al .

F i re  re s i s tan c e  ra ti n g s  a re  g e n e ra l l y  re q u i re d  fo r re i n -

fo rc e d  c o n c re te  c o l u mn s ,  e l e v a te d  s l ab s ,  b e a m s ,  a n d  s tru c -

tu ra l  w a l l s  i n  b u i l di n g  t y p e s  th at  re qu i re  s tru c tu ra l  f re  

ra t i n g s  ( s u c h  a s  h i g h - ri s e  b u i l di ng s ,  s c h o o l s ,  a n d h o s p i t a l s ) .  

Fi g.  2 . 4 —Ide a li ze d s tifn e s s - ve rs u s - te m p e ra tu re  c u rv e  fo r FR P m a te ri a ls  s h o w i n g th e  

tra n s i ti o n  fro m  a  gla s s y,  ri gi d m a te ri a l to  a  ru b b e ry,  fe x i b le  m a te ri a l.  Th e  te m p e ra tu re  a t 

th e  midp o in t o f th is  ra p id tra n s itio n  is  th e  g la s s  tra n s itio n  te m p e ra tu re  T g .
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E l e m e n ts  s u c h  a s  s l a b s - o n - g ro u n d  a n d  fo o ti n g s  g e n e ra l l y  d o  

n o t re qu i re  f re  ra t i n g s .  A ddi t i o n a l l y,  t h e re  a re  m a n y  c o m m o n  

b u i l di n g  t y p e s  t h at  do  n o t re qu i re  s t ru c t u ra l  f re  re s i s t a n c e  

ra ti n g s  e s p e c i a l l y  w h e n  o t h e r f re  p ro t e c t i o n  m e t h o ds  ( s u c h  

as  t h e  u s e  of s p ri n kl e r s y s t e m s )  a re  i n  p l ac e .  Tab l e s  2 . 4 a  a n d 

2 . 4 b  g i v e  l i m i ta ti o n s  o n  b u i l d i n g  s to ry  h e i g h t a n d  b u i l d i n g  

are a  ( s qu are  fo o t a g e )  w h e re  n o  f re  re s i s ta n c e  re qu i re m e n t  

i s  re q u i re d ,  p ro v i d e d  s p ri n kl e r s y s te m s  are  i n  p l ac e .  Ty p e  

I I - B ,  Ty p e  I I I - B ,  a n d  Ty p e - V B  c o n s tru c ti o n  d o  n o t re q u i re  

s tru c tu ra l  f re  ra t i n g s .  Ty p e  I I - B  b u i l di n g s  are  c o n s t ru c t e d 

fro m u n p ro te c te d  n o n - c o mb u s ti b l e  ma te ri al s  b u t d o  n o t h a v e  

f re  re s i s t an c e  ra ti n g  re qu i re m e n t s .  C o n c re t e  b u i l di n g s  w i th  

F R P re i n fo rc e m e n t w o u l d  fa l l  i n to  th i s  c a te g o ry  b e c a u s e  th e  

c o n s tru c ti o n  i s  n o n c o mb u s ti b l e ,  b u t d o e s  n o t p o s s e s s /re q u i re  

a f re  re s i s ta n c e  rat i n g .  Ty p e  I I I - B  b u i l di n g s  a re  ty p i c al l y  a 

c o m b i n a t i o n  of m a s o n ry  o r c o n c re te  w a l l s  w i th  a  f re  ra t i n g  

an d ro of a n d fo o r a s s e m b l i e s  c o n s t ru c t e d of w o o d w i th  n o  

f re  ra t i n g s  re qu i re d.  U s u a l l y  t h e s e  c o m p ri s e  h i s t o ri c  b u i l d-

i n g s .  Ty p e  V B  c o n s tru c ti o n  i s  u n p ro te c te d  w o o d  c o n s tru c -

ti o n  c o m m o n  i n  re s i d e n ti a l  c o n s tru c ti o n .  F R P re i n fo rc e m e n t 

ma y  b e  u s e d  i n  c o n c re te  c o m p o n e n ts  o f s u c h  b u i l d i n g s .  I B C  

S e c ti o n  5 0 4  p ro v i d e s  a d d i ti o n a l  i n fo rm a ti o n .

Ta b l e  2 . 4 a —L i m i t s  o n  p e r m i s s i b l e  n u m b e r o f  s t o r i e s  fo r s p r i n kl e re d  b u i l d i n g s  w i t h  

n o  fre  re s i s t a n c e  ra t i n g  re q u i re d  b y  t y p e

I I - B

I I I - B

( e x c e p t e x t e ri o r w a l l s ) V-  B

A s s e m b l y 3 3 2

B u s i n e s s 4 4 3

E d u c a ti o n 3 3 2

M e r c a n ti l e 5 5 2

R e s i d e n ti a l  R - 1 ,  R - 2 5 5 3

Ta b l e  2 . 4 b —L i m i t s  o n  p e r m i s s i b l e  a re a  o f  s p r i n kl e re d  b u i l d i n g s  w i t h  n o  fre  

re s i s t a n c e  ra t i n g  re q u i re d  b y  t y p e

I I - B

I I I - B

( e x c e p t e x t e ri o r w a l l s ) V- B

A s s e mb l y
3 4 , 0 0 0  ft2

( 3 1 6 0  m 2 )

3 4 , 0 0 0  ft2

( 3 1 6 0  m 2 )

2 2 , 0 0 0  ft2

( 2 0 4 0  m 2 )

B u s i n e s s
9 2 , 0 0 0  ft2

( 8 5 5 0  m 2 )

7 6 , 0 0 0  ft2

( 7 0 6 0  m 2 )

3 6 , 0 0 0  ft2

( 3 3 4 0  m 2 )

E d u c a ti o n
5 8 , 0 0 0  ft2

( 5 3 9 0  m 2 )

5 8 , 0 0 0  ft2

( 5 3 9 0  m 2 )

3 8 , 0 0 0  ft2

( 3 5 3 0  m 2 )

M e r c a n ti l e
5 0 , 0 0 0  ft2

( 4 6 4 0  m 2 )

5 0 , 0 0 0  ft2

( 4 6 4 0  m 2 )

3 6 , 0 0 0  ft2

( 3 3 4 0  m 2 )

R e s i d e n ti a l  R - 1 ,  R - 2
6 4 , 0 0 0  ft2

( 5 9 5 0  m 2 )

6 4 , 0 0 0  ft2

( 5 9 5 0  m 2 )

2 8 , 0 0 0  ft2

( 2 6 0 0  m 2 )
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C H A P T E R  3 —A P P L I CAT I O N S

F i b e r- re i nfo rc e d p o l y m e r ( F RP )  re i nfo rc i n g  b a rs  h a v e  

ma n y  u n i q u e  p ro p e rti e s  c o mp a re d  to  trad i ti o n a l  s te e l  re i n -

fo rc e m e n t.  T h e y  a re  n o n - c o rro s i v e ,  n o n - ma g n e ti c ,  a n d  are  

l i g h te r w e i g h t a n d  e a s i e r to  c u t th a n  s te e l  re i n fo rc e m e n t.  A l l  

th e s e  p ro p e rti e s  ma ke  th e m  a n  a ttra c ti v e  a l te rn a ti v e  to  s te e l  

re i n fo rc e m e n t i n  c e rtai n  a p p l i c ati o n s .  M a n y  o f th e  a p p l i c a-

ti o n s  w h e re  g l as s  F RP ( G F RP )  re i nfo rc e m e n t  h a s  s p e c i f c  

b e n e f ts  a re  de s c ri b e d i n  t h i s  c h a p t e r.

3 . 1 —B e n eft s  o f  F R P  b a r s

3.1.1  Non-corrosive—O n e  of t h e  m a i n  b e n e f t s  of F RP 

re i n fo rc i n g  b a rs  i s  th a t th e y  d o  n o t c o rro d e .  T h i s  h a s  l e d  

to  th e  u s e  o f F R P re i n fo rc i n g  b a rs  a s  a n  a l te rn ati v e  to  s te e l  

re i n fo rc i n g  b a rs  i n  s e v e ra l  ap p l i c a ti o n s  w h e re  c o rro s i o n  o f 

re i nfo rc i n g  s te e l  i s  a  s i g n i f c a n t  c o n c e rn .  E x a m p l e s  i n c l u de  

p a rki n g  g arag e s  s u b j e c t to  d e i c i n g  s a l ts ,  a s  s h o w n  i n  F i g .  

3 . 1 . 1 a ,  a n d  c o a s ta l  i n fra s tru c tu re  e x p o s e d  to  ma ri n e  c h l o -

ri d e s ,  s u c h  a s  th e  s e a w a l l  s h o w n  i n  F i g .  3 . 1 . 1 b .

C o rro s i o n  of re i nfo rc i n g  s te e l  i n  c o n c re te  a n d i t s  efe c ts  

a re  w e l l  kn o w n .  I n  n e w  s te e l - re i n fo rc e d  c o n c re te  c o n s tru c -

ti o n ,  th e  h i g h  a l ka l i n i ty  o f th e  fre s h  c o n c re te  g e n e ra te s  a 

p a s s i v a ti n g  l a y e r a ro u n d  i n te rn a l  s te e l  re i n fo rc e m e n t th a t 

p ro te c ts  i t fro m c o rro s i o n .  H o w e v e r,  o v e r ti me ,  th e  al ka l i n i ty  

o f c o n c re te  c a n  b e  re d u c e d  b y  c a rb o n a ti o n  a n d /o r th e  i n tro -

d u c ti o n  o f c h l o ri d e s  i n to  th e  c o n c re te  c a n  p ro v i d e  an  e n v i -

ro n m e n t s u i tab l e  fo r c o rro s i o n  o f s te e l  to  o c c u r.  A s  i n te rn a l  

s te e l  re i n fo rc e m e n t c o rro d e s ,  e x p an s i v e  fo rc e s  fro m th e  

o x i d a ti o n  o f th e  s te e l  l e ad  to  c ra c ks  a n d  s p a l l s  o f th e  c o n c re te  

s u rro u n d i n g  th e  re i n fo rc i n g  s te e l .  S u c h  c ra c ks  a n d  s p al l s  o f 

c o n c re te  c a n  b e  u n s i g h tl y  a n d  h az a rd o u s .  U l ti m ate l y,  th e  

c o rro s i o n  o f th e  re i n fo rc i n g  s te e l  l e ad s  to  a  re d u c ti o n  i n  

s tru c tu ral  c a p ac i ty  b e c a u s e  c o rro s i o n  re d u c e s  b o th  th e  c ro s s -

s e c ti o n a l  a re a  o f s te e l  a b l e  to  c a rry  te n s i l e  s tre s s e s  an d  th e  

b o n d  b e tw e e n  th e  s te e l  a n d  c o n c re te .

I m p ro v e d  kn o w l e d g e  o f th e  s te e l - re i n fo rc e d  c o n c re te  

c o rro s i o n  p ro c e s s  i n  tu rn  i mp ro v e s  d e s i g n  an d  c o n s tru c ti o n  

p ra c ti c e s  to  mi ti g a te  c o rro s i o n  o f re i n fo rc i n g  s te e l .  T h e s e  

a re  w e l l  d i s c u s s e d  i n  A C I  2 2 2 . 3 R .  H o w e v e r,  m an y  h i g h l y  

c o rro s i v e  e n v i ro n m e n ts  s ti l l  p re s e n t l o n g - te rm d u rab i l i ty  

c h a l l e n g e s  fo r s t e e l - re i nfo rc e d c o n c re t e .  F RP b a rs  ofe r a  

c o m p l e te l y  n o n - c o rro s i v e  a l te rn a ti v e  i n  th e s e  e n v i ro n me n ts .

3.1.2  Lightweight—F R P i s  a  h i g h - s tre n g th ,  l i g h tw e i g h t 

m ate ri a l .  I ts  u n i t d e n s i ty  i s  o n e - th i rd  to  o n e - fo u rth  th at o f 

m i l d s t e e l .  A s  a n  e x a m p l e ,  a  N o .  5  ( N o .  M 1 6 )  G F RP b a r 

w e i g h s  ap p ro x i m a t e l y  0 . 3 0  l b /l i n e a r ft  ( 0 . 4 5  kg /l i n e ar m ) ,  
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Fig .  3 . 1 . 1 a—This  p arking  g arag e  u s e s  GFR P re info rce me nt as  the  to p  mat o f re info rce me nt 

to  min im iz e  co rro s io n  is s u e s .  Ve h icle s  ca rry in g  de icin g  s a lts  in to  p a rkin g  g a ra g e s  ca n  

cre a te  co rro s io n  is s u e s  o n  th e  to p  o f p a rkin g  de cks ,  le a din g  to  s h o rte n e d life s p a n s  o f th e s e  

s tru ctu re s  (p h o to  co u rte s y  o f O we n s  Co rn in g  In fra s tru ctu re  So lu tio n s ) .

Fig 3. 1 . 1 b—GFRP reinfo rcement fo r a co ncrete s eawall.  Co as tal s tructures  such as  this  are  

highly s us ceptible to  chlo ride- induced co rro sio n fro m s eawater expo s ure.  GFRP reinfo rcement 

p ro vide s  a  la s tin g  s o lu tio n  fo r th e s e  a p p lica tio n s  (p h o to  co u rte s y o f D o u g  Gre me l) .
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