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ABSTRACT 

A s e r i e s  o f  t e s t s  was conducted on ferro-cement beams which 
were i d e n t i c a l  i n  s ize,  weight, and c p a n t i t y  o f  w i r e  mesh r e i n -  
forcement but v a r i e d  i n  t h e  p  lacement o f  t h e  r e i  oforcement .. Four - - - 
d i f f e r e n t  reinforcement placement con f  i g u r a t  ions were t e s t e d  and 
it was found t h a t  t h e  s t ronges t  beam was t h a t  w i t h  t h e  r e i n f o r c e -  
ment concentrated towards t h e  o u t s i d e  sur faces  o f  t h e  beam. The 
beams were found t o  behave e l a s t i c a l l y  w i t h i n  o n l y  a  smal l  range 
of bending s t reng ths  and t h e n  t o  deform p l a s t i c a l  l y .  The u l t i m a t e  
l oad  and t h e  n e u t r a l  a x i s  o f  t h e  beam a f t e r  y i e l d i n g  can be f a i r l y  
accura te  l y  p r e d i c t e d  us ing  convent iona l r e  i n fo rced  concre te  theo ry .  



* I 
ACKNOWLEDGEMENTS 

& 

The authors wou I d  l i k e  t o  thank M r .  Whitby K. E l  l swor th  of  
Samson Marine Design En te rp r i ses  o f  Long Is land,  Inc. who i n t r o -  
duced t h e  authors t o  t h e  i n t e r e s t i n g  f i e l d  o f  ferro-cement and 
p rov ided  f i nc inc ia l  support  o f  t h e  research work r e p o r t e d  here. 
H is  personal  inv-olvernent i n  t h e  course o f  t h e  study f rom c r i t i c a l  
d i scuss ion  t o  phys i ca l  c o n s t r u c t i o n  o f  t h e  beams c o n t r i b u t e d  
i n v a l u a b l y  t o  t h e  progress o f  t h e  p r o j e c t .  

M r .  A.K.  Narasimham, a  former graduate s tudent  o f  t h e  Dept. 
o f  Mechanics was invo lved  i n  t h e  e a r l y  stages o f  t h e  i n v e s t i g a t i o n .  
He helped i n  cons t ruc t  in9 t h e  beams and c a r r y i n g  ou t  t h e  t e s t s .  
The au thors  a r e  happy t o  acknowledge h i s  c o n t r i b u t i o n .  

i 
i The authors a l s o  wish t o  most g r a t e f u l  l y  acknowledge t h e  support  

of t h e  G.F. Wright S tee l  and Wire Company o f  Worcester, Massachusetts 
I and espec i a  l l y  of M r .  George Booth, t h e  Product Sa l e s  Managen, who 

p rov ided  bo th  t h e  w i r e  mesh used i n  t h e  p r o j e c t  and t h e  t e c h n i c a l  
! ass is tance r e l a t e d  t o  t h e i r  product .  They were espec ia l  l y  h e l p f u l  

i n  modi f ing t h e i r  manufactur ing process t o  p r o v i d e  us  w i t h  a  spec ia l  
m a t e r i a l  which i s  f e l t  w i l l  make boat c o n s t r u c t i o n  e a s i e r  w i thou t  



D r .  P i e r  L u i q i  Nerv i ,  t h e  famous l t a l  i a n  a r c h i t e c t  demonst ra ted 
i c o n c l u s i v e l y  f o r  t h e  f i r s t  t i m e  i n  t h e  1940's t h a t  fe r ro- cement  
! 

can be advantageous ly  used f o r  b u i  l d i n g  b o a t s  and o t h e r  s t r u c t u r e s .  ( I  
much resea rch  has been c a r r i e d  o u t  t o  assess t h e  p r o p e r t i e s  

and behav io r  o f  ferro-cement.  Ex tens i ve  i n v e s t i g a t i o n s  were c a r r i e d  I Since 
f 

o u t  b y  V.F. Bezukladov (2)  and o t h e r s  o f  t h e  U.S.S.R. 

b 

- 
4 

They have i n t r oduced  t h e  r e  l a t  i onsh  i p  between t h e  c r a c k  format i o n  
and t h e  s p e c i f i c  s u r f a c e  o f  r e i n fo r cemen t  .+ Lyon D.G. Co l  l e n  (3 )  
o f  I r e l a n d  conducted exper iments  on fe r ro- cement  beams and tound  

Ferro-cement c o n s i s t s  o f  cement mor ta r  as m a t r i x  and severa l  
l a y e r s  of w i r e  mesh a s  re i n fo r cemen t .  One o f  t h e  impor tan t  
addantages of t h  i s  m a t e r i a l  i s  t h e  p o s s i b i  l i t y  o f  c o n s t r u c t i n g  
t h i n  s t r u c t u r e s ,  hav ing  r e l a t i v e l y  h i g h  t e n s i  l e  s t r e n g t h .  I n  t h e  
case of conven t i ona l  r e i n f o r c e d  concrete ,  c racks  appear even f o r  
r e l a t i v e l y  sma l l  de fo rma t i ons  whereas i n  fe r ro- cement  v i s i b l e  

I t h a t  t h e  u l t i m a t e  bending s t r e s s e s  v a r y  I i n e a r l y  w i t h  t h e  s t e e l  
c o n t e n t  i n  t h e  beam. He cons ide red  fe r ro- cement  as a  homogenous 
m a t e r i a l  and no a t tempt  was made t o  determine t h e  e f f e c t  o f  t h e  

: c r a c k s  appear on lay a f t e r  cons ide rab  l e  deformat  i on .  I n  a d d i t  i on ,  t h e  
' m a t e r l a l  I S  r e l a t ~ v e l y  easy and inexpens ive t o  manufacture. These 

un ique  f ea tu res  of ferro-cement make it an a t t r a c t i v e  m a t e r i a l  f o r  
b u i l d i n g  domes, s h e l l s ,  boats ,  e t c .  T h o u g h t h e r e  i s  s u f f i c i e n t  
p r a c t i c a l  knowledge a v a i l a b l e  t o  p e r m i t  t h e  c o n s t r u c t i o n  o f  f e r r o -  
cement s t r u c t u r e s ,  t h e  p r o p e r t  i e s  and behav io r  of  t h e  mater i a  l 
a r e  no t  y e t  fu  l l y  understood.  

I l o c a t  i o n  o f  r e i n fo r cemen t  on t h e  u  I t  imate bend ing  s t r e s s e s .  Hans 
F r e d e r i c k  ~ u h l e r t  (4) used t h e  R.C. beams t h e o r y  t o  p r e d i c t  t h e  
u l t i m a t e  s t r e n g t h  o f  fe r ro- cement  beams. S.P. Shah ( 5 )  (6) c a l  I s  
ferro- cement a quas i  " c rack- f ree ,  homogenous" mater  i a  I. He 
a t t emp ted  t o  r e  l a t e  t h e  s p e c i f i c  s u r f a c e  o f  r e i n f o r c e m e n t  t o  t h e  

I " s t r e i s  a t  f i r s t  c rack."  ' Romualdi and Batson (7)  (8 )  d i scuss  t h e  
c r a c k  a r r e s t  mechan ism and-the e f f e c t  o f  c l o s e  l y spaced w i r e  r e i n -  

I 
. . 

forcement on t h e  u l t i m a t e  ca a c i t y  o f  t h e  beams. The r e p o r t  p u b l i s h e d  
b y  t h e  Canadian F i s h e r i e s  (9  7 g i v e s  a  v e r y  good comprehensive v iew 
of  t h e  s u b j e c t  as we l 1 as  a  l i s t  o f  most o f  t h e  pub l i shed works. 

1 
The usua l  assumpt ion t h a t  fe r ro- cement  behaves l i k e  a  homogenous 

m a t e r i a l  has no t  been f u l l y  suppor ted  w i t h  exper imenta l  evidence, 
n o r  has it been repud ia ted .  The purpose o f  t h i s  r e s e a r c h  i s  t o  
de te rmine  t h e  behav io r  o f  fe r ro- cement  beams i n  p u r e  bending.  The 
r e s u l t s  o b t a i n e d  f rom t h i s  r esea rch  l ead  u s  t o  b e l i e v e  t h a t  f e r r o-  
cement behaves l i k e  a  homogenous m a t e r i a l  o n l y  i n  a  l i m i t e d  range, 
and beyond t h a t  it behaves q u i t e  s i m i l a r l y  t o  t h e  c o n v e n t i o n a l  
r e i n f o r c e d  concre te .  

. * S p e c i f i c  su r face  i s  de f i ned  as t h e  bond area o f  re in fo rcement  
Per u n i t  volume o f  composite. 

+Numbers i n  t h e  p a r e n t h e s i s  denote  t h e  r e f e r e n c e s  a t  t h e  end of t h e  



* 1 DETA I LS OF THE SPEC I SIE\S 

4 
A l l  t h e  specimens t e s t e d  were o f  t h e  same s i z e  and conta ined 

iden t  i c a  l amout\ts o f  r e ;  nforcernent. The bond area between t h e  
, re in forcement  and mortar  was consequent ly a l s o  t h e  same f o r  a l l  

specimens. gu t  t h e  l oca t  i o n  o f  r e i  nforcernent across t h e  t h i c k -  
ness of t h e  beams was v a r i e d  f o r  each o f  f o u r  d i f f e r e n t  c o n f i g u r a t i o n s .  

Each beam was 30" long, 6" wide and I" t h i c k .  The r a t i o  of 
cement, sand, and water i n  t h e  mor ta r  was I t o  I : 5 t o  0: 4 
r e s p e c t i v e l y ,  by weight.  The cube s t r e n g t h  of t h e  mortar  was 
found t o  be about 8QW p s i  a t  28 days water cure. S i x  l aye rs  of 
woven, ungalvanized w i r e  mesh were used i n  a l l  t h e  beams, t h e  s i z e  
of t h e  mesh be ing  0.25" x 0.25", 23 gage. The percentage o f  r e i n -  
forcement was b y  I. / $  weight. The u  It imate t e n s  i l s t r e n g t h  of 
t h e  w i r e  s t r a n d  used i n  t h e  re in fo rcement  was 160,000 t o  170,000 
p s i .  

A cons tan t  cover o f  1/8" o f  mor tar  over  t h e  e x t e r i o r  layers  
of r e  i nforcement was p rov ided  f o r  a l 1 beams. The cu r  i ng p e r i o d  
was 28 days, immersed i n  water. 

I Four d i f f e r e n t  c o n f i g u r a t i o n s  o f  beams were cons t ruc ted  w i t h  
on1 y t h e  re in fo rcement  l oca t  i o n  v a r y i  ng. ( i  I ) Three beams 
o f  each c o n f i g u r a t i o n  were fab r i ca ted .  The f o u r  c o n f i g u r a t i o n s  

I a r e  : 

I TYPE A S i x  l aye rs  o f  w i r e  meshes were u n i f o r m l y  d i s t r i b u t e d  
across  t h e  t h i c k n e s s  o f  t h e  beam (F ig .  IA) .  

TYPE B Two laye rs  each a t  t o p  and bottom and one laye r  each 
between t h e  middle p lane o f  t h e  beam and extreme layers  of  r e i n -  
forcement (F ig .  18). 

TYPE C Two laye rs  each a t  top,  bottom and midd le  (Fig.  IC). 

TYPE D Three laye rs  each a t  t o p  and bottom ( ~ i ~ .  ID). 

I EXPERIMENTAL SET UP 

A l l  t h e  beams were t e s t e d  f o r  t h e i r  behavior  i n  pure  bending. 
The beam was supported a t  i t s '  ends, w i t h  an e f f e c t i v e  span of 27" 
and equal  lo3ds were a p p l i e d  a t  6" f rom e i t h e r  suppor t .  The bending 
moment diagram and shear f o r c e  diagram a r e  as  shown i n  F i g .  2. It 
i s  c l e a r  f rom t h e  f i g u r e  t h a t  t h e  r e g i o n  between A and 6 i s  exper ienc ing  



a pure  bending moment w i thou t  any shear fo rce .  Maximum bending 
moment= P I 2  x 6=3P inch pounds, where P=appl i e d  load. 

S t r a i n  gages were a t tached t o  t h e  t o p  and bottom surfaces 
at t h e  c e n t e r  o f  t h e  heam and s t r a i n s  were read d i r e c t l y  from t h e  
s t r a  i n i nd i c a t o r .  D e f l e c t  i o n  was measured by means o f  s i x  d i a l  
gages a long  t h e  span of  t h e  beam. S t r a i n  gage read ings  and de- 
f l e c t i o n  mcasurernents were taken  f o r  every 30 t o  40 pounds f o r  
smal l  l oad ing  and a t  every 60 pounds f o r  l a rge r  loadings. 

TEST1 NG OF BEAMS 

The t h r e e  samples of each beam t y p e  were sub jec t  t o :  1 )  300 ' 
pounds loading; 2) 600 pounds loading, t h e n  re lease  of t h e  load, 
t h e n  r e l o a d i n g  t o  f a i l u r e ;  3) and d i r e c t  load ing  t o  f a i l u r e .  See 
Table I. 

I 
1 .  300 POUNDS LOAD l NG One beam f rom each t y p e  (A I, B I, C I, 

and DI )  were loaded t o  300 pounds. When t h e  load was r e  leased, 
v e r y  smal l  permanent s t r a i n s  and d e f l e c t i o n s  were observed. The 
extreme t e n s i l e  f i b e r  s t r a i n  was s l i g h t l y  h ighe r  t h e n  t h e  extreme 
compressive f i b e r  s t r a i n  for t h e  same load. F igure  3 shows t h e  
v a r i a t i o n  of t h e  s t r a i n  o f  t h e  extreme t e n s i l e  f i b e r  t o  t h e  load. 

1 2 .  600 POUNDS LOAD1 NG AND REL04DI NG TO FA1 LURE I n  t h i s  case, 
one beam f rom each t ypes  A, 6, and C and two beams f rom t y p e  D were 
loaded t o  600 pounds i n i t i a l l y .  When t h e  load was re leased,  l a rge  
amounts o f  permanent d e f l e c t  i o n  and s t r a i n  were observed. These 
beams were aga in  loaded t o  t h e i r  u l t i m a t e  capac i ty .  The s t r a i n  
of t h e  extreme t e n s  i o n  f i b e r s ,  when t h e  load approached t h e  fa; l u r e  
value, was so la rge  t h a t  it c o u l d  not be measured i n  t h e  s t r a i n  
i n d i c a t o r  f o r  t ypes  A, B, and C. Type D had r e l a t i v e l y  smal l  f a i l u r e  
s t r a i n s  o f  t h e  extreme t e n s  i l e  f i be r ,  and was measured u n t  i l t h e  
beam f a i l e d .  The f i g u r e s  4, 5,  and 6show t h e  r e l a t i o n  between f i b e r  
s t r a i n s  and load, and d e f l e c t  i o n  and load. 

3. D I R E C T  LOADING TO FA1 LURE One beam each from t y p e s  A, 
8, and C we re  d i r e z t ' l y  loadcd t o  f a i j u r e .  The u i t i m a t e  s t r a i n s  
were so l a r g e  t h a t  it cou l d  not  be measured i n t h e  s t r a i n  i n d i c a t o r .  
F ig .  7 shows t h e  r e  l a t  i on  between t h e  t e n s i  l e  and compressive f i b e r  
s t r a i n s  and t h e  load. - 

ANALYSIS OF EXPERIMENTAL DATA 

- - "  
For  a d i r e c t  load up t o - 3 3 0  pounds, it i s  observed f rom f i g u r e s  

4, t h rough  7, t h a t  t h e r e  i s  a l i n e a r  r e l a t i o n s h i p  between t h e  s t r a i n  
- 

-3- 



load as w e l l  as d e f l e c t i o n  and load. Beyond t h i s  load t h e  
v a r i a t i o n  i s  non- l i nea r .  T h i s  load a t  which t h e  l i n e a r  v a r i a t i o n  
changes t o  non- l i nea r  can be considered as t h e  load a t  which mic ro-  

c k s  s t a r t  fo rming  a t  t h e  extreme t e n s i o n  f i b e r .  ( ~ h e s e  c racks  
ape n o t  v i s i b l e  t o  t h e  naked eye.) Th is  l i n e a r  v a r i a t i o n  o f  s t r a i n  
w i t h  load and d e f l e c t i o n s  w i t h  load i s  observed o n l y  i n  t h e  case 
of d i r e c t  loading.  When t h e  cracked beams were unloaded and r e -  
loaded, t h e  s t r a i n s  and c e n t r a l  d e f l e c t  ions v a r y  non- l inear  l y  w i t h  
t h e  load. Type D had r e l a t i v e l y  small  u l t i m a t e  t e n s i l e  s t r a i n .  

Of t h e  four  t ypes  of beams, t y p e  D has shown h ighe r  u l t i m a t e  
: s t r e n g t h  (see Table I) and h i g h  r e s i s t a n c e  t o  deformat i o n  and 

d e f l e c t  ion.  I n  a d d i t  ion, rega rd less  o f  t h e  t y p e  o f  beam o r  na tu re  
of loading, t h e  compressive f i b e r  s t r a i n s  were found t o  be much 
s m a l l e r  t h a n  t h e  t e n s i l e  f i b e r  s t r a i n s  ( F i g .  7). According t o  

I 
e l a s t  i c  beam theory,  t h e  s t r a i n s  o f  compressive f i b e r  and t i i i s i  l e ' f i b e r  should be equal s ince  t h e  n e u t r a l  a x i s  l i e s  i n  t h e  middle 
of t h e  beams. Had t h e  beams been behaving l i k e  a homogenous 
m a t e r i a l ,  a l l  t h e  beams should be expected t o  behave i d e n t i c a l l y  
s i n c e  t h e  amount and bond area of re inforcement a re  same i n  a l l  
t h e  beams. 

I CLASS I CAL BEAMS THEORY 

! According t o  t h i s  t h e o r y  t h e  n e u t r a l  a x i s  l i e s  a t  t h e  middle 
of t h e  beam sec t  ion. The r e g i o n  below t h e  n e u t r a l  a x i s  i s  sub jec ted  
t o  t e n s i l e  s t resses  w h i l e  t h e  r e g i o n  above n e u t r a l  a x i s  i s  sub jec ted  
t o  compressive s t resses.  The s t r e s s  d i s t r i b u t i o n  i s  l i n e a r  across 
t h e  s e c t i o n  as shown i n  f i g u r e  S(a). Since t h e  n e u t r a l  a x i s  l i e s  
i n  t h e  middle, t h e  extreme f i b e r s  a re  sub jec ted  t o  t h e  same magnitude 
o f  s t resses .  The extreme f i b e r  stresses, f o r  a g i v e n  bending moment, 
a r e  g i ven  b y  

- - 

f t = f c =  M d l 2  
I 

Where: Mzappl ied bending moment 

f t ,  fc=axtreme t e n s i l e  and conpress ive f i b e r  s t resses  
r e s p e c t i v e l y  

1 - - 
dzdepth o f  t h e  beam 

I=Moment o f  l n e r t  i a o f  t h e  beam sect  i o n  

where b=width o f  beam 



The app l i e d  bendi  ng moment shou l d  balance t h e  r e s i s t  i ng moment o f  
t h e  beam sec t  ion.  I 

Res i s t  i ng hloment=Area o f  s t r e s s  diagram (compress i v e  o r  
t e n s  i l e )  x  l eve r  arm, where l eve r  arm i s  t h e  
:d i stance between t h e  cen te rs  o f  compressive and 
t e n s i  l e  s t r e s s  diagrams. 

F o r  a  l i n e a r l y  e l a s t i c  m a t e r i a l ,  t h e  s t r e s s  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  s t r a i n .  Hence t h e  s t r a i n s  o f  t h e  extreme f i b e r s  
must be equa l . S i nce ferro-cement i s  not  a  homogenous mater i a  I, 

I t h e  n e u t r a l  axis. does not l i e  i n  t h e  middle p lane o f  t h e  beam, 

I 
and hence t h e  compressive and t e n s i l e  f i b e r  s t r a i n s  a r e  d i f f e r e n t .  

1 It i s  d i f f i c u l t  t o  a s c e r t a i n  t h e  na ture  o f  s t r e s s  d i s t r i b u t i o n  
across t h e  beam sect i o n  un less  t h e  l o c a t  i o n  o f  t h e  n e u t r a l  a x i s  
i s  predetermined. Moreover, t h e  s t resses  may no t  va ry  l i n e a r l y  
across t h e  beam sect  ion, s ince  ferro-cement i s  n e i t h e r  a  homo- 
genous m a t e r i a l  nor p e r f e c t l y  e l a s t i c .  But it can be reasonably  
assumed t h a t  t h e  s t r a i n s  vary  l i n e a r l y  across t h e  beam sec t i on .  
The l o c a t  i o n  o f  n e u t r a l  a x i s  can be determined f rom t h e  extreme 
f i b e r  s t r a i n s .  ( F ig .  8 (b ) ) .  

= d-n - 
n  

I Where n=distance o f  n e u t r a l  a x i s  f rom t o p  o f  beam 

I Ee=compressive f i b e r  s t a a i n  

I Es=tens i l e  f i b e r  s t r a i n  

I dZdepth o f  t h e  beam 

The n e u t r a l  a x i s  was t h u s  c a l c u l a t e d  f o r  d i f f e r e n t  s t r a i n  measure- 
ments. F ig ,  9 shows t h e  p o s i t i o n s  o f  n e u t r a l  a x i s  as t h e  load 
increases. Below t h e  cracked range, f o r  a  load o f  about 330 pounds, 
t h e  n e u t r a l  a x i s  i s  found t o  l i e  ve ry  near t h e  middle p lane of t h e  
beam, i n d i c a t i n g  homogenous behavior  o f  t h i s  m a t e r i a l  f o r  t h i s  
range o f  loading. ( ~ e f o r e  t h e  crack fo rma t ion  t h e  mor ta r  and 
s t e e  l a c t  t oge the r  l i ke a  homogenous m a t e r i a l  . ) But as t h e  load 
i nc reases  f u r t h e r ,  t h e  n e u t r a i  a x i s  jumps up towards t h e  t o p  O F  
t h e  beam. T h i s  corresponds t o  t h e  c rack  fo rma t ion  and subsequent 
c r a c k  propagat ion  i n  t h e  t e n s i  l e  r e g i o n  o f  t h e  beam. Due t o  t h e  
c r a c k  format ion, t h e  mortar  becomes i n e f f e c t i v e  t o  t a k e  any f u r t h e r  
s t r e s s e s  and t h e  s t r e s s  i s  t r a n s f e r r e d  t o  t h e  reinforcement.  Since 
t h e  r e s i s t  i n9  moment shou I d  balance t h e  appl i e d  bending moment, t h e  
n e u t r a l  a x i s  s h i f t s  up t o  a  new p o s i t i o n .  T h i s  t h e o r y  i s  i n  conformi ty  

- - . - 
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t h e  convent iona l  r e i n f o r c e d  concre te  beam theory .  

R.C. Eeam Th'eory: According t o  t h i s  theory,  t h e  s t e e l  i n  t h e  
t e n s i o n  s i d e  i s  assumed t o  c a r r y  t h e  complete t e n s i l e  s t resses.  
The n e u t r a l  a x i s  i s  c a l c u l a t e d  from t h e  p r i n c i p l e  o f  " equ iva len t  
s t e e l  area", which i s  based on t h e  t h e o r y  t h a t  t h e  s t r a i n s  i n  t h e  
s t e e l  and concre te  a re  equal. ( F i g .  8 ( c ) )  

1 . From t h e  Fi'gure 9 ( c )  : 

Taking moments o f  areas ( i n  t h e  s t r e s s  diagram) about 
t h e  n e u t r a l  ax is ,  

Where m= & = Young's modulus o f  s t e e l  
Ee Young's modu l us o f  concre te  

bzw id th  o f  beam 

d l = e f f e c t i v e  depth o f  beam 

n-neutral  a x i s  p o s i t  ion, f rom t h e  t o p  o f  beam 

Hence 'n' can be ca l cu la ted .  

The moment of r e s i s t a n c e  o f  t h e  beam s e c t i o n  i s  

Where As=Area o f  s t e e  l 

fs=Stress i n  s t e e l  - . - 
Jd = leve r  arm 

I 

Assuming a  va lue  o f  m=IO, t h e  n e u t r a l  a x i s  was c a l c u l a t e d  f o r  t h e  
four  t ypes  o f  beams. T h i s  va lue  i s  found t o  be 0.23" (from t h e  
t o p  o f  t h e  beam) f o r  a l l  t ypes  o f  beams. T h i s  va lue  almost concurs 
w i t h  t h e  va lue  o f  neu t ra l  a x i s  ob ta ined f rom t h e  s t r a i n s  f o r  u l t i m a t e  
l oads. 



An at tempt  i s  made t o  t h e o r e t i c a l  l y  c a l c u l a t e  t h e  u l t i m a t e  
c a p a c i t y  of  t h e  beams from t h e  u  I t  imate s t r e s s  t h e o r y  o f  R-C 
beams. The s t e e l  i n  t h e  t e n s i o n  reg ion,  i r r e s p e c t i v e  o f  i t s  l oca t  ion, 
i s  assumed t o  be fu  l l y  s t re tched,  whi l e  t h e  mortar  i s  assumed t o  
c a r r y  no load. The l o c a t i o n  o f  n e u t r a l  a x i s  i s  t aken  on 0.21" 
from t h e  t o p  o f  t h e  beam, and t h e  center  o f  compression s t r e s s  
d i a  ram i s  taken as 0 .  I" from t o p  i n  a l l  cases. (Fig.10 (a)  t o  
10 $ d ) ) .  Each l aye r  of mesh c o n s i s t s  o f  22 w i r e s  o f  0.025" 
diameter.  The maximum c a p a c i t y  o f  one laye r  i s  

TYPE A: Fig .  10 (a )  

Taking moments o f  s t e e l  s t resses  ft l , ft2, ft3, e t c .  
about t h e  center  o f  compression s t ress,  

=5074 - inch pounds - 
Max i mum app l i ed bend i ng moment a t  f a  i l ure=4284 i nc.h pounds 
(From t h e  Tab le  I ) - 

1 S i m i l a r l y  f o r  I 

I 

I TYPE B :  F i g  10 (b) 

~ 4 3 0 0  - inch pounds 

Maximum a p p l i e d  bending moment a t  f a i l u r e- 4 6 4 4  inch  pounds - 
TYPE C :  Fig.  ( 0  (c) 

c4320 inch pounds - 
-- 

Maximum app l i e d  bendi  ng moment a t  f a i  l ure=4338 inch pounds - 
TYPE 0: Fig.  10 (d)  

.I Moment o f  r e s  i stance=1840 (3~0 .775)  

4 2 7 0  inch  pounds 

Maximum a p p l i e d  bending moment a t  f a i l u r e = 5 I I 5  inch  pounds - 
I n  t h e  above cases it i s  seen t h a t  t he  ac tua l  c a p a c i t i e s  of 

t he  beams a r e  g rea te r  t h a n  t h e  c a l c u l a t e d  va lues except Type A. 

-7 - 
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I n  t h e  above c a l c u l a t i o n s ,  t h e  s t r e s s  i n  t h e  mortar  i n  t h e  t e n s i o n  
s i d e  i s  completely neglected.  It i s  t r u e ,  o f  course, t h a t  t h e  
mor ta r  a  l so c a r r  i es  a sma l l amount o f  l oad, a  l though t h e  exact na tu re  
and amount of s t r e s s  i n  t h e  mortar  cannot be eas i  l y  ascer ta ined.  

It i s  also*assumed t h a t  a l l  t h e  s t e e l s  i n  t h e  t e n s i o n  s i d e  a r e  
f u l l y  s t r e t c h e d  i r r e s p e c t i v e  o f  t h e i r  l oca t i on ;  t h i s  i s  no t  t r u e .  
It can be e a s i l y  seen t h a t  t h e  s t e e l  near t h e  n e u t r a l  a x i s  i n  t h e  
t e n s i o n  s ide  i s  not f u l  i y  s t re tched,  s ince  t h e  s t r a i n  a t  n e u t r a l  
a x i s  i s  zero. I n  t h e  case o f  t y p e  'D'  it can be reasonably assumed 
t h a t  a l  l t h e  t h r e e  l aye rs  o f  re in forcement  a r e  f u l  l y  s t re tched,  
w h i l e  i n  t h e  o the r  types, t h e  f a i l u r e  occurs even be fo re  t h e  s t e e l  
near t h e  n e u t r a l  a x i s  i s  f u l l y  s t re tched.  The h ighe r  c a p a c i t y  of 
t y p e  D can be exp la ined by  t h e  above argument. I n  a  more r e f i n e d  
c a l c u l a t i o n ,  t h e  p o s i t i o n s  o f  t h e  s t e e l  should be inc luded as a 
parameter. 

- -- - -- -- - -- -- -. - - 

CONCLUS l ONS AND DISCUSS l ONS 

It i s  seen t h a t  f o r  smal l  range o f  stresses, t h e  ferro-cement 
beams behave l i ke a homogenous mater i a  I. But s ince  t h e y  are  designed 
t o  operate f o r  h i g h  stresses, t h e  des ign procedure f o r  a  homogenous 
beams then  can not  be a p p l i e d  t o  ferro-cement. When t h e  bending 
moment i s  about I O G O  inch  pounds ( f o r  which t h e  extreme f i b e r  stresses, 
accord ing  t o  c l a s s i c a l  beam t h e o r y  i s  1000 ps i ) ,  microcracks s t a r t  
fo rming  a t  t h e  extreme f i b e r  on t h e  t e n s i o n  s ide.  The c racks  
propagate i n s i d e  t h e  beam as t h e  bending moment increases. ' These 
mic rocracks  are  no t  v i s i b l e  t o  t h e  naked eye. V i s i b l e  c racks  appear 
o n l y  when t h e  load approached t o  t h e  u l t i m a t e  values, which i s  i n  . 
c o n t r a s t  w i t h  t h e  convent iona l  r e i n f o r c e d  concrete, where t h e  c racks  
appear even f o r  ve ry  smal l  t e n s i l e  s t resses .  

The beams i n t y p e  D have shown rnax imum r e s  i s t  i ng moment and 
t h e r e f o r e  maximum r e s i s t a n c e  t o  d r a i n s  and d c f  l e c t  ions.  Consequent ly, 
it seems adv isab le  t o  concent ra te  t h e  reinforcenier l t  i n  t h e  extreme 
f i b e r s  o f  t h e  ferro-cement beams. From t h e  l o a d - s t r a i n  and load- 
d e f l e c t  i on  diagrams (F ig.  4,5,6,  and 7 )  it i s  observed t h a t  t h e  
behav io r  o f  t h e  beams are a lmost iden t  i c a l  . Since t h e  amount of 
s t e e l  used i s  ve ry  sma l l (about I. 1 %  by weight) ,  t h e  d i f ferences 
i n  t h e  behavior  o f  t h e  f o u r  t y p e s  of beams a re  no t  expected t o  be 
large.  A more pronounced d i f f e r e n c e  would have r e s u l t e d  if t h e  
amount o f  r e  i nforcement were l arger  . 

-8- 



Although more research i s  r e q u i r e d  f o r  a r r i v i n g  a t  an exact  
des ign  procedure of ferro-cement beams, s u f f i c i e n t  i nformat ions  
have been o b t a i n e d  i n  t h i s  research t o  conclude t h a t  t h e  u l t i m a t e  
c a p a c i t y  of t h e  Seam can be approx imate ly  determined f rom t h e  
u l t i m a t e  s t r e s s  t h e o r y  of r e i n f o r c e c  concre te  beams. The l o c a t i o n  
of t h e  n e u t r a l  ax is ,  fo r  t h e  cracked range can a l s o  be approximately 
determined from R- C  beam theory .  By a p p l y i n g  a s u i t a b l e  f a c t o r  
o f  safety,  t h e  work ing loads fo r  ferro-cement beams can be reason- 
a b l y  obtained, \then t h e  load i s  re leased  a t  600 pounds t h e  mic ro-  
c racks  i n  t h e  mortar  a re  c losed  s ince  t h e  s t e e l ,  s t i l l  i n  t h e  e l a s t i c  
range, t r i e s  t o  a t t a i n  i t s '  o r i g i n a l  u n s t r a i n e d  form. When t h e  
beam i s  loaded again, t h e  c racks  g r a d u a l l y  widens up. Hence, w h i l e  
r e l o a d i n g  t h e  beams, t h e  n e u t r a l  a x i s  g r a d u a l l y  s h i f t s  up (F ig .  II), 
u n l i k e  a sudd3n s h i f t  of n e u t r a l  a x i s  i n  t h e  case o f  d i r e c t  loading 
(F ig .  9) .  it can be reasonably assumed t h a t  t h e  mortar  i n  t h e  - - - 
t e n s i o n  s i d e  a l s o  takes  a p a r t  o f  t h e  s t ress ,  even a f t e r  c racks  
have been i n i t i a t e d .  

! F igures  12 and 13 a re  t h e  t y p i c a l  curves o f  load  vs. strain 
and load vs. c e n t r a l  d e f l e c t i o n .  The behavior  o f  any ferro-cement 
beam w i t h  a 1 %  s t e e l  con ten t  (by weight)  can be expected t o  be 
i d e n t i c a l .  A l l  t h e  beams f a i l e d  a t  t h e  p o i n t  o f  loading, i n d i c a t i n g  
t h a t  t h e  f a i  l u r e  might have occured due t o  bending s t resses  as we1 l 
as shear s t resses.  F u r t h e r  research i s  needed t o  e s t a b l i s h  t h e  
f a i  l u r e  c r i t e r i o n .  
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