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The effect  of p r e s t r e s s i n g  the re inforc ing f ibers  in e i ther  of two mutually perpendicular  
di rect ions  on the e las t ic  cha rac t e r i s t i c s  of woven-glass  re in fo rced  plas t ics  has been 
exper imenta l ly  invest igated.  It is shown that an inc rease  in the e las t ic  cha rac te r i s t i c s  
in the p r e s t r e s s  d i rec t ion  is accompanied by a dec rease  in the direct ion at r ight angles.  
Applying the same p r e s t r e s s  in both direct ions considerably improves  the moduli of 
e las t ic i ty  (Ex, Ey).  The possibi l i ty of using Bolotin 's  theory  [1] and the relat ions p r o -  
posed in [4, 6] to es t imate  the effect  of r egu la r  dis tor t ions  of the f ibers  on the e las t ic  
moduli of woven-glass  r e in fo rced  mate r ia l s  is examined.  

1. In studying or iented  g l a s s - r e in fo r c e d  plast ics  (GRP) it  is usual to r e s o r t  to an idealized mode1 
consist ing of s t ra ight ,  s t r i c t ly  para l le l  re in forc ing  e lements  r e g ~ a r l y  a r r anged  in a compliant  poIymer  
mat r ix .  In realitb~ , the m a c r o s t r u c t u r e  is quite di f ferent .  I~s tor t ions  of the f ibers  - both sys temat ic  and 
random - a re  an inevitable consequence of exist ing technology. This leads to a significant de ter iora t ion  of 
the e las t ic  and mechanical  cha rac t e r i s t i c s  of the mater ia l  [1-5]. 

One method of el iminating or  at leas t  reducing the r i sk  of dis tor t ion of the re inforc ing  f ibers  is to 
p r e s t r e s s  them during the molding p roce s s .  Exist ing methods of making p r e s t r e s s e d  f iberglass  elements  
(cylindrical shel ls ,  pipes) a re  genera l ly  based on pretensioning in one of the direct ions of r e in fo rcement  
(warp or  fil l) .  However,  as will be shown below, this is accompanied by a significant de ter iora t ion  of the 
e las t ic  cha rac te r i s t i c s  in the d i rec t ion  at  r ight  angles to the p r e s t r e s s .  

F r o m  this there  follows the prac t ica l  importance of an investigation of the effect  of p r e s t r e s s ing  in 
the warp di rec t ion on the e las t ic  cha rac t e r i s t i c s  of the fill and the possibil i ty of applying a p r e s t r e s s  in two 
mutually perpendicular  d i rec t ions .  It is also des i rable  to study the possibil i ty of using the simple formulas  
obtained in [1, 4, 6] for  es t imat ing the ef fec t  of r egu la r  dis tor t ions c rea ted  by the manner  of weaving the 
fabr ic  on the moduli of e las t ic i ty  (Ex, Ey) of a glass laminate .  

2. These  questions were  invest igated exper imenta l ly  using flat specimens cut f rom shee ts .  The 
sheets  were  obtained f rom SKT-11 (800 mm wide) plain-weave glass cloth with the same f iber  densi ty 
in the warp and fill d i rec t ions  impregnated  with phenol- formaldehyde re s in .  The sheets  were  made in the 
mold shown in Fig.  la;  the uns t r e s sed  sheets  were  molded in accordance  with the usual technology. To 
obtain p r e s t r e s s e d  sheets  it  was n e c e s s a r y  to develop a special  technology and equipment (Fig. lb) capable 
of producing sheets  of two types:  with simultaneous s t r e s s ing  of the warp and fill r e in fo rcemen t  and with 
s t r e s s ing  in one of these d i rec t ions .  In o rde r  to p r e p a re  sheets  with a given p r e s t r e s s  we assembled  a 
stack of pieces  of cloth (350 z300) and covered  the top and bottom of the stack with metal  plates (300 × 350), 
which were  l ightly compressed  with c lamps.  The sides of the stack subjected to p r e s t r e s s i n g  were molded 
at  the po lymer iza t ion  t empera tu re  on a width of 20-25 mm for 20 rain. This made it possible to crea te  a 
re la t ive ly  uniform tension in each l aye r  and avoid " p r e s s u r e  t r ans fe r "  f rom the upper l aye r s  of cloth at 
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Fig .  1. Appara tus  for  p r e p a r i n g  the sheets :  a) s t r e s s i n g  equipment  (1 - 
f r a m e ,  2 - d y n a m o m e t e r  e l emen t s ,  3 - tensioning device,  4 - ISD-2 
s t a t i c - s t r a i n  me te r ) ;  b) mold  and s t r e s s i n g  equipment .  

Fig .  2. D iagram i l lus t ra t ing  the m a n -  
ne r  of cutting the spec imens  f rom the 
p r e s t r e s s e d  shee t s .  

Fig .  3. Shape of tensi le  and c o m p r e s -  
s ive  t e s t  p ieces  and device used in 
c o m p r e s s i o n  t e s t s .  

the c lamping points.  Af te r  the s ides  had been molded,  the meta l  
p la tes  we re  r emoved  and the s tack p laced in the s t r e s s i n g  device 
(see Fig  lb).  S t ress ing  was achieved by tightening nuts on the 
ends of the tensioning rods .  The p r e s t r e s s  was m e a s u r e d  with 
dynamomete r  e lements  and an ISD-2 s t a t i c - s t r a i n  m e t e r .  The 
d y n a m o m e t e r  e lements  we re  the above-ment ioned  rods ,  to which 
s t r a i n  gauges were  bonded. Af ter  the r e i n f o r c e m e n t  had been 
p r e s t r e s s e d ,  the s tack and the s t r e s s i n g  device were  p laced in a 
mold (see Fig .  lb) .  

In p repa r ing  the u n s t r e s s e d  and p r e s t r e s s e d  shee ts  the 
molding t e m p e r a t u r e ,  t ime  and p r e s s u r e  and the r e s i n  content 
w e r e  s t r i c t ly  control led.  All the shee ts  we re  obtained f rom the 
s a m e  batch of glass  cloth. 

tn o rde r  to e l iminate  the ef fec t  of re laxa t ion  p r o c e s s e s  the 
shee t s  we re  kept  a t  r oom t e m p e r a t u r e  fo r  t h ree  months ,  a f t e r  
which spec imens  (str ips m e a s u r i n g  250 × 30 × 3 ram) were  cut 
and the longitudinal and t r a n s v e r s e  t ens i l e - compres s ive  s t r a ins  
w e r e  m e a s u r e d  wi ths t r a ingauges  on a 20-ram base .  The manner  
of cutting the spec imens  and the d i rec t ions  in which the tes t ing 
was c a r r i e d  out a r e  shown in Fig,  2. In o rde r  to e s t ima te  the 
d i f ference  in s t rength,  longitudinal and t r a n s v e r s e  t ens i l e -  
c o m p r e s s i v e  s t r a in s  were  m e a s u r e d  on the s a m e  spec imens .  
The spec imens  w e r e  f i r s t  t es ted  in tension at  a load not exceeding 
0.5 Pb.  Then f r o m  these  spec imens  we cut s t r i p s  (including the 
t r an sduce r s ) ,  which were  tes ted  in c o m p r e s s i o n  in a device that  
p reven ted  buckling.  The shape of the tens i le  and c o m p r e s s i v e  
spec imens  and the device for  prevent ing  buckling in c o m p r e s s i o n  
a r e  shown in Fig.  3. 

3. The r e su l t s  of the tes t s  and the data of a s ta t i s t ica l  
ana lys i s  a r e  p re sen ted  in Table 1, photographs of typical  m a c r o -  

sec t ions  in F igs .  4 and 5. In Table  1 we have introduced the following notation: Ex(x, 0) +, Ex(x, y)+, 
Ey(x,0),  Vx(x,0) , e tc .  The s u p e r s c r i p t  denotes  tension (+) or  c o m p r e s s i o n  (-). The subsc r ip t  denotes the 
d i rec t ion  of tes t ing (coinciding with the d i rec t ion  in which the spec imen  was cut). The subsc r ip t s  in p a r -  
en theses  c h a r a c t e r i z e  the p r e s e n c e  o r  absence  of a p r e s t r e s s  d i rec t ion .  The f i r s t  s u b s c r i p t  in pa ren theses  
r e p r e s e n t s  p r e s t r e s s  along the warp ,  the second p r e s t r e s s  along the fi l l .  

It  is c l ea r  f rom Table  1 that  as the warp  p r e s t r e s s  i n c r e a s e s  there  is a substant ia l  i nc rea se  in the 
E + va lues  of x(x,0) , Vx(x,0) +. Thus,  for  example ,  at  a p r e s t r e s s  N x = 0.5 RM*/Ex(x,0) + inc rea sed  by 36% 

and Vx(x,0) by 17%, the g r e a t e s t  r e la t ive  i nc r ea se  in these c h a r a c t e r i s t i c s  taking place  with inc rease  in the 
p r e s t r e s s  to 0.25 R M (see Table  1). As may  be seen  f r o m  F igs .  4 and 5, the i nc r ea se  in Ex(x,0)+; Vx(x,0) + 
with i nc rea se  in p r e s t r e s s  occu r s  as a r e s u l t  of s t ra ighten ing  of the warp  f i be r s .  A lmos t  complete  
s t ra igh ten ing  of the warp  f ibe r s  takes  place  a t  Nx = 0.5 R M (see Fig .  4). 
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Fig.  4. Change in the d is tor t ion of the warp  ([eft) and fill (right) f ibe rs  with inc rease  
in the p r e s t r e s s  on the warp  f ibers :  a) N x = 0; b) 0.1 RM; c) 0.25 RM; d) 0.5 1~ M. 
Magnification 10 ×. 

÷ 

On compar ing  the values  of Ey(0,0 ) , Vy(0,0) + de te rmined  
for  spec imens  with u n s t r e s s e d  r e in fo r cemen t  and the 
cor responding  values  Ey(x,0) +, Vy(x,0) +, de te rmined  for  
spec imens  with the warp  r e in fo rcemen t  s t r e s s e d ,  we see 
that  an i nc rea se  in warp  p r e s t r e s s  leads  to a d e c r e a s e  in 
the e las t ic  c h a r a c t e r i s t i c s  of the fill .  The c rea t ion  of a wa rp  
p r e s t r e s s  N x = 0.5 R M reduces  Ey(x,0)+by 26% and Y(x,0) + 
by 40~ (see Table 1). As may  be seen  f rom Fig.  4, the 
dec r ea se  in the values  of these  c h a r a c t e r i s t i c s  is a conse -  

F ig .  5. Change in the d is tor t ion  of the warp  
quence of the additional d is tor t ion of the fill r e in fo rcemen t .  

f ibe rs  when both warp  and fill f i be r s  a r e  
p r e s t r e s s e d .  Magnification 10 x N x = 0.1 When the warp  and fill a r e  s imul taneous ly  p r e s t r e s s e d ,  
RM; Ny = 0.1 RIVI. the values  Ex(x, y)+, Ey(x ' y)+ i nc rea se  s ignif icant ly with 

i nc rea se  in p r e s t r e s s  (see Table ]), and the ampli tude of 
the f ibe r  d is tor t ions  is reduced.  The P o i s s o n ' s  r a t i o s  Vx(x, y)+, Vy(x, y)+ r e m a i n  unchanged. The data 
(see Table  1, ra t io  E i+ /E i  -) show that  the inves t iga ted  SKT-11 ma te r i a l  has p rac t i ca l ly  equal  moduli  in 
tension and c o m p r e s s i o n .  

4. The exis t ing  re la t ions  [1, 4] were  der ived  in o r d e r  to take into account  the effect  of d is tor t ion 
of the re in forc ing  f ibe r s  or  l a y e r s  on the modulus of e las t ic i ty  of unidirect ional  GRP.  The exis tence  of 
r e g u l a r  d is tor t ions  and the i r  dependence on the type of wea~.e and the d i a m e t e r  of the re in forc ing  f ibers  
in the case  of woven r e i n f o r c e m e n t  r equ i r e  the es t ima t ion  of the effect  of these dis tor t ions  on the 
modulus of e las t ic i ty .  
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TABLE 1. Moduli of Elasticity and l~oisson's Ratio in Tension- 
Compression as Functions of the Reinforcement Prestress  

Modulus of 
elasticity and 
Poisson's ratio 
E.10 "~, kgf/cm 2 

Prestress along prestress along warp; specimen tested along: warp and fill; 
-/specimen tested 

along warp; 
warp : ex(x,o~; vx(x,o) fill, Ev(x,~); vv(x,o) ] Ex(x,v); vx(x,v) 

Reinforeement prestress 
0 0 2 5 R ~  

E+ 
Emin+ 

Emax + 

V,% 

n 

EN/Eo 

1,38 
1,35 
"1,42 
2,0 
5 
1,00 

3,1 R~r 10,25 R M 0,5 R~: r 

1,68 1,80 1,87 
1,61 1,75 1,84 
1,8o ~ L-~  
4,5 2,9 1,6 
5 5 5 
1,22 1,31 1,36 

0 ]O, IR~ro,25RM[O,5R~IO, lRn~r 

1,35 
1,34 

2,0 
5 
1,00 

1,21 1,14 
1,17 1,10 

4,0 4,0 
5 5 
0,89 0,85 

1,00 1,61 
0,93 1,54 

5,8 4,3 
5 5 
0,74 1,17 

1,70 
1,64 
1,76 
2,7 
5 
1,23 

E- 
Emir t -- 

E m a x -  

V,% 
n 

E- ~/Eo- 
E+/E- 

v+ 

Vmin + 

Yrnax + 

V,% 
n 

V+ Z~'/V0 + 

Ex(y, o)+¥y(x, o) + 
Ev(x, o)+Vx(x, o) + 

1,38 1,61 1,72 
1,35 1,59 1,67 

2,2 4,3 2,9 
5 5 5 
1,00 1,16 1,25 
1,0 1,04 1,04 

1,75 
1,71 

2,0 
5 
1,29 
1,07 

1,36 
1,33 

1,8 
5 
1,00 
0,99 

1,05 1,58 
0,97 t,50 

5,5 4,0 
5 5 
0,77 1,16 
0.95 t,02 

1,65 
1,6o 
1,71 
2,6 
5 
1,21 
t,03 

0,130 0, I34 
0,126[ 0,129 
0,132 i 0,142 

~ ,1 5,6 
5 

1,00 1,03 

! 00931008o 10133 ! 
O1O88 0'075100127 0,132[ 0,14210,146 I 0,129 0,100! 0 ~ 7 - ! ~  - -  

°'153i °'154i °'1621 0,109[ 
7,6 4,0 r ? 

1,11 1,17 1,14 1,00 0,78 [0,67 I 

0,97 0,99 0,98 1,04 

Remark. The experimental data in this and the subsequent tables 
are for SKT-11 glass-reinforced plastic with the cloth heat-treated 
at 250°C. 

T A B L E  2.  Change  i n  the  C u r v a t u r e  of the  R e i n f o r c i n g  F i b e r s  

w i t h  P r e s t r e s s  

Values of c, 
l , m m  

c 

Cmin 

Cmax 

V,% 
n 

l 
/rain 

/max 

V,% 
n 

Prestress along the warp; specimens tested along Prestress along warp 
and fill; specimens 

warp [ fill -[ tested_ ~long w~_rp 
Reinforcement prestress 

0,135 
0,125 
0:156 
8,5 
8 
2,5 
2,40 
2,60 
3,4 
8 

0,1 R~r 

0,055 
0,050 
W0~ 
7,0 
8 
2,55 
2,50 

3,0 
8 

0,135 
0,125 
0,150 
8,5 
8 
2,50 
2,40 
2,60 
3,4 
8 

0,25 R~r 

0,190 
0,150 
0,200 
8,9 
8 
2,43 
2,35 
2,50 
2,7 
8 

0,5 R M 

0,200 
0,170 

7,5 
8 
2,40 
2,37 
2,50 
2,5 
8 

0,l RI~ z 

0,11 
0,09 
0,12 
8,5 
8 
2,52 
2,40 
2,70 
4,8 
8 

We  w i l l  i n v e s t i g a t e  the  p o s s i b i l i t y  of  a p p l y i n g  the  a b o v e - m e n t i o n e d  r e l a t i o n s  a n d  the  f o r m u l a s  of [6] 

f o r  w o v e n  r e i n f o r c e m e n t .  

I t  i s  a s s u m e d  tha t  a t  N x = 0.5 R M  the  r e i n f o r c i n g  f i b e r s  a r e  s t r a i g h t  a n d  p a r a l l e l ;  i n  t h i s  c a s e  Ex  -~ = 
1.87 • 105 kgf /cm2;  Gxz = 7.8 • 10 3 kgf /cm2;  E z = 6.7 • 104 k g f / c m  2. The  m o d u l i  of e l a s t i c i t y  of t he  r e s i n  and  
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TABLE 3. 
Relat ions and the Exper imen ta l  Data (" 105kgf/cm 2) 

Theoretical relation 

Comparison of Moduli of Elasticity Obtained from Analytic 

Prestress along 
warp; specimen 

Prestress tested along warp 
0 0,I R3¢ 0,t R~ 

~,: E,~ Ref [1] 
E,, 

1 +-O~ q°2 

Prestress along warp; specimemt~ted along--. 
warp l fill 

~i= Ef Ref 
n 2 c 2 vs E j  [6] 

2 12 2 G~ 
~x-- Ex 

E~ f2 Ref[4] 
I +  - -  

G~ 2 

Experimental data 

1,45 

1,42 

1,39 

1,38 

1,79 

1,77 

1,77 

1,68 

0 0,25 R~ r I-o.s R~ 

1,45 1,17 1,1I 

1,42 1,12 t 07 

1,39 1,09 t ,02 

1,35 1,14 1,00 

1,58 

1,55. 

1,53 

1,61 

Remark. The other formulas [6] give large discrepancies with the experimeataldata. 

the r e i n f o r c e m e n t  a r e  E m = 2.1 - 10 ~ kg£/cm 2 and E x = 7 .00-10 ' kgf /cm 2, r e spec t ive ly ,  the re .dul l  of e l a s -  
t ic i ty  of the GRP and the r e i n f o r c e m e n t  with al lowance for  d i s tor t ion  a r e  Ex, E f -  The r e l a t ive  vo lumes  

of r e s i n  and r e i n f o r c e m e n t  v m = 0.51; vf = 0.49, r e spec t ive ly ,  s ince SKT-11 has  the same warp  and fi l l  
f ibe r  densi ty,  Vfwar  p = vffil l  = v f / 2  = 0.245; as shown in [4], the mean  square  value of the angle f o r m e d  

with the x axis  ~ =  ~ 2  f =  - -  ' where  c is  the ampli tude and l the chord length of the ha l f -wave  of the 

r e g u l a r  d i s tor t ions .  The va lues  of c and l w e r e  m e a s u r e d  with a UIM-21 un ive r sa l  m i c r o s c o p e .  The r e -  
sul ts  of the m e a s u r e m e n t s  and a s ta t i s t i ca l  ana lys i s  of the data a re  p re sen ted  in Table  2. 

Values of the re .dul l  of e l a s t i c i ty  ca lcula ted  on the bas i s  of the equations of [1, 4, 6] a r e  p resen ted  
in Table  3. 

The good a g r e e m e n t  between e x p e r i m e n t  and the calcula ted values  (see Table  3) makes  it  poss ib le  
to r e c o m m e n d  the above-ment ioned  analyt ic  re la t ions  for  e s t ima t ing  the effect  of r egu l a r  d is tor t ions  
(de termined by the manner  of weaving the cloth) on the re .du l l  of e las t i c i ty  of g lass  l a m i n a t e s .  

S U M M A R Y  

The data obtained show that for  woven-g l a s s  r e in fo rced  p las t ics  s imul taneous ly  s t r e s s i n g  the warp  
and fi l l  leads  to a cons ide rab le  i nc r ea s e  in the moduli  E x, Ey. If the r e i n f o r c e m e n t  is  p r e s t r e s s e d  in one 
di rec t ion,  i t  is  n e c e s s a r y  to take into account  the reduced e las t i c  c h a r a c t e r i s t i c s  in the d i rec t ion at  r ight  
ang les .  F o r  a GRP r e in fo rced  with p la in -weave  cloth equally s t rong  in each  di rec t ion the m o s t  effect ive 
value of the p r e s t r e s s  in one d i rec t ion  is  Nx = 0.25 RM, which gives the g r e a t e s t  "overa l l  n s t i f fness .  F o r  
the m a t e r i a l  inves t iga ted  Ex(x,0) + i n c r e a s e s  by 31% and vx(x,0) + by 17%; in this case  the e las t ic  c h a r a c -  
t e r i s t i c s  Ey(x,0) + fall  by 15 and 33%, r e s pec t i ve ly .  
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