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I .  I N T R O D U C T I O N  

The d i rec t  tens ion test  for conc re t e  is not common-  
ly p r a c t i s e d  d e s p i t e  the fact that the test  is of cons ide r -  
ab l e  theore t ica l  and  p rac t i ca l  s igni f icance  to unde r s -  
t and  s t ructural  b e h a v i o u r  of concre te .  Al though  not  
r e c o m m e n d e d  as a S t a n d a r d  test,  its va l id i ty  a n d  
g e n e r a l  charac ter i s t ics  a r e  b e i n g  s t ud i ed  in a n u m b e r  
of un ivers i ty  labora tor ies .  

Evans [1], and  Todd  [2] t e s t ed  a n u m b e r  of plain 
conc re t e  spec imens  in d i r ec t  tens ion  and  thei r  
resul ts  ind ica ted  that s t ress -s t ra in  cu rves  d id  not 
contain any a p p r e c i a b l e  inelast ic  deformat ion .  Dur ing  
the tests, it b e c a m e  a p p a r e n t  that s u d d e n  failure of 
the s p e c i m e n  p r e v e n t e d  any obse rva t ions  b e y o n d  
the p e a k  s t ress  i.e. a long  the fall ing b r a n c h  of the 
curve. 

Complete stress-strain curves for concrete in 
compression have been known for some time, but 
it was not until 1963, that Ruschand Hilsdorf [3] demons- 
trated the existence of such characteristics for concre- 
te in direct tension. Hughes and Chapman [4] have 
recently supplemented these findings. 

It is accepted that the shape of the stress-strain 
curve is the property of the material, but it can also 
be affected by the experimental conditions, namely 
(i) the technique used in the test, and (ii) the length 
and location of the strain gauges, Blakey and Beres- 
ford [5] in studying the second aspect, observed 
that the magnitude of the inelastic strains in the tension 
zone in bending tests depended mainly on the frac- 
ture plane passing through the gauge length. 
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2.  D E S C R I P T I O N  O F  TH E TESTS 

To obtain a c o m p l e t e  s t ress-s t ra in  cu rve  for 
conc re t e  in d i r ec t  tension, it was essent ia l  to elimi- 
nate  o c c u r r e n c e  of s u d d e n  fai lure n e a r  the  p e a k  
stress.  This was  a c h i e v e d  b y  modi fy ing  a 100 ton Uni- 
versa l  Test ing Machine s o  that its stiffness charac-  
ter is t ics  w e r e  s t e e p e r  than the s t eepes t  po r t ion  of the 
falling b r anch  of the s t ress -s t ra in  curve .  A f rame 
consis t ing of b r i gh t  mi ld  s tee l  ba r s  and  b lack  mi ld  
s tee l  p la tes  was  cons t ruc t ed  in b e t w e e n  the two cross-  
h e a d s  of the tes t ing  machine .  It a p p l i e d  a tens i le  
res t ra in t  to the  d i s p l a c e m e n t  of the c r o s s h e a d s  and  
thus the de fo rmat ion  of the s p e c i m e n  could  b e  p r e -  
c ise ly  control led .  This a r r a n g e m e n t  (fig. 1) was also 
a dva n t a ge ous  s ince  the load  was initially a p p l i e d  
to the f rame d i sp l ac ing  the p la tes  apa r t  and  which 

I~ !1 

! 
F 
movable crosshead 

y 
bright m.s. bars 

"-1 V2" dia. 

concr'ete specimen 

m . s .  plates 
~ 7  

) i x e d  crosshead 

JZI_ 
Fzo, t .  - -  Modified tension machine (100 tons). 

61 



J A N Y I E R - F ~ V R I E R  f968 - -  P I A T I ~ R I A U X  ET C O N S T R U C T I O N S  N ~ I - -  J A N U A R Y - F E B R U A R Y  f968 

in turn  a p p l i e d  the  l oad  to the s p e c i m e n .  The b a r s  
w e r e  d e s i g n e d  to obta in  an ex tens ion  equa l  to the  
total e longat ion of the  s p e c i m e n  cons is t ing  of the  
ove ra l l  e longat ion a n d  the local  de fo rma t ion  due  to 
initiation of a mic rocrack .  

In the tests, ' ,either 1 inch SR or  PL-60 J a p a n e s e  
Ers  g a u g e s  w e r e  used .  The l oad  in the  s p e c i m e n  
was d e t e r m i n e d  b y  load ing  a c a l i b r a t e d  r o d  in l ine 
with the  spec imen .  A b inocu la r  m i c r o s c o p e  was 
u s e d  to de tec t  the  p r e s e n c e  of m i c r o c r a c k s  and  to 
m e a s u r e  the c rack  width,  the a d v a n t a g e  b e i n g  that 
the magnif icat ion of the m i c r o s c o p e  cou ld  b e  inc reas -  
e d  in s teps  from 25 to 240 b y  us ing  a di f ferent  p a i r  
of lenses .  

To b e g i n  the test, the s p e c i m e n  was loose ly  f ixed  
in the tes t ing mach ine  and  the sur face  of the s p e c i m e n  
was careful ly  e x a m i n e d  for p r e s e n c e  of a n y p r e - e x i s t -  
ing  microcracks .  Af ter  tak ing  up  any  slack, the  spec i -  
m e n  could  b e  fur ther  s t r a ined  b y  i nc r ea s ing  the 
load  on the frame. 

The s p e c i m e n  was fur ther  s t r a ined  at a ra te  of 
10 micros t ra ins  p e r  minute.  This was  a c h i e v e d  b y  
d r i v ing  the mach ine  manual ly  whi le  o b s e r v i n g  the 

p r o g r e s s i v e  c h a n g e  in the  longi tud ina l  tens i le  strain.  
When  the sur face  of the  s p e c i m e n  was o b s e r v e d  
for mic rocracks ,  it was f o u n d  difficult to mainta in  the 
constant  ra te  of strain.  The re fo re ,  a l imit ing ra te  of 
25 micros t ra ins  p e r  m inu t e  was a d o p t e d  ensu r ing  
that the s p e c i m e n  d i d  not  fail abrup t ly ,  pa r t i cu la r ly  
n e a r  the p e a k  s t ress  and  a l o n g  the fall ing b r a n c h  
of the curve .  However ,  this  d i d  not  affect the  test  
p e r f o r m a n c e  se r ious ly  as  t he  c h a n g e  was  n e c e s s a r y  
for a shor t  p e r i o d  only. 

3. DISCUSSION 

a) Extensibi l i ty  o f  C o n c r e t e  : Kaplan [6] s h o w e d  tha.t 
in a d i rec t  tens ion  test  for c o n c r e t e  c r ack ing  o c c u r r e d  
b e t w e e n  30 to 80 mic ros t r a ins ,  the ex tens ib i l i ty  d e p e n d -  
ing  upon  the p r o p o r t i o n  of  coa r se  a g g r e g a t e  in the 
mix. The p r e s e n t  tests  i nd i ca t e  that the  ex tens ib i l i ty  
va r i es  b e t w e e n  90 to 140 mic ros t r a ins  and  the cor-  
r e s p o n d i n g  s t ress  as  68 to 89 ~ of the  m a x i m u m  
stress.  The d i f fe rence  b e t w e e n  these  two se r i e s  of 
tests is mainly  due  to the  m e t h o d  a d o p t e d  to d e t e r -  

TABLE I 

Curve No. 

1 

Mix 
Proportion 

1:1:2 --  0.45 
45 days~ 

1:2:4 --  0.60 
42 days 

1:3:6 --  0.90 
42 days 

1:1:2 --  0,45 
65 days 

1:2:4 -- 60 
270 days 

Strain 
at 

first crack 

100 

120 

125 

160 

total strain 

1:3:6 - -  0.90 

3:1 --  0.45 
(no fines) 
31 days 

3:1 --  0.45 
(no fines) 
42 days 

3:1 --  0.45 
(no fines) 
105 days 

120 

130 

200 

140 

250 
435 
900 

370 
410 

1200 

225 
425 
700 

400 
1000 
1930 

520 
800 

1260 
2000 
2800 

260 
550 

550 

230 
525 
900 

120 280 
650 

1200 

At intermediate points 

crack width 
(inch) 

5 

117500 
1/4740 
1/1560 

1/4740 
1/3120 
118O0 

1/3750 
1/1560 
1/780 

1/4740 
1/2400 
1/780 

1/3750 
1/1875 
1/1560 
1/900 
1/450 

1/3750 
1/1560 

1/3120 

1/7500 
1/3120 
1/1200 

1/6240 
1/3120 
1/900 

residual  strain 

6 

15 
125 
170 

0 
0 

25 

t0 
15 
25 

30 
425 
450 

40 
150 
500 
780 
450 

20 
130 

30 

40 
65 
10 

15 
180 
35 

error  

7 

6.0 
28.7 
19.0 

0 
0 
2.0 

2.6 

3.0 

7.5 
42.5 
23.0 

8.0 
t9.0 
39.0 
39.0 
16.0 

w 

23.0 

6.0 

M 

12.4 
1.0 

27.5 

Note - -  All strains in micro unit. 
The residual strain has been calc~rlated by taking into account the strain corresponding to the crackwidth 
in the gauge length and the strain observed at the initiation of first crack. 
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mine the extensibility of concrete. Kaplan used a 
proportional limit of two microstrains to determine 
from the stress-strain curves the point where the 
first crack occurred whereas a microscope (240 x) 
was used by the authors to locate the initiation of a 
microcrack. The results of the present test supple- 
ment the experiences and data obtained by Evans [t]. 

b) Microcrack ing  and Strains: In the tests, large 
strains were observed and these were phenomenal 
as compared to the strains recorded  by others [4]. 
Therefore, an attempt was made to correlate the 
recorded  strains and corresponding crack widths. 
It can be seen from Table I that the. large strains 
mainly occur due to initiation of microcracks within 
the gauge length. 

The main difference between these tests using a 
modified testing machine and tension tests using an 
ordinary testing machine is the existence of the 
falling branch of the stress-strain curve, In both 
types of the tests, the specimen fails due to a micro- 
crack traversing across the entire cross-section and 
separating the specimen into two parts. However, 
in the tests using a modified testing machine, the 
crack propagation is sensibly controlled by restrict- 
ing the effect of the strain energy stored in the 
machine parts. Immediately after a microcrack is 
initiated, the strain energy in the specimen is gra- 
dually transferred to the loading device, i. e. bars 
and the plates of the framework. Although it is diffi- 
cult to check fully a crack propagating on the surface 
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of the  spec imen ,  the ve loc i ty  of the  c r ack  p r o p a -  
gat ion is par t ia l ly  r e t a r d e d ,  b y  res t r i c t ing  the amount  
of s train e n e r g y  s t o r e d  in the spec imen ,  the  fact 
which  m a d e  the obse rva t ion  of the m i c r o c r a c k s  much  
eas ier .  

c) M o d u l u s  o f  E l a s t i c i t y  (E ) :  The modu lus  of e las -  
t icity is ca lcula ted  as the secant  modu lus  and  its 
var ia t ion  with the s train i nc rea se  is shown in f igure  3. 
It can b e  s een  that the va lues  of E a r e  low to s o m e  
extent ,  the reasons  b e i n g  that the s t ra ins  w e r e  m e a s -  
u r e d  o v e r  a shor t  l ength  and  all the  s t ress - s t ra in  
cu rves  inc luded  the effect of a m i c r o c r a c k  ini t iat ing 
within the g a u g e  length.  

On the falling branch ,  of the s t ress - s t ra in  curve ,  
the  va lue  of E falls rap id ly ,  r e aches  0 .25•  10 e lbs /sq .  
in. at about  600 micros t ra ins .  Beyond  this, the cu rve  
b e c o m e s  asymptot ic .  Therefore ,  l a r g e  s trains  o b s e r v -  
e d  d u r i n g  the tests  d i d  not affect E e v e n  though a 
l a r g e  d i f ference  ex i s t ed  b e t w e e n  the s t ra ins  o b s e r v e d  
n e a r  the failure of two s p e c i m e n s  of the s ame  mix  
p ropo r t i on .  This was not due  to var ia t ion in the s t ruc-  
tural  b e h a v i o u r  of the s p e c i m e n  but  due  to a w i d e r  
m i c r o c r a c k  exis t ing within the g a u g e  lengths.  

d) M e c h a n i s m  o f  F a i l u r e  o f  t h e  S p e c i m e n :  It can 
b e  o b s e r v e d  from the s t ress -s t ra in  cu rves  that the 
s p e c i m e n  fails on the falling branch,  at a s t ress  which  
va r i e s  b e t w e e n  25 to 40 ~o of the m a x i m u m  stress .  
In the  tests,  as failure was a p p r o a c h e d  the s t ra in  
c o m m e n c e d  to i n c r e a s e  r ap id ly  a n d  it was n e c e s -  
s a r y  to d e c r e a s e  the load  on the f rame to mainta in  
the  s t ra in  ra te  within the limit of 25 mic ros t ra ins  p e r  
minute.  

This b e c a m e  difficult just  b e f o r e  fai lure when  the 
s t ra in  i n c r e a s e d  v e r y  r ap id ly  and  the s t ra in  ra te  
cou ld  not  b e  main ta ined  within limits b y  o p e r a t i n g  
the mach ine  controtmanual ly.  The s p e c i m e n  usual ly  
fa i led  at this point. 

4. S I G N I F I C A N C E  OF COMPLETE 
STRESS-STRKIN CURVES 

A k n o w l e d g e  of c o m p l e t e  s t ress-s t ra in  cu rves  is 
now essent ia l  as it g i v e s  m o r e  information abou t  
the m o d e  of failure of conc re t e .  The p h e n o m e n o n  
of red i s t r ibu t ion  of s t ress  in ce r ta in  loca l ized  r e g ions  
of a c omp le x  s t ruc ture  is c lo se ly  a s soc i a t ed  with the 
abi l i ty  of conc re t e  to u n d e r g o  l a r g e  de format ions  
without total failure.  These  tes t s  have  d e m o n s t r a t e d  
that s p e c i m e n s  in d i r ec t  t ens ion  can sustain l a r g e  
strains at some  p e r c e n t a g e  of  ma x imum stress .  

These  tests have  also i l lus t ra ted  the impor t ance  
of u n d e r s t a n d i n g  the effect of  c rack  p r o p a g a t i o n  on 
the shape  of the s t ress -s t ra in  curves ,  s ince  it is quite 
p o s s i b l e  that the cha rac te r i s t i c  s h a p e  of the load  
deformat ion  cu rve  for fundamen ta l ly  di f ferent  mate-  
rials, can, b y  se lec t ing  a p p r o p r i a t e  tes t ing  condi t ions  
b e  m a d e  to look v e r y  much  al ike.  

5. S U M M A R Y  

These  tests have  shown that  c o m p l e t e  s t ress-s t ra in  
cu rves  for conc re t e  in d i r e c t  tens ion  also exist  and  
such cu rves  can only  b e  o b t a i n e d  b y  us ing  a mod i f i ed  
tes t ing machine.  To p e r f o r m  the test  successful ly,  
it is essent ia l  that the c r ack  s h o u l d  initiate within the 
g a u g e  length,  so as to i nd ica t e  the ex ten t  of fai lure 
in the s p e c i m e n  b y  the ra te  of s train inc rease .  The 
l a r g e  strain va lues  o b s e r v e d  in  these  tests a r e  p r ima-  
r i ly  due  to initiation of a m i c r o c r a c k  within the g a u g e  
length .  
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