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ABSTRACT: Polymer modification of commercially available bitumen has been at­
tem pted by the incorporation ofliquid natural rubber (LNR) of medium viscosity. Both 
soft and blown bitum ens have been studied. Physical and rheological characteristics 
of the samples were investigated. Improvement in physical properties such as shear 
strength  and ductility in the case of blown bitumen and resistance to flow in the case 
of soft bitum en were observed. I t was also found th at as a result of addition of LNR, 
the activation energy of flow increases in the case of soft bitumen and decreases in 
blown bitum en. © 1998 John Wiley & Sons. Inc. J Appl Polym Sci 68: 53-61, 1998
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IN T R O D U C T IO N

B itu m e n  by i ts e lf  h a s  becom e in a d e q u a te  in  m an y  
ap p lic a tio n s  d u e  to th e  c h an g ed  p ercep tio n  on 
p av in g  b in d e rs  in  rec e n t y e a rs . T raffic fac to rs 
h a v e  in c re a se d  w ith  re sp e c t to bo th  load an d  vol­
um e. H ig h e r  p re s su re s  a re  em ployed for tire s , 
a n d  h ig h e r  costs  d e m a n d  co n s tru c tio n  o f th in n e r  
p av em en ts. H ence , m odification  of b itu m e n  by d if­
fe re n t  tec h n iq u e s  h a s  becom e a topic o f in te re s t. 
M odification  u s in g  p o ly m ers  is  a  w id en in g  a re a  
d u e  to  th e  v isco e las tic  c o n tr ib u tio n  o f th e  polym er 
to  th e  b itu m e n  p ro p e rtie s . T h e  c h an g es  a re  a im ed  
a t  a d d re s s in g  m ajo r p rob lem s, su ch  as  h igh-tem - 
p e ra tu re  p e rm a n e n t  defo rm atio n , load-associated  
fa tig u e  c rack in g , lo w -te m p era tu re  th e rm a l crack-
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ing, etc. A ging is  th e  h a rd e n in g  o f b itu m en  over 
tim e  an d  tem p e ra tu re . Polym ers h ave  been  found 
to reduce  h a rd e n in g  an d  m o is tu re  suscep tib ility  
an d  im prove th e  adhesion  o f th e  b in d er to  aggre­
ga tes . U se of ru b b e r  by a  F ren ch  b itu m en  com­
p a n y  for lay in g  p av em en ts  as  ea rly  a s  in  1902 has  
been docum ented.^  M ost b itu m e n  b in d ers  w ere 
c lassified  by a  viscosity-graded  system . T he v is­
cosities a t  60 an d  135°C a re  im p o rta n t to the  ap ­
plication  an d  use  of b itu m en  b inders. The viscos­
ity -g rad ed  system  h as  been  rep laced  by th e  p ene­
tra t io n  sy stem  in  th e  1 9 6 0 s .A  needle  is  loaded 
w ith  e ith e r  100 g  ( 25°C ) or 200 g  (4°C ). T he  d ep th  
o f p e n e tra tio n  is m ea su red  an d  expressed  in  one 
h u n d re d th  of a  c en tim e te r. T he p e n e tra tio n  a t  4°C 
is used  to describe th e  lo w -tem p era tu re  p roperties 
o f b itu m e n  b inders, O th e r te s ts  u sed  to  c h a ra c te r­
ize b itu m e n  b in d ers  a re  r in g  an d  ball so ften ing  
po in t (A STM  D 113).

T h e re  a re  a  la rg e  v a rie ty  of polym ers cu rren tly
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b e in g  u se d  in  th e  b i tu m e n  p a v in g  in d u s try . T he 
p u rp o se  o f  m o d ifica tio n  d e p e n d s  on  th e  prob lem  
i t  a d d re s s e s  o r  th e  ty p e  o f  b itu m e n  m ix tu re  to  be 
m odified . T h e  e x te n t  o f  im p ro v e m e n t m ay , h ow ­
ev e r. b e  q u ite  d iffe re n t, d e p e n d in g  on th e  so u rce  
o f  b i tu m e n , th e  e ffect o f o rig in  o f  th e  p e tro leu m , 
e tc . M odification  w ith  ru b b e r  im p ro v es  th e  p ro p ­
e r t ie s  o f  b i tu m e n . T h e  effect on  th e  b itu m e n  is 
e x p re sse d  m o s t c le a r ly  in  th e  to u g h n e s s / te n a c ity  
te s t .  B low n b itu m e n , a lso  kn o w n  u n d e r  th e  n a m e  
o f  “m in e ra l  ru b b e r .” is  g e n e ra l ly  n o t co n sid e red  
s u ita b le  fo r  b le n d in g  w ith  ru b b er.^

M od ifica tio n  w ith  ru b b e r  p e rm its  b itu m e n , 
ev en  o f  low  q u a li ty , to  a c q u ire  a t t r a c t iv e  p ro p e r ­
tie s . T h is  m a k e s  i t  p o ssib le  to  lay  dow n su ita b le  
ro a d  p av in g , u s in g  re la tiv e ly  in ex p e n s iv e  b i tu ­
m en . N a tu ra l  ru b b e r  (N R ) is  a  p o te n tia l  c a n d i­
d a te  am o n g  v a rio u s  p o ly m e rs  fo r b len d in g  w ith  
b i tu m e n . B ecau se  o f  i ts  p h o to sy n th e tic  o rig in  an d  
ren e w a b ility , i t  is  eco logically  f rien d ly . I t  is  one 
o f  th e  p o ly m ers  w ith  w h ich  b itu m e n  m odifica tion  
h a s  b een  su ccess fu lly  c a rr ie d  ou t. N R  is  o b ta in e d  
a s  la te x  from  th e  p la n t  H evea  b ra zilien sis . A dd i­
t io n  o f  N R  to  b itu m e n  h a s  b een  a t te m p te d  in  d if­
f e re n t  w ay s. O n e  o f th e  e a r l ie s t  m e th o d s  is  th e  
a d d itio n  o f  la te x , s ta b iliz e d  w ith  a lk a li,  to  m o lten  
b itu m e n  u n d e r  v igo ro u s s t ir r in g . W a te r  e v ap o ­
r a te s ,  a n d  N R  becom es m ix ed  w ith  th e  b itu m e n .'' 
A dd itio n  o f  ru b b e r  in  p o w d er form  h a s  a lso  been  
a tte m p te d . T h e se  in c lu d e  g ro u n d  v u lca n iz ed  ru b ­
b e r  p o w d er from  th e  re je c tio n s  o f v a rio u s  d ry  ru b ­
b e r  a n d  la te x  products.®

N R  la te x  is  th e  m o st effective ad d itiv e  to  b i tu ­
m en  a n d  th e  c h e ap e s t, b u t  d ifficu lties  a ris e  d u e  
to  i ts  w a te r  co n ten t. V u lcan ized  a n d  lig h tly  v u l­
can ized  po w d ers  a re  c o n v en ien t to  u se . S m oked  
s h e e t  o r  c rep e  ru b b e r  c a n  be  used  by  m a s tic a t in g  
a n d  d isp e rs in g  in  fluxing; oil. T h e  p re s e n t  in v e s ti­
g a tio n  is  on th e  a d d itio n  o f  liqu id  n a tu r a l  ru b b e r  
(L N R ) for im p ro v in g  th e  p ro p e r tie s  o f  b itu m e n  
b in d e rs  a n d  e n c a p s u la tin g  m a te r ia ls .  T h e  a d d i­
t io n  o f po lym er in  th is  form  is  s im p le  a s  a  r e s u lt  
o f  th e  d ry  n a tu r e  of L N R, d u e  to  w h ich  p rob lem s 
o f fro th in g  a n d  fall in  t e m p e ra tu re  a sso c ia ted  w ith  
la te x  a d d itio n  a re  e lim in a te d . L N R  a lso  rea d ily  
m ixes w ith  b itu m e n . T h is  m eth o d  can  be easily  
ad o p ted  a s  one o f  th e  u n i t  o p e ra tio n s  in  a  p e tro ­
ch em ical com plex  to  m a n u fa c tu re  m odified b itu ­
m en . S ta b iliz in g  a g e n ts  in co rp o ra te d  in to  th e  la ­
tex  can  a lso  be  d isp en sed  w ith . F u r th e r ,  N R  in 
th e  la te x  form  is a  p rem iu m  g rad e , w h e re a s  d e ­
p o lym erized  ru b b e r  can  be p rep a re d  s ta r t in g  even

from  sc ra p  ru b b e r  t h a t  is  co n sid e red  in ferio r for 
m an y  s tru c tu ra l  a n d  e n g in e e r in g  app lica tions.

M A TER IA LS  A N D  M E T H O D S  

Bitumen

B itu m e n , th e  r e s id u e  le ft  o ver a f te r  th e  d istilla ­
tion  o f p e tro leu m , c h a ra c te r is t ic a l ly  co n ta in s  very 
h ig h  m o le c u la r  p o la r  sp ecies , ca lled  a sp h alten es , 
so lu b le  in  a  w id e  r a n g e  o f so lv en ts . A sp h a lt is 
u sed  e x te n s iv e ly  fo r p a v in g  a n d  w aterproofing . 
C ru d e  o ils from  d iffe re n t so u rces  c o n ta in  different 
a m o u n ts  o f a s p h a l t ,  a n d  th e i r  p ro p e r t ie s  vary . As­
p h a lt  p ro d u ced  fo r th e  p a v in g  in d u s t ry  is nor­
m a lly  a  b len d ed  p ro d u c t so a s  to  ach iev e  th e  speci­
fica tio n s . A s p h a lt  is  c o n v e rted  in to  a  h a rd e r  prod­
u c t  by a i r  c o n ta c t a t  2 0 0 - 2 7 0 “C. T h e  m odification 
m v o lv es  d eh y d ro g e n a tio n  a n d  p o ly m eriza tio n  re­
a c tio n s . T h e  h e te ro a to m s  l ik e  s u lfu r  r e a c ts  p refer­
e n tia lly  w ith  oxygen le a v in g  less  p o la r  sub­
s ta n c e s , w h ich  in c re a se s  in co m p a tib ility . In d u s­
t r i a l  em u ls io n s  p re p a re d  from  blow n b itum en 
h a v e  a p p h c a tio n s  o u ts id e  th e  ro ad  b u ild in g  indus­
try . C a se in , g e la tin , b lood a lb u m in , e tc ., a re  used 
a s  p e p tiz in g  a g e n ts  in  th e s e  cases . T h e  em ulsions 
h a v e  fo u n d  a  w id e  v a r ie ty  o f ap p lic a tio n s , such  as 
su rfa c e  c o a tin g s  for a s p h a l t  p a v e m e n ts , for built- 
u p  roofs, a n d  fo r o th e r  w e a th e rp ro o f  coverings. 
F o r  th e  p re s e n t  s tu d y , n o rm a l a n d  b low n b itu ­
m en s  w e re  u sed . T h e  so ft b itu m e n , 8 0 - 1 0 0  grade, 
w as a  p ro d u c t o f  C ochin  R efin e rie s  L td ., Cochin. 
B low n b i tu m e n  w as o f g ra d e  5, on th e  p en e tra tio n  
scale , a n d  w as su p p lie d  by  B itu m in ex  L td ., Am ba- 
lam u g a l. I t  w a s  p re p a re d  by  rem o v in g  th e  volatile 
f ra g m en ts , su c h  a s  g a s  oils, by h e a tin g  to  300 to 
350°C a n d  a lso  by th e  ap p lic a tio n  o f v acu u m  for 
3 - 4  h.

Liquid Natural Rubber

T h e  L N R  w a s  o f  m ed iu m  v iscosity  g rad e  w ith  a 
B rookfie ld  v isco sity  o f  1 ,60 ,000  m P a  s. I t  w as p re ­
p a re d  s ta r t in g  from  ISN R -5 by  th e rm a l depol,y- 
m eriza tio n  tech n iq u e , a s  su g g ested  by  C laram m a 
e t  al.® I ts  p ro d u ctio n  involves s ize  red u c tio n  o f the 
N R  m olecu les by  th e  com bined  ac tio n  o f  m ech an i­
cal, chem ical, a n d  th e rm a l  en e rg ie s. N R  w as first 
m a s tic a te d  on a  tw o-roll m ill in co rp o ra tin g  p ep tiz ­
in g  a g e n ts  a n d  th e n  h e a te d  in  a  d epo lym erizer a t 
a n  e lev a ted  te m p e ra tu re  to  produce LNR.
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b e in g  u se d  in  th e  b itu m e n  p a v in g  in d u s try . T he 
p u rp o se  o f  m o d ifica tio n  d e p e n d s  on th e  problem  
It a d d re s s e s  o r  th e  ty p e  o f  b itu m e n  m ix tu re  to  be 
m odified . T h e  e x te n t  o f im p ro v e m e n t m ay , ho w ­
ev e r, be  q u ite  d iffe re n t, d e p e n d in g  on th e  source  
o f  b itu m e n , th e  effec t o f o rig in  o f th e  p e tro leu m , 
e tc . M odification  w ith  ru b b e r  im p ro v es  th e  p ro p ­
e r t ie s  o f  b i tu m e n . T h e  e ffect on  th e  b i tu m e n  is 
e x p re s se d  m o s t c le a r ly  in  th e  to u g h n e s s / te n a c ity  
te s t .  B low n b itu m e n , a lso  k n o w n  u n d e r  th e  n a m e  
o f  “m in e ra l  ru b b e r ,” is  g e n e ra l ly  n o t co n s id e red  
s u ita b le  fo r b len d in g  w ith  rubber.^

M o difica tion  w ith  ru b b e r  p e rm its  b itu m e n , 
ev en  o f  low q u a li ty ,  to  a c q u ire  a t t r a c t iv e  p ro p e r ­
t ie s . T h is  m ak e s  i t  po ssib le  to  lay  dow n su ita b le  
ro ad  p a v in g , u s in g  re la tiv e ly  in ex p e n s iv e  b i tu ­
m en . N a tu ra l  ru b b e r  (N R )  is  a  p o te n tia l  c a n d i­
d a te  am o n g  v a rio u s  p o ly m ers  for b len d in g  w itJi 
b i tu m e n . B e c a u se  o f  i t s  p h o to sy n th e tic  o rig in  a n d  
re n e w a b ility ,  i t  is  ecologically  f rien d ly . I t  is  one 
o f  th e  p o ly m ers  w ith  w h ich  b i tu m e n  m odifica tion  
h a s  b een  su ccessfu lly  c a rr ie d  o u t. N R  is  o b ta in e d  
a s  la te x  fro m  th e  p la n t  H evea  b ra z ilien s is .  A d d i­
tio n  o f  N R  to  b itu m e n  h a s  b een  a tte m p te d  in  dif­
fe r e n t  w ay s. O n e  o f  th e  e a r l ie s t  m e th o d s  is  th e  
a d d itio n  o f  la te x , s ta b iliz e d  w ith  a lk a li,  to  m o lten  
b i tu m e n  u n d e r  v igo ro u s s t i r r in g . W a te r  e v a p o ­
ra te s ,  a n d  N R  b ecom es m ixed  w ith  th e  b itu m en ."  
A d d itio n  o f r u b b e r  in  p o w d er form  h a s  a lso  b een  
a tte m p te d . T h e se  in c lu d e  g ro u n d  v u lca n iz ed  ru b ­
b e r  p o w d er from  th e  re je c tio n s  o f v a rio u s  d ry  ru b - 
b e r  a n d  la te x  products.®

N R  la te x  is  th e  m o s t effective  a d d itiv e  to  b i tu ­
m en  a n d  th e  ch e ap e s t, b u t d iff icu ltie s  a r is e  d u e  
to  Its w a te r  co n te n t. V u lcan ized  a n d  lig h tly  v u l­
c an ized  po w d ers  a re  c o n v en ien t to  use . S m oked  
s h e e t  o r c rep e  ru b b e r  c a n  be  u se d  by m a s tic a t in g  
a n d  d isp e rs in g  in  flu x in g  oil. T h e  p re s e n t  in v e s t i­
g a tio n  IS on  th e  a d d itio n  o f  liq u id  n a tu r a l  ru b b e r  
(L N R ) for im p ro v in g  th e  p ro p e r t ie s  o f  b itu m e n  
b in d e rs  a n d  e n c a p s u la tin g  raa te ria lg . T h e  a d d i­
tio n  o f p o ly m er in  th is  fo rm  is s im p le  a s  a  r e s u lt  
o f th e  d ry  n a tu r e  o f  L N R , d u e  to  w h ich  p rob lem s 
o f fro th in g  a n d  fa ll in  t e m p e ra tu re  a sso c ia te d  w ith  
la te x  ad d itio n  a re  e lim in a te d . L N R  a lso  read ily  
m ixes w ith  b itu m e n . T h is  m eth o d  c a n  be  e a sily  
ad o p ted  a s  one o f th e  u n i t  o p e ra tio n s  in  a  p e tro ­
chem ical com plex  to  m an u fa c tu re  m odified b i tu ­
m en. S ta b iliz in g  a g e n ts  in co rp o ra te d  in to  th e  l a ­
tex  can  a lso  be d isp en sed  w ith . F u r th e r ,  N R  in  
th e  la tex  form  is a p rem iu m  g rad e , w h e re a s  de- 
po ly m erized  ru b b e r  can  be p re p a re d  s ta r t in g  even

from  sc ra p  ru b b e r  t h a t  is  co n s id e red  in ferio r for 
m a n y  s tr u c tu r a l  a n d  e n g in e e r in g  app lica tions.

M A TER IA LS  A N D  M E T H O D S  

Bitumen

B itu m e n , th e  re s id u e  le ft o ver a f te r  th e  d istilla ­
tio n  o f  p e tro leu m , c h a ra c te r is t ic a l ly  co n ta in s  very 
h ig h  m o le c u la r  p o la r  sp ecies , ca lled  asp h a lten es  
so lu b le  in  a  w ide r a n g e  o f  so lv en ts . A sp h a lt is 
u se d  e x te n s iv e ly  fo r  p a v in g  a n d  w aterproofing. 
C ru d e  o ils  from  d iffe re n t so u rc e s  co n ta in  d ifferent 
a m o u n ts  o f  a s p h a l t ,  a n d  th e i r  p ro p e r t ie s  v a ry  As­
p h a lt  p ro d u ce d  for th e  p a v in g  in d u s try  is  nor­
m ally  a  b len d e d  p ro d u c t  so a s  to  ach iev e  th e  speci­
fica tio n s . A s p h a lt  is  co n v e rte d  in to  a  h a rd e r  prod­
u c t  by  a ir  c o n ta c t a t  2 0 0 -2 7 0 °C . T h e  m odification 
in v o lv es  d e h y d ro g e n a tio n  a n d  p o ly m e riz a tio n  re­
ac tio n s . T h e  h e te ro a to m s  lik e  s u lfu r  r e a c ts  p refer­
e n tia lly  w ith  oxygen  le a v in g  less  p o la r  sub­
s ta n c e s , w h ich  in c re a se s  in co m p a tib ility . Indus­
t r ia l  e m u ls io n s  p re p a re d  from  blow n bitum en 
h a v e  a p p lic a tio n s  o u ts id e  th e  ro a d  b u ild in g  indus- 
t iy .  C a se in , g e la t in , blood a lb u m in , e tc ., a re  used 
a s  p e p tiz in g  a g e n ts  in  th e s e  cases . T h e  em ulsions 
h a v e  fo u n d  a  w id e  v a r ie ty  o f  a p p lic a tio n s , su ch  as 
su rfa c e  co a tin g s  for a s p h a l t  p a v e m e n ts , for built 
up  roofs, a n d  for o th e r  w e a th e rp ro o f  coverings 
F o r  th e  p re s e n t  s tu d y , n o rm a l an d  b low n bitu  
m en s  w ere  u sed . T h e  so ft b i tu m e n , 8 0 - 1 0 0  gi-ade 
w a s  a  p ro d u c t o f  C och in  R efin e rie s  L td ., Cochin 
B low n b itu m e n  w as o f gi-ade 5, on th e  p e n e tra tio n  
scale , a n d  w a s  su p p lie d  by B itu m in ex  L td ., Ainba- 
lam u g a l. I t  w as p re p a re d  by  rem o v in g  th e  volatile  
f ra g m e n ts ,  su c h  a s  g as  oils, by  h e a tin g  to  300 to 
350°C a n d  a lso  by  th e  ap p lic a tio n  o f v acu u m  for 
3 - 4  h .

Liquid Natural Rubber

The L N R  w a s  o f m ed iu m  v isco sity  g rad e  w ith  a 
B rookfie ld  v isco sity  o f  1,60,000 m P a  s. I t  w as p re­
p a re d  s ta r t in g  from  IS N R -5 by th e rm a l depoly­
m eriza tio n  tech n iq u e , a s  su g g e ste d  by  C laram m a 
e t  a l. I t s  p ro d u ctio n  involves s ize  red u c tio n  o f the 
N R  m olecu les by th e  com bined  ac tio n  o f m echan i­
cal, chem ical, a n d  th e rm a l en e rg ie s. N R  w as first 
m a s tic a te d  on  a  tw o-roll m ill in co rp o ra tin g  p ep tiz ­
in g  a g e n ts  an d  th e n  h e a te d  in a  d epo lym erizer a t 
a n  e le v a ted  te m p e ra tu re  to  p ro d u ce  LNR.



J
i  T a b le  I F o rm u la tio n o f  B lends

1 Percent
i  Sample Percent of of Blown Liquid Natural
1 No. Bitumen Bitumen Rubber-- — —

BO 100 Nil Nil
B5 95 Nil 5
BIO 90 Nil 10
B20 80 Nil 20
B30 70 Nil 30
BBC Nil 100 Nil
BBS Nil 95 5
BBIO Nil 90 10
BB20 Nil 80 20
BB30 Nil 70 30

Preparation o f Samples

L N R  w as in co rp o ra te d  in to  b itu m e n  by m elt 
b lend ing . T h e  b itu m e n  w as f irs t  h e a te d  to a n  e a s ­
ily  flow able consistency , an d  L N R  w as added 
slow ly u n d e r  s t i r r in g  a n d  w as hom ogenized  p ro p ­
erly . F o rm u la tio n s  o f th e  b len d s  a re  g iven  in  T a ­
b le I.

Viscosity Measurements

F o r  th e  m e a s u re m e n t o f  v iscosity  o f th e  soft b i tu ­
m en  sam p les, a  H a a k e  ro ta t io n a l  v isco m ete r w as 
used . T h e  s e n so r  sy s te m  u sed  w as M V l. T h e  v is­
cosity  o f  th e  b low n b itu m e n  sam p les  w as m ea ­
s u re d  on  a  cap illa ry  rh e o m e te r  a tta c h e d  to  a  
Zw ick U TM . V iscosities w ere  m ea su red  over a 
ra n g e  o f te m p e ra tu re  a n d  s h e a r  ra te  to  s tu d y  th e  
flow b e h a v io r  on  th e  m odification  o f b itu m e n  w ith  
LN R.

Lap Shear Test

T h e  lap  s h e a r  t e s t  w as u se d  to d e te rm in e  th e  room  
te m p e ra tu re  cohesive s tr e n g th  o f m odified b i tu ­
m en s a n d  a lso  to  s tu d y  th e  th ic k e n in g  process.'^ 
Two a lu m in u m  s tr ip s  o f 1 m m  th ick  w ere  over­
lap p e d  by  2.5 cm a n d  firm ly  bonded  to g e th e r  w ith  
a  d ro p  o f m o lten  b itu m en . T h e  te s t  pieces w ere  
h e ld  in positio n  w ith  a lh g a to r  clips u n til  rea d y  for 
te s tin g . T h e  sam p les  w ere  bonded  to g e th e r  and  
te s te d  a f te r  24  h  o f cond ition ing . T he te s t  w as 
c a rr ie d  o u t on a  Zw ick U n iv e rsa l T estin g  M a­
ch ine, T h e  sp eed  o f th e  c ro ssh ead  w as 5 m m /m in.
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Softening Point

T h is  t e s t  w as e a rn e d  o u t a s  p e r IS 1205-1958. A 
r in g  a n d  ball so ften ing  po in t a p p a ra tu s  w as used.

Ductility

D uctility  o f th e  sam ples  w as d e te rm ined  ac­
co rd ing  to  th e  t e s t  specified in  IS  1208-1958. The 
m eth o d  consists  o f m ea su rin g  th e  d istan ce  in  cen­
tim e te rs  to w hich  a  b r iq u e tte  specim en of th e  m a­
te r ia l  e lo n g ates  before b reak in g , w h en  its  two 
ends a re  p u lled  a p a r t  a t  a ra t€  of 50 m m /m in  a t  
27 ±  0.5°C.

Penetration

S ta n d a rd  p e n e tra tio n  te s ts  on th e  sam ples  w ere 
conducted  a s  p e r IS  1204-1958 in  a  co n ta in er h av ­
in g  a  d e p th  g re a te r  th a n  15 mm. A needle th o r­
oughly  c leaned  w ith  benzene w as used. T he te s t  
w as conducted  a t  25°C, app ly ing  a  100-g load for 
5 s, a n d  th e  d e p th  w as m ea su red  and  expressed 
in  1 / 100th  of a  cen tim eter.

RESULTS A N D  D IS C U S S IO N  

Liquid Natural Rubber

F o r th e  m odification o f b itu m en , a  LN R sam ple  
in  th e  m ed iu m  viscosity  ran g e  w as chosen in  order 
to h av e  a  com prom ise betw een th e  b lending pro­
cess an d  th e  s tre n g th  ch arac te ristics . The physi­
cal s tre n g th  of N R  decreases on depolym erization, 
a n d  tlie  low -m olecular-w eight sam ples exhibit 
m ore viscosity  ra th e r  th an  e las tic  properties. On 
th e  o th e r  h an d , m ore viscous LN R sam ples a re  
d ifficult to  m ix w ith  o th er liquids, so th e  optim um  
m o lecu lar w eig h t of LN R h as  to be chosen to opti­
m ize betw een  p rocessability  an d  p roperties of the  
r e s u l ta n t  com pounds.” The m olecular w eight de­
ta i ls  o f th e  LN R sam ple a re  given in  Table II. 
M olecular w eigh ts {Mn an d  M ^)  w ere de te rm ined

T ab le  I I  P ro p e rt ie s  o f LNR

Property

Brookfieid viscosity (mPa s)

5,057
33,360

6,598
160,000
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by s te r ic  e x c lu sio n  c h ro m a to g ra p h y  ( SE C  ) in  T H F  
o n  a  W a te rs  1500 in s t r u m e n t  f itte d  w ith  5 
s ty ra g e l  c o lu m n s (0 .7  x  120 cm ) o f d iffe re n t pore 
sizes  (1 0 0 , 3 x  500. a n d  1000 A ) c a lib ra te d  w ith  
p o ly sty ren e  s ta n d a rd s .

A  w id e  ra n g e  in  th e  e lu tio n  tim e  o f  th e  p o ly m er 
m o lecu les  in d ic a te d  a b ro ad  m o le c u la r  w e ig h t d is ­
trib u tio n . T h is  is  a lso  ev id en ced  from  th e  polydis- 
p e rs i ty  index

Softening Point

T h e  o b se rv a tio n s  a r e  g iv en  in  T a b le  I II .  T h e  so ft­
e n in g  p o in ts  w e re  fo u n d  to  be  in  th e  r a n g e  o f  2 9 -  
53°C  for so ft, a n d  9 6 ~ 1 1 0 °C  fo r  b lo w n  b itu m e n . 
T h e  in c re a s in g  t r e n d  in  th e  s o fte n in g  t e m p e ra ­
tu re s  w ith  a n  in c re a se  in  th e  L N R  c o n te n t  u p  to 
10% , a n d  a  s u b s e q u e n t  fa ll  o n  f u r th e r  a d d it io n , 
w e re  o b se rv ed . T h e  s o fte n in g  p o in t  w a s  th e  
h ig h e s t  on  a d d it io n  o f  10% o f  L N R . T h e  s o fte n in g  
p o in t  is  a  m e a s u re  o f  th e  c a p a b i l ity  o f  th e  
m a te r ia l  to  r e s i s t  co ld  flow e v e n  a t  h ig h e r  a m b i­
e n ts .  H en ce , th e  a d d it io n  o f  L N R  in c re a se s  th e  
s e rv ic e  t e m p e ra tu re  o f  b i tu m e n  fo r d i f f e re n t  ap* 
p lic a tio n s .

Ductility

D u c tility  o f  th e  sgunples m e a su re d  a t  27°C on  th e  
so ft b itu m e n  sa m p le s  show ed  a  c o n tin u o u s ly  d e ­
c re a s in g  tre n d  w ith  in c re a s in g  c o n c en tra tio n  of 
LN R . D u c tili ty  is  th e  a b ility  o f a  m a te r ia l  to  y ield  
to  te n s ile  s tr a in s  w ith o u t  co llapsing . B itu m e n  is 
a  th e rm o p la s tic  m a te r ia l  a n d  is  often  su b je c ted  to 
v a ria b le  m ech an ica l rea c tio n s . T h e  p ro p e r t ie s  a re  
a ffected  by  th e  co n d itio n s  o f lo ad in g  a n d  by  th e

T a b le  I II  T e s ts  o n  B itu m e n  a s  p e r  BIS

T a b ic  IV S h e a r  S tre s s  a t  D iffe re n t S h e a r  RateN 
fo r  S o ft B itu m en

Sample
No,

Softening 
Point (°C)

Ductility 
(a t 27*C/cm)

Penetration 
Index a t  25®C

BO 43 >150 80
B5 44 92 85
BIO 53 26 119
B20 39 25 260
B30 29 25 340

BBO 96 3 5
BBS 107 3 5
BBIO n o 4 18
BB20 105 3 30
BB30 100 3 40

(s”M 4 8 150 300

BO _ 35 49 142
B5 — 40 61 117
BIO 32.5 42 63 119
B20 5.3 67 100 233
B30 24 40 67 175

p rese n c e  o f so lv en ts  r e m a in in g  from  d istilla tio n  
o r  p u rp o se ly  ad d ed . M ech an ica l re s is ta n c e  to de­
fo rm a tio n  a n d  m ode o f fa ilu re  a re  in fluenced  by 
th e  lo w -m o lecu la r-w e ig h t m a te r ia ls .  W ith  much 
o f th e  lo w -m o lecu la r-w e ig h t su b s ta n c e s  b e in g  re­
m oved d u n n g  th e  p ro cess  o f  p re p a ra tio n , the 
b low n b i tu m e n  a p p e a re d  less  d u c tile . T h e  p res­
ence  o f N R  w a s  found  to  m a k e  th e  soft b itum en 
s a m p le  less  d u c tile . In  th e  case  o f b low n b itum en, 
a  s lig h t  im p ro v e m e n t w as n o ticed  w ith  10% of 
L N R  (T a b le  IV ).

Penetration

T h e  p e n e tra tio n  te s t s  on th e  sam p les  w ere  done 
a t  25°C, a n d  th e  v a lu e s  a re  g iven  in  T ab le  III. The 
v a lu e s  w ere found to  in c re a se  w ith  th e  increased  
lo ad in g  o f LN R. P e n e tra tio n  m e a s u re m e n t gives 
a n  in d ic a tio n  a b o u t th e  r e s is ta n c e  o f th e  m ate ria l 
to  in d e n ta tio n . T h e  t e s t  rev e a led  t h a t  th e  sam ples 
w ere  re n d e re d  so fte r  by  L N R  a t  25°C. In  th e  case 
o f BBO a n d  BBS, no d iffe ren ce  w as noticed; but, 
a t  h ig h e r  lo ad in g s , th e  in c re a sin g  t re n d  prevailed. 
T h u s , L N R  w a s  found  to  im p a r t  r e la tiv e  soften ing  
o f th e  sa m p le s  a t  low te m p e ra tu re s  an d  reduction  
in  t e m p e ra tu re  su sce p tib ility  a t  h ig h  tem pera- 
tu re s .

Lap Shear

F ig u re  1 show s th e  r e s u l ts  o f lap  s h e a r  tes t. In 
b o th  th e  so ft a n d  h a rd  sa m p le s , a n  appreciab le  
in c re a se  w as n o ticed  in  th e  force for s h e a r  failure 
on in co rp o ra tio n  o f L N R . P e a k  s tr e n g th  w as no­
ticed  a ro u n d  10% o f L N R  to  soft b itu m e n  an d  5% 
o f L N R  to  h a rd  b itu m e n . T h e  s h e a r  te s t  in  the  
p re s e n t  case  h a s  led  to  b re a k a g e  w ith in  th e  m ate ­
r ia l  r a th e r  th a n  p ea lin g  o f th e  b itu m e n  from  the 
s u b s tr a te ,  an d  so th e  v a lu e s  d irec tly  reflect the 
s tre n g th  o f th e  sam p les. A ny s ig n  o f c leavage of
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Shear force, N. 
3 0 0 ,--------------------------

—~  Bitumen ------Blown bitumen

F ig u re  1 Influence of LNR on shear strength.

th e  m a te r ia l  frorn th e  s u b s tr a te  w as n o t visible. 
T h e  b low n b itu m e n  sam p les  w ere b r ittle ,  and , 
th ere fo re , a  s low  t e s t  sp eed  of 5 m m /m in  w as used.

Viscosity Studies 

Effect o f Shear Rate

T ab le  IV  show s th e  s h e a r  s tre s s  v a lu es  o f th e  soft 
b itu m e n  sa m p le s  a t  d iffe re n t s h e a r  ra te s  m ea­
s u re d  a t  100°C. In  g en e ra l, th e  v iscosity  v a lu es  
sh ow ed  a n  in c re a sin g  t re n d  w ith  in creasin g  s h e a r  
ra te .

A m ong d iffe re n t com pounds, a t  low sh e a r  
ra te s ,  th e  v a lu e s  w ere  in  a close ran g e , bu t, a t  
h ig h  s h e a r  ra te s ,  BIO show ed th e  h ig h es t sh e a r  
s tr e s s  v a lu e . T ab le  V  show s th e  co rrespond ing  
v a lu e s  for th e  b low n b itu m e n  sam ples. S h e a r 
s tr e s s  in c re a se d  w ith  in c re a sin g  sh e a r  ra te s .

T h e  r a te  w a s  h ig h  in itia lly  a n d  d ecreased  g ra d ­
ua lly . T h e  do w n w ard  t re n d  in  th e  sh e a r  s tre ss  
w ith  s h e a r  r a te  cu rv e  m ay  be a ttr ib u te d  to th e  
p seu d o p las tic  n a tu re  o f th e  com posite. An up w ard  
tre n d  in th e  s h e a r  s tre s s  v a lu e s  o f BBS over the  
o th e r  sa m p le s  show ed t h a t  th e  a d d itio n  o f sm all 
q u a n ti t ie s  o f LN R  in creased  th e  res is tan ce  to  flow. 
A d d ition  o f la rg e r  q u a n ti t ie s  o f LN R  caused  a  d e­
cline  in th e  s tre s s  v a lues. P a r tic u la r ly , a t  h igh

sh e a r  ra te s , a  sh e a r  s tre ss  s tab iliz ing  tren d  w as 
no ticed  as  b e ing  m ost p ro m in en t for BBO, a  B in­
gham  p las tic  behav io r o f b itum en . The compound 
w ith  30% LN R ap p eared  closely to N ew tonian  be­
hav io r. M ildly d i la ta n t  behav io r w as observed a t  
a h ig h  sh e a r  ra te . Soft m a te ria l could be checked 
only in  th e  low er s h e a r  ra te , w hereas blown m ate ­
ria l w as tes ted  a t  h ig h er sh e a r  ra te s . The soft 
m a te ria l show ed b ingam  p lastic  behavior because 
th e  cu rves do n o t o rig in a te  from  zero. I t  is also 
observed  w ith  th e  add ition  of LNR. In itia lly , the  
v iscosity  increases, b u t la te r, i t  decreases. This 
m ay  be a ttr ib u te d  to th e  presence of low-molecu- 
lar-w eig h t c o n s titu e n ts  p re se n t in soft b itum en, 
w hich  m ak es th e  ru b b er p artic le  swell, th ereb y  
in creasin g  th e  viscosity . Once th e  ru b b er content 
is above a  m in im um  am oun t, th is  effect is not 
observed , an d  ru b b er obviously act as  flow pro­
m oter. T he m ild  d ila ten t behav io r m ay be due  to 
th e  in te rac tio n  of ru b b e r  w ith  th e  low-molecular- 
w eigh t m a te ria l in  th e  soft b itum en. However, 
th is  effect is n o t sign ifican t because of th e  lower 
s h e a r  ra te  ran g e  explored.

In  th e  case of blown b itum en , th e  in te rac tion  
of low -m olecular-w eight m ate ria l w ith  ru b b er is 
n o t observed  as  expected  since th e  blowing pro­
cess h as  rem oved th e  low -m olecular-w eight con­
s ti tu e n ts .  LN R ac ts a s  a  flow p rom oter in  th is  case 
also. In itia lly , a t  low er sh e a r  ra te s , a  N ew tonian  
beh av io r is  seen , bu t, la te r  on, the  viscosity d e­
c reases  w ith  th e  a m o u n t o f LN R and  sh e a r  ra te . 
W hen th e  ru b b e r  co n ten t is low, a d ifferen t behav­
ior is seen , w hich m ay be due to  th e  in te rac tion  
of th e  ru b b e r  w ith  res id u a l low-m olecular-weight 
m a te ria l p re se n t in  th e  blown bitum en,

Effect of Temperature

T e m p era tu re  dependence of the  soft b itu m en  sam ­
ples a t  an  a rb itra i7  sh e a r  ra te , 15 s '  Ms p resen ted

T ab le  V S h e a r  S tre ss  a t  D iffe ren t S h ea r R ates 
fo r  Blown B itum en

Shear Rate 
(s ') 10 35 85 165 835

BBO 1.12 3.59 5,96 7.15 7,30
BBS 1,34 2.71 4.23 9.45 7.45
BBIO 0.66 1,94 3.38 5.97 5.97
BB20 0.30 0.96 1.99 4.48 4.48
BB30 0.17 0.40 0.50 0.90 1,74
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T a b le  VI In flu e n c e  o f  T e m p e ra tu re  on  S h e a r  
S tre s s  (S oft B itu m en )

Tem perature
{”€ )  BO B5 BIO B20 B30

90 155 185 217 270 83
100 49 76 63 100 67
110 32 35 48 90 59
120 18 22 26 48 32

T a b le  V III A c tiv a tio n  E n e rg y  o f  F low

Sample Activation Energy (kcal/moh

BO
BIO
B30

BBO
BBIO
BB30

24.75
25.79
36.38

2892
2573
1438

in  T a b le  VI. All s a m p le s  sh o w ed  a  d e c re a se  of 
v isco sity  w ith  a n  in c re a se  in  te m p e ra tu re . A t all 
te m p e ra tu re s ,  th e  s h e a r  s tr e s s  v a lu e s  w e re  th e  
h ig h e s t  fo r th e  sa m p le  c o n ta in in g  20%  L N R . T h e  
g e n e ra l t re n d  w as t h a t  th e  s h e a r  s tr e s s  in c re a se d  
from  BO to  B 20  a n d  th e n  d ec lined . F o r t h e  sa m p le  
BB30, w ith  30%  LN R , a  s te a d y  d e c re a se  in  s h e a r  
s tr e s s  w ith  a n  in c re a se  in  te m p e ra tu re  w a s  n o ­
ticed , b u t  th e  s tr e s s  v a lu e s  w e re  th e  lo w est. F o r  
sa m p le s  w ith  a  low L N R  co n te n t, th e  r a t e  o f r e ­
d u c tio n  in  v isco sity  w as h ig h e r  a t  low  te m p e ra ­
tu re s . T a b le  V II show s th e  c o rre sp o n d in g  v a lu e s  
for b low n b i tu m e n  sam p les.

A g ra d u a l  d e c re a se  in  th e  s tr e s s  v a lu e s  w as 
o b se rv ed  for th e  s a m p le s  o n  in c re a s in g  L N R  con­
te n t .  T h e  r a te  o f  red u c tio n  in  th e  lo w -te m p e ra tu re  
reg io n  w as fo u n d  to  d e c re a se  w ith  in c re a s in g  
L N R /b itu m e n  ra tio . H ig h e r  q u a n ti t ie s  o f LN R  
re n d e re d  th e  b itu m e n  too  so ft a t  low te m p e ra ­
tu re s .

Effect o f  Temperature on Viscosity

V iscosity  on lo g a r ith m ic  scale  v e rs u s  rec ip ro ca l of 
te m p e ra tu re s  w a s  p lo tte d  o n  th e  ab so lu te  scale . 
A ctiv a tio n  en e rg y  o f flow w as c a lc u la te d  from  th e  
slope o f th e  l in es . T h e  v isco sity  a t  h ig h e r  t e m p e ra ­
tu re  obey th e  A rrh e n iu s  e q u a tio n , a s  follows:

= A e - (1 )

T a b le  V II In flu e n ce  o f T e m p e ra tu re  o n  S h e a r  
S tre s s  (B low n B itum en)

Tem perature
(“O  BBO BBS BBIO BB20 BB30

70 11.4 10.49 8.56 2.31 0.90
80 4.33 4.45 4.98 1.19 0.80
90 3.38 2.48 1.19 0.67 0.40

100 1.73 1.94 0,80 0.59 0.39

w h e re  E  is  th e  a c tiv a tio n  e n e rg y  o f  flow, an d  T  is 
th e  a b so lu te  t e m p e ra tu re .  T h e  a c tiv a tio n  energy 
v a lu e s  a re  g iv en  in  T a b le  V III.

F o r  so ft b i tu m e n , th e  a c tiv a tio n  en erg y  in­
c re a se s  w ith  in c re a s in g  L N R  c o n te n t. T h e  obser­
v a tio n  in  th e  c ase  o f  b low n  b itu m e n  w a s  th e  oppo­
s ite . W ith  in c re a s in g  L N R  c o n te n t, th e  activation 
en e rg y  w a s  fo u n d  to  d e c re a se  co n sid erab ly . B itu­
m en  is  a  com plex  m ix tu re  c o n s is tin g  o f asphal- 
te n e s  p re d o m in a n t  in  h ig h -m o le c u lar-w e ig h t frac­
tio n s  s u rro u n d e d  b y  su b s ta n c e s  o f s e v era l chemi­
cal s tr u c tu r e s  w ith  v a ry in g  fu n c tio n a litie s  from 
p o la r  a ro m a tic  to  n o n p o la r  aliphatic.®  D ue to its 
p rese n c e  in  so ft b itu m e n , sw e llin g  o f th e  added 
p o ly m e r is  l ik e ly  to  c a u se  a n  in c re a se  in  viscosity. 
W ith  th e  b low n  b i tu m e n  s a m p le s  d u r in g  th e  pro­
cess  o f  b lo w in g  o r o x id atio n , m o st o f th e  low-mo- 
lec u la r-w e ig h t fra c tio n s  a re  rem oved . As a  resu lt, 
th e  in flu en ce  o f  th e  p o ly m er m ig h t be less.

Evaluation o f  Superposition Shift Factor

T h e  tim e  te m p e ra tu re  s u p e rp o s itio n  p rin c ip le  ap­
p lie s  to  b i tu m e n  s a m p le s . T h e  e x p e rim e n ta l flow 
c u rv e s  fo r log r„, v e rs u s  w ere  p lo tte d  a t  tem per­
a tu r e s  o f 70, 80 , 90, a n d  100°C fo r th e  compounds 
BBO, BBS, a n d  BBIO . T h e  m eth o d  o f su p erp o si­
tio n  h a s  b een  done by  a rb i t ra r i ly  choosing  80°C 
a s  th e  r e fe ren c e  t e m p e ra tu re . T h e  v a lu e s  o f su p e r­
p o sitio n  sh if t  fac to rs  w ere  o b ta in e d  by choosing 
log s h e a r  r a te s  2, 2 .5, 3, a n d  3.5 s  '  on  th e  refer­
ence  te m p e ra tu re  flow c u rv e  a n d  s h if t in g  th e  cor­
re sp o n d in g  p o in ts  (c o n s ta n t  s h e a r  r a te )  on the 
flow cu rv e  for o th e r  te m p e ra tu re s  to co incide with 
th e  s h e a r  s tre s se s . T h e  v a lu e s  o f  th e  sh if t  factorti 
w ere  c a lc u la te d  from  th e  follow ing eq u a tio n :

Qr =  T u ,(re f) /r(7'i ( c o n s ta n t  y^,) (2 '

w h ere  a-r is  th e  sh if t  facto r, r„ ,( re f )  is  th e  shear 
s tr e s s  a t  re fe ren c e  te m p e ra tu re , a n d  r,?-) (con-
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60 70 80 90 100 110

Temperature, C.

—  BBO ------BBS --------BB10

F ig u re  2 aT versus tem perature.

s ta i i t  7 „.) is  th e  s h e a r  s tre s s  a t  a  p a r t ic u la r  te m ­
p e ra tu re .  T h e  av e ra g e  v a lu e s  o f sh if t  fac to rs  w ere  
c a lc u la te d ’” a n d  a re  p lo tte d  in  F ig u re  2. U sing  
th e  a p p ro p r ia te  a v e ra g e  v a lu e  o f  th e  sh if t  facto rs, 
a  m a s te r  flow cu rv e  a t  90°C w as c o n s tru c te d  an d  
is  g iv en  in  F ig u re  3. T h e  s h e a r  r a te  te m p e ra tu re

Shear stress, MPa.

0.5 1 1.5 2 2.5 3
Log shear rate.

F ig u re  3 Super position m aster curve.

-----  7 S  ------15 S “  30 S

F ig u re  4 Effect of LNR on shear stress at lOO’C (B ).

su p e rp o sitio n  m ethod is  a  usefu l tool in  p red ic ting  
th e  v iscosities o f  polym er m elts  a t  any  req u ired  
te m p e ra tu re  by d e te rm in in g  the  viscosity a t  a  ref­
erence  tem p e ra tu re .

Effect o f LNR Content

F ig u re  4  re p re se n ts  th e  change in th e  s h e a r  s tre ss  
o f soft b itu m e n  com pounds w ith  a  LN R content. 
T he va lu es  w ere recorded  a t  100“C. A t low er load­
ings an d  low er sh e a r  ra te s , the  v a lu es  w ere  a l­
m ost stead y . In  gen e ra l, th e  s tre ss  va lu es  show ed 
a n  in creasin g  tre n d  w ith  in creasin g  load ing  of 
LNR. D isso lu tion  of LN R  in  th e  low-m olecular- 
w eig h t com ponen ts o f b itu m en  can  cause  th ick ­
e n in g  and , hence, lead  to h igh  sh e a r  r a te s  needed 
to  m a in ta in  th e  sam e flow ra te . F ig u re  5 shows 
th e  co rrespond ing  p a ra m e te rs  for blown b itum en. 
In  th is  case, a  g en e ra l decrease  in  sh e a r  force w as 
observed  w ith  in creasin g  LN R  con ten t. T h is  m ay 
be d u e  to  th e  vo lum etric  co n tribu tion  o f LNR, 
w hich  h a s  a s ign ifican tly  low viscosity  th a n  blown 
b itu m e n  a t  lOOX. F ig u res  6 an d  7 give th e  in flu ­
ence o f LN R  load ing  on v iscosity  a t  d iffe ren t tem ­
p e ra tu re s  of th e  soft an d  blow n b itu m en  respec­
tively. As is ev id en t from  F ig u re  6, th e  viscosity 
of th e  com pounds increased  u p  to 20% load ing  and  
su b seq u en tly  decreased . T he in crease  in  viscosity
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Shear s tress. MPa. V isco s ity . Pa s .(thousands)

0 5 10 15 20 25 30 35
LNR conten t. %

---- 8.3 s ' ------16.6 S‘ 33.3 s '

F ig u r e s  Effect of LNR on shear stress at 100°C (BB).

 70’c ( ^ 8 0 'c  d j 9 0 ‘c lOO-C t
i

F ig u re  7 Effect of LNR on viscosity a t 16.6 s ’ (BBi. :

could  b e  a t t r ib u te d  to  th e  d isso lu tio n  o f  L N R  a n d  
th e  su b s e q u e n t  th ic k e n in g . A  d e c re a se  in  v isco sity  
above 20% m ay  be d u e  to  l im it in g  so lu b ility  an d

V isco s ity , Pas.(thousands}

t-----^ 9 0 'C  B i l O O ' C  C H l l O ' C  ■ I l 2 0 ' c

F ig u re  6 Effect of LNR on viscosity a t 15 s ’ (B).

e x is te n ce  o f  free  L N R  in  th e  m ix tu re . O n  th e  o ther 
h a n d ,  a  g ra d u a l  d e c re a s in g  t r e n d  in  v iscosity  was 
o b se rv ed  w ith  in c re a s in g  L N R  c o n te n t in  blown 
b i tu m e n  i rre sp e c tiv e  o f  th e  lo ad in g . C onsiderable 
red u c tio n  w a s  n o ticed  above 10%.

S U M M A R Y  A N D  C O N C L U S IO N S

P o ly m er m o d ifica tio n  o f  b itu m e n  w a s  s tu d ie d  us­
in g  L N R  o b ta in e d  b y  th e  d ep o ly m e riz a tio n  o f n a t­
u ra l  ru b b e r .  L N R  o f  m o le c u la r  w e ig h t {M^)  
a ro u n d  33 ,0 0 0  w a s  u sed . T h e  effect o f  L N R  on soft 
b itu m e n  a s  w ell a s  b low n  b i tu m e n  w a s  studied. 
A n  in c re a se  in  so fte n in g  p o in t w a s  observed  by 
th e  a d d itio n  o f 5  to  10%  ̂ ( w /w )  o f  L N R . Ductility  
d e c re a se d  in  th e  c ase  o f  so ft b i tu m e n , w h ile  some 
im p ro v e m e n ts  w e re  n o ticed  in  th e  c a se  o f blown 
b i tu m e n  a t  10% load in g . P e n e tra tio n  v a lu e s  con­
s is te n tly  d e c re a se d  in  b o th  th e  cases . R esistance 
to  s h e a r  in c re a se d  on  th e  a d d itio n  o f LN R  and 
w a s  m ax im u m  in  th e  reg io n  o f  5 to  10% (w /w ) of 
ru b b er . I t  w a s  a lso  o b se rv ed  t h a t  s h e a r  s tre s s  for 
a ll th e  b i tu m e n  sa m p le s  in c re a se d  w ith  increas­
ing  s h e a r  ra te .  F o r  so ft b i tu m e n , th e  tem p era tu ro  
dep en d en ce  on  v iscosity  w a s  p ro m in e n t up to 
100°C an d  su b se q u e n tly  m a rg in a l.  M ax im um  v is­
cosity  re su lte d  on  ad d itio n  o f 20%  LN R. Activa­
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t io n  e n e rg y  o f flow o f soft b itu m e n  in creased , 
w h ile  t h a t  o f  b low n b itu m e n  d e c re a se d  on  a d d i­
tio n  o f  LN R.
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