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�F�i �g �u�r �e� �2�.�R �e �p�r �e�s �e �n�t �a�t�i �v �e� �i �m �a �g �e�s� �o�f� �f �a�i�l �u�r �e� �i �n�t �e�r�f �a �c �e�s� �f �o�l�l �o �w�i �n �g� �( �a�)� �a �d �h �e�s�i �v �e� �f �a�i�l �u�r �e� �a �n �d� �( �b�)� �c �o �h �e�s�i �v �e� �f �a�i�l �u�r �e� �i �n� �p �u�l�l�- �o û�� �t �e�s�t�s�.

�a �d �h �e�s�i �v �e� �f �a�i�l �u�r �e�, � �w �h�i�l �e� �e �x �c �e�s�s�i �v �e�l �y� �f �a�s�t� �l �o �a �d�i �n �g� �h�i �n �d �e�r �s� �s�t �a �b�l �e� �d �a�t �a� �a �c �q �u�i �s�i�t�i �o �n�.� �T �h �e�r �e�f �o�r �e�,� �a � �m �o �d �e�r �a�t �e
�l �o �a �d�i �n �g� �r �a�t �e� �o�f� �2 �0 � �m �m�/ �m�i �n � �w �a�s� �c �h �o�s �e �n� �a�s� �a �n� �o �p�t�i �m �a�l � �b �a�l �a �n �c �e�.

�I�t� �i �s � �w �o�r�t �h � �m �e �n�t�i �o �n�i �n �g� �t �h �a�t�,� �i �n� �a �d �d�i�t�i �o �n� �t �o� �c �o �n�t�r �o�l�l�i �n �g� �t �h �e� �f �a�i�l �u�r �e � �m �o �d �e� �b �y� �e �m �p�l �o �y�i �n �g� �a� �r �e�l �a�t�i �v �e�l �y
�h�i �g �h� �p �u�l�l�- �o�f�f� �r �a�t �e�,� �t �h �e� �f �a�i�l �u�r �e� �i �n�t �e�r�f �a �c �e� �a�f�t �e�r� �e �a �c �h� �t �e�s�t � �w �a�s� �i �n�s �p �e �c�t �e �d� �a �n �d� �a �n �y� �s �p �e �c�i �m �e �n�s� �t �h �a�t� �d�i �s �p�l �a �y �e �d
�c �o �h �e�s�i �v �e� �o�r � �m�i �x �e �d� �f �a�i�l �u�r �e � �m �o �d �e�s � �w �e�r �e� �r �e �m �o �v �e �d� �f�r �o �m� �t �h �e� �d �a�t �a�s �e�t�. � �C �o �n�s �e �q �u �e �n�t�l �y�,� �a�l�l� �r �e �p �o�r�t �e �d� �r �e�s �u�l�t �s
�i �n� �t �h�i �s� �p �a �p �e�r� �p �e�r�t �a�i �n� �s �o�l �e�l �y� �t �o� �s �p �e �c�i �m �e �n�s� �e �x �h�i �b�i�t�i �n �g� �a �d �h �e�s�i �v �e� �f �a�i�l �u�r �e�.� �I �n� �t �h�i �s� �s�t �u �d �y�,� �a�t� �l �e �a�s�t� �t �h�r �e �e� �v �a�l�i �d
�r �e�s �u�l�t � �d �a�t �a � �w�i�t �h� �a �d �h �e�s�i �v �e� �f �a�i�l �u�r �e� �a�r �e� �c �o�l�l �e �c�t �e �d� �f �o�r� �e �a �c �h� �s �a �m �p�l �e�.

�B �o�t �h� �t �h �e� �i �s �o�-�t �e �m �p �e�r �a�t �u�r �e� �a �n �d� �i �s �o�- �s�t�i�f�f �n �e�s�s� �p �u�l�l�- �o�f�f� �t �e�s�t �s� �f �o�l�l �o �w� �s �a �m �e� �p�r �o �c �e �d �u�r �e�s� �f �o�r� �s �a �m �p�l �e� �p�r �e �p �a�-
�r �a�t�i �o �n� �a �n �d� �e �x �p �e�r�i �m �e �n�t �a�l� �o �p �e�r �a�t�i �o �n�.� �T �h �e� �k �e �y� �d�i�f�f �e�r �e �n �c �e� �l�i �e�s� �i �n� �t �h �e� �t �e �m �p �e�r �a�t �u�r �e� �c �o �n �d�i�t�i �o �n�s� �e �m �p�l �o �y �e �d
�d �u�r�i �n �g� �t �e�s�t�i �n �g�.� �S �p �e �c�i�f�i �c �a�l�l �y�,� �i �n� �t �h �e� �i �s �o�-�t �e �m �p �e�r �a�t �u�r �e� �p �u�l�l�- �o�f�f� �t �e�s�t�,� �a�l�l� �s �a �m �p�l �e�s� �a�r �e� �t �e�s�t �e �d� �a�t� �a� �u �n�i�f �o�r �m
�t �e �m �p �e�r �a�t �u�r �e� �( �2 �5�° �C� �i �n� �t �h�i �s� �s�t �u �d �y�)�.� �I �n� �c �o �n�t�r �a�s�t�,� �t �h �e� �i �s �o�- �s�t�i�f�f �n �e�s�s� �p �u�l�l�- �o�f�f� �t �e�s�t� �i �n �v �o�l �v �e�s� �a �d�j �u�s�t�i �n �g� �t �h �e� �t �e�s�t
�t �e �m �p �e�r �a�t �u�r �e�s� �t �o � �m �a�i �n�t �a�i �n� �a� �c �o �n�s�i �s�t �e �n�t� �s�t�i�f�f �n �e�s�s� �l �e �v �e�l� �a �c�r �o�s�s� �s �a �m �p�l �e�s�, � �w �h�i �c �h� �i �s� �d �e�s �c�r�i �b �e �d� �i �n� �d �e�t �a�i�l� �i �n
�S �e �c�t�i �o �n� �3�. �1�.

�2�. �2�. �3�. � �C �o �n�t �a �c�t� �a �n �g�l �e� �t �e�s�t� �a �n �d� �s �a �m �p�l �e� �p�r �e �p �a�r �a�t�i �o �n
�T �h �e� �c �o �n�t �a �c�t� �a �n �g�l �e� �t �e�s�t � �w �a�s� �c �o �n �d �u �c�t �e �d� �u�s�i �n �g� �a� �R �a �m �e�- �H �a�r�t� �g �o �n�i �o �m �e�t �e�r� �( �F�i �g �u�r �e�3�a�)� �t �o� �o �b�t �a�i �n� �t �h �e� �s �u�r�f �a �c �e
�f�r �e �e� �e �n �e�r �g �y� �o�f� �t �h �e� �b�i�t �u �m �e �n� �b�i �n �d �e�r �s� �a�t� �v �a�r�i �o �u�s� �a �g �e�i �n �g� �l �e �v �e�l �s�,� �a�s � �w �e�l�l� �a�s� �t �h �a�t� �o�f� �t �h �e� �s�t �o �n �e�s�.� �I �n� �t �h �e� �c �o �n�t �a �c�t
�a �n �g�l �e� �e �x �p �e�r�i �m �e �n�t�,� �t �h �e� �c �o �n�t �a �c�t� �a �n �g�l �e� �b �e�t �w �e �e �n� �t �h �e� �p�r �o �b �e� �l�i �q �u�i �d� �( �F�i �g �u�r �e�3�b�)� �a �n �d� �t �h �e� �s �a �m �p�l �e� �s �u�r�f �a �c �e � �w �a�s
�m �e �a�s �u�r �e �d�.

�F �o�r� �t �h �e� �b�i�t �u �m �e �n� �s �a �m �p�l �e�s�,� �a �p �p�r �o �x�i �m �a�t �e�l �y� �1"<�2� �g� �o�f� �b�i�t �u �m �e �n � �w �a�s� �a �p �p�l�i �e �d� �o �n�t �o� �a� �g�l �a�s�s� �s�l�i �d �e� �( �F�i �g �u�r �e
�3�c�)� �a �n �d� �h �e �a�t �e �d� �i �n� �a �n� �o �v �e �n� �a�t� �1 �5 �0"<�1 �6 �0�° �C� �f �o�r� �5 � �m�i �n �u�t �e�s� �t �o� �a�l�l �o �w� �t �h �e� �b�i�t �u �m �e �n� �t �o� �s �e�l�f�-�l �e �v �e�l� �( �F�i �g �u�r �e�3�d�)�,
�t �h �u�s� �e �n�s �u�r�i �n �g� �a� �s �m �o �o�t �h� �a �n �d� �f�l �a�t� �s �u�r�f �a �c �e�. � �D �u�r�i �n �g� �t �h �e� �h �e �a�t�i �n �g� �p�r �o �c �e�s�s�,� �p�r �o�t �e �c�t�i �v �e� �c �o �v �e�r �s � �w �e�r �e� �u�s �e �d
�t �o� �p�r �e �v �e �n�t� �d �u�s�t� �c �o �n�t �a �m�i �n �a�t�i �o �n�,� �a �n �d� �t �h �e� �g�l �a�s�s� �s�l�i �d �e � �w �a�s � �m �a�i �n�t �a�i �n �e �d� �i �n� �a� �l �e �v �e�l � �p �o�s�i�t�i �o �n� �t �o� �e �n�s �u�r �e� �t �h �a�t
�m �e �a�s �u�r �e �m �e �n�t �s� �t �a �k �e �n� �a�t� �d�i�f�f �e�r �e �n�t� �l �o �c �a�t�i �o �n�s� �o �n� �t �h �e� �s �a �m �e� �s �a �m �p�l �e � �w �e�r �e� �c �o �m �p �a�r �a �b�l �e�.

�F �o�r� �t �h �e� �s�t �o �n �e� �s �a �m �p�l �e�s�,� �t �h �e� �p �o�l�i �s �h �e �d� �l�i �m �e�s�t �o �n �e� �s �p �e �c�i �m �e �n�s � �w �e�r �e� �c�l �e �a �n �e �d� �i �n� �a �n� �u�l�t�r �a�s �o �n�i �c� �b �a�t �h� �f �o�r� �1 �0
�m�i �n �u�t �e�s� �t �o� �r �e �m �o �v �e� �a �n �y� �s �u�r�f �a �c �e� �c �o �n�t �a �m�i �n �a �n�t �s� �a �n �d� �r �e�s�i �d �u �e�s � �w�i�t �h�i �n� �t �h �e� �p �o�r �e�s�. � �A�f�t �e�r� �d�r �y�i �n �g� �a �n �d� �c �o �o�l�i �n �g�,
�t �h �e� �s �u�r�f �a �c �e � �w �a�s � �w�i �p �e �d � �w�i�t �h� �a �c �e�t �o �n �e� �( �F�i �g �u�r �e�3�e�)�,� �a �n �d� �t �h �e� �c �o �n�t �a �c�t� �a �n �g�l �e � �m �e �a�s �u�r �e �m �e �n�t �s � �w �e�r �e� �c �a�r�r�i �e �d� �o �u�t
�a�f�t �e�r� �c �o �m �p�l �e�t �e� �e �v �a �p �o�r �a�t�i �o �n� �o�f� �t �h �e� �a �c �e�t �o �n �e�.

�A� �d �y �n �a �m�i �c� �a �c �q �u�i �s�i�t�i �o �n � �m �e�t �h �o �d � �w �a�s� �u�s �e �d� �t �o� �c �a �p�t �u�r �e� �t �h �e� �c �o �n�t �a �c�t� �a �n �g�l �e� �b �e�t �w �e �e �n� �t �h �e� �p�r �o �b �e� �l�i �q �u�i �d� �a �n �d
�t �h �e� �s �a �m �p�l �e�,� �i�. �e�.� �t �h �e� �c �h �a �n �g �e� �i �n� �c �o �n�t �a �c�t� �a �n �g�l �e � �w �a�s� �c �a �p�t �u�r �e �d� �a�t� �3�- �s �e �c �o �n �d� �i �n�t �e�r �v �a�l �s� �d �u�r�i �n �g� �t �h �e� �1�- �m�i �n �u�t �e
�p �e�r�i �o �d� �i �n � �w �h�i �c �h� �t �h �e� �p�r �o �b �e� �l�i �q �u�i �d� �d�r�i �p �p �e �d� �o �n� �t �h �e� �s �a �m �p�l �e� �s �u�r�f �a �c �e�,� �a �n �d� �t �h �e� �a �v �e�r �a �g �e� �v �a�l �u �e � �w �a�s� �t �a �k �e �n� �a�s
�t �h �e� �c �o �n�t �a �c�t� �a �n �g�l �e�.� �F �o �u�r� �r �e �p�l�i �c �a�t �e�s � �w �e�r �e� �t �e�s�t �e �d� �f �o�r� �e �a �c �h� �s �a �m �p�l �e�.

�A �c �c �o�r �d�i �n �g� �t �o� �t �h �e� �a �c�i �d  � �b �a�s �e� �t �h �e �o�r �y� �( �G �o �o �d� �&� �v �a �n � �O�s�s�,�1 �9 �9 �2�)�,� �t �h �e� �s �u�r�f �a �c �e� �f�r �e �e� �e �n �e�r �g �y� �(�³�)� �o�f� �a �n �y � �m �a�t �e�-
�r�i �a�l� �i �s� �t �h �e� �s �u �m� �o�f� �n �o �n�- �p �o�l �a�r� �c �o �m �p �o �n �e �n�t �s� �(�³ �L �W�)� �a �n �d� �p �o�l �a�r� �c �o �m �p �o �n �e �n�t� �(�³ �+ "��)�,� �a�s� �s �h �o �w �n� �i �n� �E �q �u �a�t�i �o �n� �( �1�)�.
�T �h�r �e �e� �p�r �o �b �e� �l�i �q �u�i �d�s� �( �d�i �s�t�i�l�l �e �d � �w �a�t �e�r�,� �g�l �y �c �e�r �o�l�,� �a �n �d� �e�t �h �y�l �e �n �e� �g�l �y �c �o�l�)� �a�r �e� �a �p �p�l�i �e �d � �w�i�t �h� �t �h �e� �s �e�s�s�i�l �e� �d�r �o �p
�m �e�t �h �o �d�.� �S �u�r�f �a �c �e� �e �n �e�r �g �y� �c �h �a�r �a �c�t �e�r�i �s�t�i �c �s� �o�f� �t �h �e� �p�r �o �b �e� �l�i �q �u�i �d�s� �u�s �e �d� �i �n� �c �o �n�t �a �c�t� �a �n �g�l �e� �e �x �p �e�r�i �m �e �n�t �s� �a �n �d
�a �n �a�l �y�s �e�s� �a�r �e� �s �u �m �m �a�r�i �s �e �d� �i �n� �T �a �b�l �e�2�.
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Fi g ur e 3. ( a)  G o ni o m et er, ( b) pr o b e li q ui ds, ( c- d) bit u m e n s a m pl es a n d ( e) st o n e s a m pl es f or c o nt a ct a n gl e t ests.

T a bl e 2. S urf a c e e n er g y of pr o b e li q ui ds at 2 0 ° C,  mJ/ m 2 ( v a n  Oss et al., 1 9 8 7 ).

Pr o b e Li q ui ds γ T ot al γ L W γ + γ −

Distill e d  W at er 7 2. 8 2 1. 8 2 5. 5 2 5. 5
Gl y c er ol 6 4. 0 3 4. 0 3. 9 2 5 7. 4
Et h yl e n e Gl y c ol 4 8. 0 2 9. 0 1. 9 2 4 7. 0

T h e S F E c o m p o n e nt s ( n o n- p ol ar c o m p o n e nt s a n d a ci d – b a s e c o m p o n e nt s, e. g. γ L W
B , γ +

B a n d γ −
B ) of

bit u m e n bi n d er s a n d st o n e s ar e d eri v e d b y s ol vi n g t h e  m atri x s h o w n i n E q u ati o n ( 2).

γ = γ L W + γ + − = γ L W + 2 γ + γ − ( 1)

⎡

⎢
⎢
⎢
⎢
⎣

(1 + c o s θ 1 ) γl1
2

(1 + c o s θ 2 ) γl2
2
...

(1 + c o s θ n ) γl n
2

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

γ L W
l1 γ −

l1 γ +
l1

γ L W
l2 γ −

l2 γ +
l2

...
...
...

γ L W
l n γ −

l n γ +
l n

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

γ L W
s a m pl e

γ +
s a m pl e

γ −
s a m pl e

⎤

⎥
⎥
⎥
⎦

( 2)

w h er e, θ − − c o nt a ct a n gl e b et w e e n t h e pr o b e li q ui d a n d t h e s a m pl e u n d er t e st; γ − − s urf a c e fr e e

e n er g y; γ L W − − t h e n o n- p ol ar c o m p o n e nt ( al s o k n o w n a s t h e Lif s hit z- v a n d er  W a al s f or c e or di s p er si o n

f or c e c o m p o n e nt); γ + − − − t h e p ol ar c o m p o n e nt; γ + , γ − − − t h e L e wi s a ci d c o m p o n e nt a n d L e wi s

b a si c c o m p o n e nt, r e s p e cti v el y;

S u b s cri pt s l1 ,l2 ,... ., ln r e pr e s e nt t h e it h pr o b e li q ui d, a n d t h e s u b s cri pt s a m pl e r ef er s t o t h e t e st e d

bit u m e n or st o n e s a m pl e.
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Fi g ur e 4. ( a) T h e  w ell- c o at e d l o os e  mi xt ur e b ef or e t h e b oili n g  w at er t est a n d ( b) bit u m e n c o v er a g e l oss aft er t h e t est.

F urt h er m or e, b y n e gl e cti n g  mi n or i nt er a cti o n f or c e s, t h e  w or k of a d h e si o n b et w e e n bit u m e n a n d

st o n e c a n b e c al c ul at e d a s f oll o w s:

W bs = γ b (1 + c o s θ bs ) = γ b + γ s − γ bs

= 2 γ L W
b γ L W

s + 2 γ + −
b γ + −

s = 2 γ L W
b γ L W

s + 2 γ +
b γ −

s + 2 γ −
b γ +

s ( 3)

w h er e, W bs − − w or k of a d h e si o n b et w e e n bit u m e n a n d st o n e; θ bs − − c o nt a ct a n gl e b et w e e n t h e

bit u m e n a n d st o n e; b r e pr e s e nt s bit u m e n, a n d s r e pr e s e nt s st o n e.

2. 2. 4. B oili n g  w at er t e st a n d s a m pl e pr e p ar ati o n
T h e b oili n g  w at er t e st i s p erf or m e d f oll o wi n g  A S T M  D 3 6 2 5. T hi s t e c h ni q u e pr o vi d e s a r a pi d vi s u al

a s s e s s m e nt of a d h e si o n l o s s i n n o n- c o m p a ct e d bit u m e n- c o at e d a g gr e g at e  mi xt ur e s d u e t o b oili n g

w at er e x p o s ur e.  A s a m pl e of t h e bit u m e n- c o at e d a g gr e g at e  mi xt ur e i s pl a c e d i n a b e a k er of b oili n g

d ei o ni s e d  w at er a n d all o w e d t o b oil f or t e n  mi n ut e s.  O n c e t h e  mi xt ur e h a s c o ol e d, t h e bit u m e n c o ati n g

o n t h e a g gr e g at e i s vi s u all y i n s p e ct e d. T hi s  m et h o d i s v al u a bl e f or e v al u ati n g t h e  w at er s u s c e pti bilit y

of bit u m e n- c o at e d a g gr e g at e.

I n t hi s st u d y, t h e l o o s e a g gr e g at e  w a s h e at e d  wit h bit u m e n at 1 5 0° C ( sli g htl y hi g h er f or P M B at

1 6 0 – 1 6 5° C), a n d t h e bit u m e n  w a s  mi x e d  wit h t h e a g gr e g at e s at a bit u m e n c o nt e nt of 3. 0 4 % a n d stirr e d

t h or o u g hl y t o e n s ur e t h at t h e s urf a c e of t h e a g gr e g at e  w a s u nif or ml y c o v er e d  wit h bit u m e n. T h e n, t h e

w ell- c o at e d l o o s e  mi xt ur e  w a s s pr e a d o ut f or c o oli n g, a s s h o w n i n Fi g ur e 4 ( a). I n e a c h b oili n g  w at er

e x p eri m e nt, a p pr o xi m at el y 2 5 0 g of l o o s e  mi xt ur e  w a s u s e d f or t h e t e st.  Aft er t h e t e st, t h e l o o s e a s p h alt

mi xt ur e  w a s t a k e n o ut a n d dri e d f or 2 4 h o ur s. I n a d diti o n t o vi s u all y e x a mi ni n g t h e bit u m e n c o v er a g e

o n t h e s a m pl e s urf a c e ( Fi g ur e 4 b), t h e s a m pl e  m a s s b ef or e a n d aft er t e sti n g  w a s c o m p ar e d t o c al c ul at e

m a s s l o s s, pr o vi di n g a q u a ntit ati v e a n al y si s of a d h e si o n l o s s i n t h e l o o s e a s p h alt  mi xt ur e.

3.  R e s ult s a n d  di s c u s si o n

3. 1. T e m p er at ur e s w e e p t e st b y  D S R

T o a c hi e v e l o a di n g u n d er e q u al stiff n e s s c o n diti o n s f or v ari o u s a g e d bit u m e n bi n d er s d uri n g t h e p ull-

off t e st, t h e l o a di n g t e m p er at ur e  m u st b e a dj u st e d t o e n s ur e t h at e a c h a g e d bi n d er e x hi bit s t h e s a m e

m o d ul u s d uri n g t h e l o a di n g pr o c e s s.  A t e m p er at ur e s w e e p t e st i s c o n d u ct e d o n  U M B a n d P M B t o

m e a s ur e t h e stiff n e s s of e a c h a g e d a s p h alt bi n d er at diff er e nt t e m p er at ur e s ( a s s h o w n i n Fi g ur e 5 ) a n d

t o d et er mi n e t h e l o a di n g t e m p er at ur e r e q uir e d f or e a c h bi n d er t o r e a c h e q u al stiff n e s s i n t h e p ull- off

t e st. T h e t e m p er at ur e s w e e p t e st i s p erf or m e d u si n g a  D S R at a l o a di n g fr e q u e n c y of 1. 5 9  H z, st arti n g

fr o m 1 8° C a n d t e sti n g t h e  m o d ul u s at i nt er v al s of 3 or 4° C. T w o r e pli c at e s ar e t e st e d f or e a c h s a m pl e.

Si n c e t h e l o g arit h m of t h e c o m pl e x  m o d ul u s |G ∗ | i s li n e arl y r el at e d t o t h e l o a di n g t e m p er at ur e,

i nt er p ol ati o n c a n b e u s e d t o c al c ul at e t h e |G ∗ | of diff er e nt bit u m e n bi n d er s at a n y t e m p er at ur e. I n t hi s

st u d y, t h e |G ∗ | of u n a g e d  U M B a n d P M B at 2 5° C i s s el e ct e d a s t h e n or m ali s e d  m o d ul u s f or t h e p ull- off
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Fi g ur e 5. T h e l o g arit h m of t h e c o m pl e x  m o d ul us-t e m p er at ur e c ur v es of ( a)  U M B a n d ( b) P M B u n d er di ff er e nt a g ei n g c o n diti o ns.

t e st, a s hi g hli g ht e d b y t h e r e d d ott e d li n e i n Fi g ur e 5 . B a s e d o n t h e n or m ali s e d  m o d ul u s, t h e l o a di n g

t e m p er at ur e r e q uir e d f or e a c h bi n d er at diff er e nt a g ei n g l e v el s t o r e a c h t hi s  m o d ul u s  w a s c al c ul at e d,

a s s h o w n i n T a bl e 3 .

3. 2. P ull- o ff t e st

3. 2. 1. I s o-t e m p er at ur e p ull- off t e st
T h e i s o-t e m p er at ur e p ull- off t e st i s p erf or m e d o n  U M B, P M B, a n d t h eir a g e d s a m pl e s at 2 5° C. Fi g ur e 6

pr e s e nt s t h e a d h e si v e str e n gt h a n d  w or k of b o n di n g of bit u m e n- st o n e c o m bi n ati o n s.

A s s h o w n i n Fi g ur e 6 , b ot h t h e a d h e si v e str e n gt h a n d t h e  w or k of b o n di n g of  U M B- st o n e c o m bi-

n ati o n s fir st i n cr e a s e a n d t h e n d e cr e a s e  wit h a g ei n g. T h e i nfl e cti o n p oi nt s of t h eir c h a n g e s o c c ur at
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T a bl e 3. T e m p er at ur es d et er mi n e d f or is o-sti ff n ess l o a di n g i n t h e p ull- o ff t est.

Bit u m e n A g ei n g l e v el
Is o-sti ff n ess

t e m p er at ur e (◦ C)
N or m alis e d  m o d ul us

|G ∗ | ( P a)

U M B U n a g e d 2 5. 0 4 3 2 8 9 0
R T F O 2 8. 3
P A V 3 4. 5

2 ∗ P A V 3 6. 2
4 ∗ P A V 4 3. 8

P M B U n a g e d 2 5. 0 1 4 5 6 0 8 3
R T F O 2 8. 1
P A V 3 3. 0

2 ∗ P A V 3 6. 3
4 ∗ P A V 4 1. 0

P A V a g ei n g a n d R T F O a g ei n g, r e s p e cti v el y. I n c o ntr a st, t h e a d h e si v e str e n gt h of P M B s h o w s a c o nti n-

u o u s i n cr e a s e  wit h a g ei n g, a n d e v e n t h e P A V a g ei n g of 8 0 h o ur s ( 4 ∗ P A V) i s still a bl e t o e n h a n c e t h e

a d h e si v e str e n gt h of bit u m e n. T h e  w or k of b o n di n g of P M B- st o n e c o m bi n ati o n s i n cr e a s e s a n d t h e n

d e cr e a s e s  wit h a g ei n g, a n d t h e i nfl e cti o n p oi nt o c c ur s at P A V a g ei n g. C o m p ar e d  wit h t h e  A d h e si v e

Str e n gt h i n di c at or, t h e  W or k of B o n di n g d at a e x hi bit sli g htl y l ar g er v ari a bilit y – e s p e ci all y f or P M B –

st o n e c o m bi n ati o n s. T hi s i s li k el y d u e t o t h e f a ct t h at  w or k of b o n di n g i s  m or e s e n siti v e t o bit u m e n

d ef or m ati o n d uri n g t e n sil e p ull- off t e sti n g, c o m p o u n d e d b y p ot e nti al i n h o m o g e n e o u s di s p er si o n of

p ol y m er a d diti v e s i n P M B.  N e v ert h el e s s, t h e d at a fr o m t h e i s o-t e m p er at ur e p ull- off t e st s d e m o n str at e

r el ati v el y l o w v ari a bilit y a n d o v er all g o o d r eli a bilit y.

T h e eff e ct of a g ei n g o n t h e a d h e si o n p erf or m a n c e of bit u m e n r e s ult s fr o m a c o m bi n ati o n of s e v-

er al eff e ct s: ( 1) o xi d ati o n e n h a n c e s t h e p ol arit y of bit u m e n, a n d i n cr e a s e s a d h e si o n of bit u m e n- st o n e

t o a c ert ai n e xt e nt; ( 2) o xi d ati o n si m ult a n e o u sl y d e gr a d e s  m a cr o m ol e c ul e s i nt o s m all  m ol e c ul e s, a n d

l o n g- c h ai n br e a k s r e s ult i n t h e d et eri or ati o n of a d h e si o n p erf or m a n c e; ( 3) t h e h ar d e ni n g eff e ct r ai s e s

bit u m e n  m o d ul u s,  w hi c h, i n p ull- off t e st s, l e a d s t o hi g h er p ull- off str e n gt h a n d  w or k of b o n di n g d u e

t o t h e d ef or m ati o n  w or k of t h e bit u m e n fil m. T h e c o u pli n g of t h e s e eff e ct s c oll e cti v el y d et er mi n e s t h e

a d h e si o n p erf or m a n c e of a g e d bit u m e n i n p ull- off t e st s.

T h e a d h e si o n p erf or m a n c e of  U M B a n d P M B i s e n h a n c e d d uri n g t h e s h ort-t er m a g ei n g p h a s e. T hi s

i m pr o v e m e nt i s attri b ut e d t o a n i n cr e a s e i n t h e r el ati v e c o nt e nt of c ar b o x yl a n d s ulf o xi d e gr o u p s

t h at o c c ur s d uri n g s h ort-t er m o xi d ati v e a g ei n g. T h e h y dr o g e n b o n di n g i n bit u m e n – pri m aril y dri v e n

b y t h e s e c ar b o x yli c a ci d a n d s ulf o xi d e gr o u p s – i s o n e of t h e str o n g e st i nt er m ol e c ul ar f or c e s a n d

pr o m ot e s a d h e si o n b et w e e n bit u m e n a n d  mi n er al a g gr e g at e s. C o n s e q u e ntl y, s h ort-t er m a g ei n g

e n h a n c e s t h e a d h e si v e str e n gt h at t h e bit u m e n- a g gr e g at e i nt erf a c e ( C urti s et al., 1 9 9 2 ; Z h ai & H a o,

2 0 2 1 ).

H y dr o g e n b o n di n g, a n ot h er criti c al i nt er a cti o n, o c c ur s b et w e e n h y dr o g e n a n d el e ctr o n e g ati v e

at o m s li k e o x y g e n or nitr o g e n,  wit h b o n d str e n gt h s r a n gi n g fr o m 1. 9 – 6. 9 k c al/ m ol. 2 8  A m o n g t h e s e

i nt er a cti o n s, h y dr o g e n b o n di n g – dri v e n b y c ar b o x yli c a ci d s a n d s ulf o xi d e s i n bit u m e n – e m er g e s

a s t h e str o n g e st i nt er m ol e c ul ar f or c e, f a cilit ati n g r o b u st a d s or pti o n of bit u m e n o nt o  mi n er al a g gr e-

g at e s. 2 9, 3 0 T hi s  m e c h a ni s m al s o e x pl ai n s t h e hi g h er b o n d str e n gt h o b s er v e d i n s h ort-t er m a g e d

bit u m e n, attri b ut e d t o a n i n cr e a s e i n c ar b o x yli c a ci d s, a s  w ell a s t h e e n h a n c e d t e n sil e str e n gt h of

a s p h alt  mi xt ur e s pr o d u c e d  wit h bit u m e n h a vi n g a hi g h a ci d n u m b er.

H o w e v er, t h e n e g ati v e eff e ct of l o n g-t er m a g ei n g o n t h e a d h e si o n p erf or m a n c e of b ot h bit u m e n

bi n d er s i s al s o si g nifi c a nt. T h e  m a cr o m ol e c ul e s i n t h e bit u m e n b e gi n t o d e gr a d e, a n d t h e a d h e si o n

pr o p erti e s d e cli n e dr a m ati c all y  w h e n h ar s h l o n g-t er m a g ei n g i s a p pli e d,  w hi c h o ut w ei g h s t h e i n cr e a s e

i n p ull- off str e n gt h d u e t o t h e i n cr e a s e i n p ol arit y a n d  m o d ul u s, a n d a n o v er all d e cr e a s e i n t h e a d h e-

si o n i n di c e s i s e x hi bit e d. T h e c o m p ari s o n of  U M B a n d P M B r e v e al s t h at a g ei n g h a s a d el a y e d n e g ati v e

i m p a ct o n t h e a d h e si o n p erf or m a n c e of P M B. T hi s i s b e c a u s e p ol y m er s i n P M B u n d er g o i niti al d e gr a-

d ati o n d uri n g a g ei n g,  w hi c h r e d u c e s s o m e of t h e o xi d ati v e eff e ct s t h at  w o ul d ot h er wi s e i m p a ct t h e
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Fi g ur e 6. T h e a d h esi v e pr o p erti es of ( a)  U M B-st o n e s a m pl es a n d ( b) P M B-st o n e s a m pl es u n d er is o-t e m p er at ur e l o a di n g i n t h e
p ull- o ff t ests.

bit u m e n dir e ctl y, t h er e b y sl o wi n g t h e d et eri or ati o n of bit u m e n pr o p erti e s a n d a cti n g a s a n ‘ a nti o xi-

d a nt s hi el d’.  A d diti o n all y, P M B e x hi bit s l o w er a d h e si v e str e n gt h t o st o n e c o m p ar e d t o  U M B.  A c c or di n g

t o t h e  m e c h a ni c al i nt erl o c ki n g t h e or y i n bit u m e n a d h e si o n  m e c h a ni s m s ( M c B ai n  &  H o p ki n s, 1 9 2 5 ;

P a c k h a m, 1 9 9 2 ; S c h ult z  &  N ar di n,1 9 9 9 ), t hi s  m a y b e d u e t o hi g h- m ol e c ul ar- w ei g ht p ol y m er s hi n d eri n g

f ull c o nt a ct b et w e e n t h e bit u m e n a n d t h e  mi cr o- p or e s o n t h e st o n e s urf a c e, t h u s r e d u ci n g ‘ a n c h or-

i n g str e n gt h’.  Wit h a g ei n g, t h e p ol y m er  m ol e c ul e s d e gr a d e, l e a di n g t o a d e cr e a s e i n  m ol e c ul ar  w ei g ht

a n d c h ai n l e n gt h,  w hi c h l e s s e n s t hi s n e g ati v e i m p a ct o n bit u m e n- st o n e a d h e si o n a n d s u b s e q u e ntl y

i m pr o v e s P M B a d h e si o n str e n gt h.

I n t h e i s o-t e m p er at ur e p ull- off t e st s, it c a n b e c o n cl u d e d t h at a g ei n g h a s a d u al eff e ct o n t h e

a d h e si o n pr o p erti e s of bit u m e n, a n d  w h et h er t h e p o siti v e or n e g ati v e eff e ct pr e v ail s d e p e n d s o n t h e
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d e gr e e of a g ei n g a n d t h e t y p e of bit u m e n bi n d er s.  A d diti o n all y, alt h o u g h P M B e x hi bit s l o w er a d h e si v e

str e n gt h t o st o n e c o m p ar e d t o  U M B, it s  w or k of b o n di n g i s si g nifi c a ntl y hi g h er d u e t o P M B’ s e x c ell e nt

t o u g h n e s s. T hi s fi n di n g i s c o n si st e nt  wit h t h o s e r e p ort e d i n pr e vi o u s st u di e s ( Z h o u et al., 2 0 2 4 b ).

3. 2. 2. I s o- stiff n e s s p ull- off t e st
T h e i s o- stiff n e s s p ull- off t e st s ar e a p pli e d t o a g e d bit u m e n bi n d er s t o eli mi n at e t h e h ar d e ni n g eff e ct

c a u s e d b y t h e i n cr e a s e i n bit u m e n stiff n e s s. T h e p ull- off e x p eri m e nt s ar e p erf or m e d at diff er e nt l o a d-

i n g t e m p er at ur e s f or e a c h bit u m e n a s c al c ul at e d i n T a bl e 3 . Fi g ur e 7 e x hi bit s t h e a d h e si v e str e n gt h

a n d  w or k of b o n di n g of  U M B a n d P M B  wit h v ari o u s a g ei n g l e v el s at i s o- stiff n e s s c o n diti o n s.

A s s h o w n i n Fi g ur e 7 , t h e c h a n g e s i n a d h e si v e str e n gt h a n d  w or k of b o n di n g at i s o- stiff n e s s c o n di-

ti o n s diff er n ot a bl y fr o m t h o s e o b s er v e d i n t h e i s o-t e m p er at ur e p ull- off t e st s: t h e a d h e si v e str e n gt h of

b ot h  U M B a n d P M B d e cr e a s e s c o nti n u o u sl y  wit h i n cr e a si n g a g ei n g.  M e a n w hil e, t h e  w or k of b o n di n g

f or b ot h bi n d er s i niti all y ri s e s a n d t h e n d e cli n e s a s a g ei n g pr o gr e s s e s. C o m p ari n g t h e s e r e s ult s t o t h o s e

fr o m t h e i s o-t e m p er at ur e p ull- off t e st s, it i s e vi d e nt t h at t h e i nfl e cti o n p oi nt f or c h a n g e s i n t h e  w or k of

b o n di n g u n d er i s o- stiff n e s s c o n diti o n s o c c ur s e arli er. T hi s s u g g e st s t h at t e sti n g u n d er i s o- stiff n e s s c o n-

diti o n s d e c o u pl e s t h e p o siti v e a n d n e g ati v e eff e ct s of a g ei n g o n bit u m e n a d h e si o n p erf or m a n c e. B y

r e m o vi n g t h e p o siti v e i nfl u e n c e fr o m t h e h ar d e ni n g eff e ct – s p e cifi c all y, t h e i m pr o v e d p ull- off i n di c e s

d u e t o t h e i n cr e a s e d  m o d ul u s – t h e n e g ati v e i m p a ct of o xi d ati o n o n bit u m e n a d h e si o n b e c o m e s

a p p ar e nt e v e n i n  mil d a g ei n g c o n diti o n s,  wit h li mit e d p o siti v e eff e ct s.  A s f urt h er a g ei n g i n d u c e s t h e

d e gr a d ati o n of bit u m e n  m a cr o m ol e c ul e s, p erf or m a n c e d et eri or ati o n d o mi n at e s, l e a di n g t o a d e cli n e

i n a d h e si o n p erf or m a n c e. F urt h er m or e, t h e i s o- stiff n e s s p ull- off t e st s e x hi bit l o w er d at a v ari a bilit y

c o m p ar e d t o t h e i s o-t e m p er at ur e t e st s. T hi s  m a y b e attri b ut e d t o t h e n o n- u nif or m di stri b uti o n of

h ar d e ni n g eff e ct s  wit hi n bit u m e n of t h e s a m e a g ei n g d e gr e e,  w hi c h c a n c o ntri b ut e t o u n st a bl e p ull-

off r e s ult s. T h e i s o- stiff n e s s  m et h o d, b y  m ai nt ai ni n g a c o n st a nt stiff n e s s l e v el t hr o u g h t e m p er at ur e

a dj u st m e nt, eff e cti v el y  miti g at e s t hi s i s s u e, r e s ulti n g i n  m or e st a bl e a n d r eli a bl e d at a.

It i s  w ort h  m e nti o ni n g t h at f or bit u m e n aft er 4 0- h o ur a n d 8 0- h o ur P A V a g ei n g, a b ett er a d h e si o n

p erf or m a n c e of bit u m e n i s o b s er v e d i n t h e i s o- stiff n e s s p ull- off t e st c o m p ar e d  wit h t h at i n t h e i s o-

t e m p er at ur e p ull- off t e st, o wi n g t o t h e hi g h er t e st t e m p er at ur e s ( 3 6. 3° C 4 1. 0° C, r e s p e cti v el y) f or t h e s e

t w o a g e d bit u m e n bi n d er s i n t h e i s o- stiff n e s s p ull- off t e st.  Hi g h er t e st t e m p er at ur e s i m pr o v e t h e d u c-

tilit y a n d t o u g h n e s s of t h e a g e d bit u m e n,  w hi c h i s  m ai nl y r efl e ct e d i n t h e i n di c at or of t h e  w or k of

a d h e si o n.

T o i s ol at e t h e i n d e p e n d e nt eff e ct s of o xi d ati v e d e gr a d ati o n a n d h ar d e ni n g o n bit u m e n a d h e si o n

p erf or m a n c e d uri n g a g ei n g, t h e diff er e n c e s b et w e e n t h e b ar c h art s i n Fi g ur e s 6 a n d 7 w er e pl ott e d

s e p ar at el y, r e pr e s e nti n g t h e st a n d al o n e i m p a ct of h ar d e ni n g o n a d h e si o n p erf or m a n c e, a s s h o w n i n

Fi g ur e 8 .

Fi g ur e 8 s h o w s t h at f or  U M B, t h e h ar d e ni n g eff e ct i m pr o v e s bit u m e n a d h e si o n fr o m R T F O u p t o

4 0- h o ur- P A V a g ei n g.  H o w e v er, t hi s i m pr o v e m e nt st art s t o d e cr e a s e fr o m t h e P A V a g ei n g u ntil t h e

h ar d e ni n g eff e ct of 8 0- h o ur- P A V a g ei n g si g nifi c a ntl y i m p air s t h e a d h e si o n pr o p erti e s. I n t h e c a s e of

P M B, t h e i m pr o v e m e nt of bit u m e n a d h e si o n pr o p erti e s b y t h e h ar d e ni n g eff e ct i n cr e a s e s gr a d u all y

wit h a g ei n g,  wit h a sli g ht dr o p aft er l o n g-t er m a g ei n g. T h e s e o b s er v ati o n s s u g g e st t h at t h e i m p a ct of

h ar d e ni n g o n bit u m e n a d h e si o n i s c o m pl e x.  Mil d h ar d e ni n g g e n er all y i m pr o v e s t h e p ull- off str e n gt h

a n d b o n di n g e n er g y i n bit u m e n- st o n e s a m pl e s, a s  m o d er at el y h ar d e n e d bit u m e n e x hi bit s i n cr e a s e d

ri gi dit y a n d a d h e si v e str e n gt h.  H o w e v er, e x c e s si v e h ar d e ni n g  m a k e s t h e bit u m e n o v erl y stiff e n e d,

si g nifi c a ntl y r e d u ci n g it s a bilit y t o a c c o m m o d at e d ef or m ati o n a n d i n cr e a si n g t h e ri s k of cr a c ki n g i n

bit u m e n- st o n e s a m pl e s.  A d diti o n all y, e x c e s si v e h ar d e ni n g l e a d s t o str e s s c o n c e ntr ati o n  wit hi n t h e

bit u m e n, i n d u ci n g  mi cr o cr a c k s a n d ulti m at el y di mi ni s hi n g t h e p ull- off p erf or m a n c e of bit u m e n- st o n e

s a m pl e s.

It i s  w ort h n oti n g t h at t h e d at a i n Fi g ur e 8 e x hi bit r el ati v el y l ar g e err or  m ar gi n s, c al c ul at e d b y

pr o p a g ati n g t h e u n c ert ai nti e s fr o m t h e d at a i n Fi g ur e s 6 a n d 7 .  D e s pit e t h e hi g h v ari a bilit y i n i n di-

vi d u al  m e a s ur e m e nt s, Fi g ur e 8 still cl e arl y ill u str at e s t h e tr e n d of h o w t h e bit u m e n h ar d e ni n g eff e ct

i nfl u e n c e s bit u m e n- st o n e a d h e si o n at diff er e nt a g ei n g l e v el s.
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Fi g ur e 7. T h e a d h esi v e pr o p erti es of ( a)  U M B-st o n e s a m pl es a n d ( b) P M B-st o n e s a m pl es u n d er is o-sti ff n ess l o a di n g i n t h e p ull- o ff
t ests.

3. 3.  A n al y si s of S F E t e st r e s ult s

I n t hi s s e cti o n, t h e s urf a c e e n er g y p ar a m et er s of  U M B, P M B a n d  wit h diff er e nt d e gr e e s of a g ei n g a n d

li m e st o n e  w er e  m e a s ur e d u si n g t h e g o ni o m et er. T h e  w or k of a d h e si o n f or diff er e nt bit u m e n- st o n e

c o m bi n ati o n s  w a s c al c ul at e d b a s e d o n t h e s urf a c e e n er g y p ar a m et er s of bit u m e n bi n d er s a n d st o n e.

Fi g ur e 9 s h o w s t h e  w or k of a d h e si o n f or diff er e nt bit u m e n- st o n e c o m bi n ati o n s, r e s p e cti v el y. T h e s ur-

f a c e e n er g y v al u e s r e p ort e d i n t hi s st u d y  w er e d eri v e d fr o m t h e a v er a g e of f o ur i n d e p e n d e nt c o nt a ct

a n gl e  m e a s ur e m e nt s.  N ot a bl y, t h e c o effi ci e nt s of v ari ati o n ( C O V) f or t h e c o nt a ct a n gl e  m e a s ur e m e nt s

w er e c o n si st e ntl y b el o w 2 %, i n di c ati n g  mi ni m al v ari a bilit y.  A s a r e s ult, t h e pr o p a g at e d u n c ert ai nt y i n
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Fi g ur e 8. T h e h ar d e ni n g e ff e ct of a g ei n g o n ( a)  U M B-st o n e s a m pl es a n d ( b) P M B-st o n e s a m pl es i n t h e p ull- o ff t ests.

t h e c al c ul at e d s urf a c e e n er g y v al u e s i s n e gli gi bl e r el ati v e t o t h e  m e a s ur e d v al u e s,  w hi c h j u stifi e s t h e

o mi s si o n of err or b ar s i n t h e pr e s e nt ati o n of t h e s urf a c e e n er g y d at a.

A s s e e n i n Fi g ur e 9 , t h e  w or k of a d h e si o n b et w e e n  U M B a n d st o n e i s gr e at er t h a n t h at of t h e c o m bi-

n ati o n of P M B a n d st o n e. E x p eri m e nt al a n d c al c ul at e d r e s ult s f or b ot h bi n d er s i n di c at e t h at t h e  w or k

of a d h e si o n b et w e e n bit u m e n a n d st o n e gr a d u all y d e cr e a s e s  wit h i n cr e a si n g l e v el s of a g ei n g,  w hi c h i s

c o n si st e nt  wit h t h e p ull- off t e st r e s ult s u n d er i s o- stiff n e s s c o n diti o n s. Si n c e t h e g o ni o m et er t e st r e s ult s

ar e n ot aff e ct e d b y t h e h ar d e ni n g of bit u m e n a n d i n st e a d r efl e ct b o n di n g p erf or m a n c e p ur el y fr o m

t h e p er s p e cti v e of s urf a c e e n er g y, t hi s fi n di n g d e m o n str at e s t h at, c o m p ar e d t o i s o-t e m p er at ur e p ull-

off t e st s, i s o- stiff n e s s t e sti n g c a n a c c ur at el y r efl e ct t h e tr u e a d h e si o n b et w e e n bit u m e n a n d st o n e.

T hi s a p pr o a c h pr e v e nt s t h e  m a s ki n g of a g ei n g-r el at e d c h a n g e s b y t h e bit u m e n h ar d e ni n g eff e ct,

c o nfir mi n g t h e a c c ur a c y of i s o- stiff n e s s p ull- off t e sti n g i n c h ar a ct eri si n g t h e i m p a ct of o xi d ati o n al o n e

o n bit u m e n- st o n e a d h e si o n p erf or m a n c e.
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Fi g ur e 9. W or k of a d h esi o n of  U M B a n d P M B  wit h li m est o n e at di ff er e nt l e v els of a g ei n g.

Fi g ur e 1 0. E x p eri m e nt al r es ults of b oili n g  w at er t est f or  U M B a n d P M B  wit h li m est o n e.

3. 4.  B oili n g  w at er t e st

T h e b oili n g  w at er t e st i s p erf or m e d o n l o o s e a s p h alt  mi xt ur e s of li m e st o n e a g gr e g at e s c o at e d  wit h

bit u m e n bi n d er s at v ari o u s a g ei n g l e v el s. T h e  m a s s l o s s of  mi xt ur e s aft er t h e t e st i s s h o w n i n

Fi g ur e 1 0 .

T h e r e s ult s of t h e b oili n g  w at er t e st i n di c at e t h at a s bit u m e n u n d er g o e s a g ei n g, t h e  m a s s l o s s of

U M B o n t h e a g gr e g at e s urf a c e gr a d u all y i n cr e a s e s  wit h a sli g ht dr o p at R T F O a g ei n g,  w h er e a s t h e

m a s s l o s s of P M B st e a dil y d e cr e a s e s. T h e a d h e si o n p erf or m a n c e of  U M B i n t h e b oili n g  w at er t e st ali g n s

wit h t h e p ull- off t e st r e s ult s ( w or k of b o n di n g) u n d er i s o- stiff n e s s c o n diti o n s, r efl e cti n g t h e c o n si s-

t e ntl y n e g ati v e i m p a ct of pr o gr e s si v e a g ei n g o n t h e a d h e si o n p erf or m a n c e of u n m o difi e d bit u m e n.

C o n v er s el y, P M B’ s b oili n g  w at er t e st r e s ult s ar e c o n si st e nt  wit h t h e p ull- off t e st r e s ult s u n d er i s o-

t e m p er at ur e c o n diti o n s. T hi s c o m p ari s o n r e v e al s t h at, u n d er  m or e ri g or o u s c o n diti o n s ( s u b m er si o n i n

b oili n g  w at er), t h e a d h e si o n p erf or m a n c e of  U M B d e cli n e s pr o gr e s si v el y  wit h i n cr e a s e d a g ei n g, a n d it s
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a d h e si o n pr o p erti e s  wit h a g gr e g at e ar e n ot ( or ar e r ar el y)  m a s k e d b y t h e ‘ p ull- off str e n gt h e n h a n c e-

m e nt’ art ef a ct c a u s e d b y bit u m e n h ar d e ni n g. I n c o ntr a st, t h e a d h e si o n of P M B t o a g gr e g at e i n cr e a s e s

a s a g ei n g pr o gr e s s e s. C o m bi n e d  wit h t h e p ull- off t e st r e s ult s a n d s urf a c e fr e e e n er g y  m e a s ur e m e nt s,

t h e s e fi n di n g s s u g g e st t h at t h e h ar d e ni n g of P M B d uri n g a g ei n g i s a pri m ar y f a ct or i nfl u e n ci n g it s

bit u m e n- a g gr e g at e a d h e si o n.

F urt h er m or e, t h e b oili n g  w at er t e st r e s ult s a n d t h eir c o m p ari s o n  wit h t h e ot h er t w o t e st s v ali-

d at e t h at dir e ct t e n sil e p ull- off t e st r e s ult s ar e li k el y aff e ct e d b y bit u m e n  m o d ul u s. F o c u si n g s ol el y o n

a d h e si v e str e n gt h or  w or k of a d h e si o n i n di c e s  m a y l e a d t o i n a c c ur at e a s s e s s m e nt s of a g ei n g eff e ct s o n

bit u m e n a d h e si o n. C o m p ar e d t o i s o-t e m p er at ur e p ull- off t e sti n g, i s o- stiff n e s s p ull- off t e sti n g i s r e c o m-

m e n d e d f or  m or e a c c ur at e e v al u ati o n s of bit u m e n- st o n e a d h e si o n. S urf a c e e n er g y t e st s, o n t h e ot h er

h a n d, o nl y r efl e ct c h a n g e s i n s urf a c e e n er g y d uri n g bit u m e n a g ei n g a n d c a n n ot c a pt ur e t h e i m p a ct of

p h y si c al h ar d e ni n g.

I n s u m m ar y, a c o m pr e h e n si v e a n al y si s of a g e d bit u m e n a d h e si o n  w o ul d b e n efit fr o m a c o m bi n a-

ti o n of p ull- off t e sti n g, s urf a c e e n er g y  m e a s ur e m e nt s, a n d  mi xt ur e-l e v el t e sti n g t o a c hi e v e a  m or e

t h or o u g h c h ar a ct eri s ati o n.

4.  C o n cl u si o n s

T hi s st u d y i n v e sti g at e s t h e i nfl u e n c e of o xi d ati o n a n d p h y si c al h ar d e ni n g eff e ct s i n bit u m e n a g ei n g o n

t h e a d h e si o n pr o p erti e s a n d o n t h e a d h e si o n e v al u ati o n i n di c e s i n diff er e nt e x p eri m e nt s. T h e a d h e si o n

pr o p erti e s of u n a g e d bit u m e n ar e c o m p ar e d  wit h t h o s e of bit u m e n aft er f o ur a g ei n g c o n diti o n s u si n g

t h e i s o-t e m p er at ur e a n d i s o- stiff n e s s p ull- off t e st s, r e s p e cti v el y. T h e s urf a c e fr e e e n er g y p ar a m et er s

a n d  w or k of a d h e si o n of a g e d bit u m e n bi n d er s  wit h st o n e ar e c al c ul at e d. T h e a nti- stri p pi n g r e si st a n c e

of t h e a b o v e bit u m e n aft er c o ati n g  wit h l o o s e a g gr e g at e s i s al s o  m e a s ur e d u si n g t h e b oili n g  w at er t e st.

T h e f oll o wi n g c o n cl u si o n s c a n b e dr a w n:

( 1) T h e i s o-t e m p er at ur e p ull- off t e st s h o w s t h at a c ert ai n l e v el of a g ei n g eff e ct s ( R T F O a g ei n g a n d

2 0 h o ur s of P A V a g ei n g) i m pr o v e d t h e a d h e si v e str e n gt h a n d t h e  w or k of a d h e si o n d u e t o

t h e i n cr e a s e i n stiff n e s s c a u s e d b y t h e h ar d e ni n g of bit u m e n,  w h er e a s o v er- a g ei n g ( 4 0 a n d

8 0 h o ur s of P A V a g ei n g) dr a m ati c all y r e d u c e s t h e a d h e si v e pr o p erti e s of bit u m e n- mi n er al.

C o m p ar e d t o u n m o difi e d bit u m e n, t h e a g ei n g d e gr a d ati o n of t h e p ol y m er i n P M B d el a y s t h e

d e gr a d ati o n of t h e bit u m e n p h a s e, i m pr o vi n g t h e o v er all a g ei n g r e si st a n c e of P M B. T h e i s o-

stiff n e s s p ull- off t e st eli mi n at e s t h e a d diti o n al eff e ct s of bit u m e n h ar d e ni n g d u e t o a g ei n g

a n d i n di c at e s t h at o nl y s h ort-t er m a g ei n g sli g htl y i m pr o v e d t h e affi nit y b et w e e n bit u m e n a n d

mi n er al,  w hil e f urt h er a g ei n g si g nifi c a ntl y r e d u c e s t h e a d h e si o n b et w e e n t h e t w o.

( 2) T h e r e s ult s of t h e c o nt a ct a n gl e t e st ar e i n a gr e e m e nt  wit h t h e r e s ult s of t h e i s o- stiff n e s s p ull-

off e x p eri m e nt s, d e m o n str ati n g t h e n e g ati v e eff e ct of a g ei n g o n t h e a d h e si o n pr o p erti e s of

t h e  U M B a n d P M B. T hi s r e s ult s h o w s t h e i n a d e q u a c y of i s o-t e m p er at ur e p ull- off e x p eri m e nt s

i n e v al u ati n g t h e eff e ct of a g ei n g o n t h e a d h e si o n pr o p erti e s of bit u m e n- st o n e c o m bi n ati o n s.

I n or d er t o e x cl u d e t h e eff e ct of p h y si c al h ar d e ni n g,  m or e a c c ur at e r e s ult s c a n b e o bt ai n e d b y

u si n g t h e p ull- off t e st u n d er i s o- stiff n e s s c o n diti o n s.

( 3) T h e c o nt a ct a n gl e t e st r e s ult s ali g n  wit h t h o s e of t h e i s o- stiff n e s s p ull- off t e st, c o nfir mi n g

t h e n e g ati v e i m p a ct of o xi d ati o n d uri n g a g ei n g o n t h e a d h e si o n p erf or m a n c e of b ot h  U M B

a n d P M B. T hi s fi n di n g hi g hli g ht s t h e li mit ati o n s of i s o-t e m p er at ur e p ull- off t e sti n g i n i s ol at-

i n g t h e eff e ct s of o xi d ati o n o n bit u m e n- st o n e a d h e si o n p erf or m a n c e. T h e b oili n g  w at er t e st

i n di c at e s t h at t h e stri p pi n g r e si st a n c e of  U M B t o a g gr e g at e i n t h e pr e s e n c e of  w at er d e cr e a s e s

wit h a g ei n g,  w hi c h i s c o n si st e nt  wit h t h e i s o- stiff n e s s p ull- off t e st r e s ult s.  H o w e v er, t h e stri p-

pi n g r e si st a n c e of P M B i n cr e a s e s  wit h a g ei n g. T hi s c o ntr a st hi g hli g ht s t h e n e e d t o c o n si d er

t h e i nfl u e n c e of h ar d e ni n g-i n d u c e d stiff n e s s c h a n g e s o n a d h e si o n  m e a s ur e m e nt s  w h e n u si n g

dir e ct t e n sil e t e st s li k e p ull- off  w h e n e v al u ati n g t h e i m p a ct of a g ei n g o n bit u m e n a d h e si o n
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p erf or m a n c e.  O v er all, t o di sti n g ui s h t h e eff e ct s of o xi d ati o n a n d p h y si c al h ar d e ni n g o n bit u-

m e n a d h e si o n d uri n g a g ei n g, i s o- stiff n e s s p ull- off t e sti n g i s r e c o m m e n d e d t o pr o vi d e  m or e

a c c ur at e r e s ult s.

( 4)  D u e t o t h e diff eri n g c o u pli n g eff e ct s of o xi d ati o n-i n d u c e d c h e mi c al c h a n g e s a n d h ar d e ni n g-

i n d u c e d  m o d ul u s c h a n g e s, t h e a s s e s s m e nt s of t h e a g ei n g i m p a ct o n t h e a d h e si o n p erf or-

m a n c e of diff er e nt bit u m e n bi n d er s  m a y yi el d i n c o n si st e nt c o n cl u si o n s d e p e n di n g o n t h e

e v al u ati o n i n di c e s u s e d. I n t e n sil e t e st s b a s e d o n b o n d str e n gt h, it i s e s s e nti al t o c o n si d er t h e

eff e ct of bit u m e n h ar d e ni n g o n e v al u ati o n i n di c e s,  w hil e i n s urf a c e e n er g y  m e a s ur e m e nt s,

it s h o ul d b e n ot e d t h at t h e s e  m e a s ur e m e nt s d o n ot c a pt ur e t h e p h y si c al h ar d e ni n g of bit u-

m e n d uri n g a g ei n g. T o c o m pr e h e n si v el y a n d a c c ur at el y c h ar a ct eri s e t h e  m ultif a c et e d i m p a ct

of a g ei n g o n bit u m e n a d h e si o n p erf or m a n c e, a n i nt e gr at e d a n al y si s i n c or p or ati n g t e n sil e t e st s,

s urf a c e e n er g y  m e a s ur e m e nt s b a s e d o n c h e mi c al i n di c at or s, a n d t e st s at t h e  mi xt ur e s c al e i s

r e c o m m e n d e d.

T h e pri m ar y f o c u s of t hi s st u d y i s o n t h e i nfl u e n c e of bit u m e n a g ei n g o n bit u m e n- a g gr e g at e i nt erf a-

ci al a d h e si o n  wit h o ut t a ki n g i nt o a c c o u nt v ari ati o n s i n a g gr e g at e t y p e s or a d diti o n al bit u m e n bi n d er s.

It s h o ul d al s o b e n ot e d t h at t h e  m at eri al s el e cti o n i n t hi s st u d y h a s it s li mit ati o n s, a s t h e c o m m er ci al

P M B u s e d d o e s n ot pr o vi d e d et ail e d i nf or m ati o n r e g ar di n g it s  m o difi c ati o n c o m p o n e nt s a n d e x a ct

d o s a g e s. F ut ur e st u di e s s h o ul d br o a d t h e e x p eri m e nt al s c o p e t o i n cl u d e v ari o u s bit u m e n gr a d e s/t y p e s

wit h e x pli citl y d efi n e d  m o difi er s a n d pr o p orti o n s a n d a  wi d er r a n g e of a g gr e g at e s t o e n a bl e f urt h er

v ali d ati o n of t h e fi n di n g s fr o m t hi s st u d y u n d er di v er s e c o n diti o n s.

Di s cl o s ur e st at e m e nt

N o p ot e nti al c o nfli ct of i nt er e st  w a s r e p ort e d b y t h e a ut h or( s).

F u n di n g

T hi s  w or k  w a s s u p p ort e d b y t h e E n gi n e eri n g a n d P h y si c al S ci e n c e s R e s e ar c h C o u n cil [ gr a nt n u m b er s E P/ W 0 0 0 3 3 4/ 1 a n d
E P/ W 0 0 0 3 6 9/ 1].

D at a a v ail a bilit y st at e m e nt

All d at a t h at s u p p ort t h e fi n di n g s of t hi s st u d y ar e a v ail a bl e fr o m t h e c orr e s p o n di n g a ut h or u p o n r e a s o n a bl e r e q u e st.
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