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B+20% Epoxy resin
B+15% Epoxy resin
B+10% Epoxy resin

B+5% Epoxy resin

Base Bitumen
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contact angle (°)
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B+5% Epoxy resin

Base Bitumen

60 62 64 66 68 70 72
contact angle (°)

B+20% Epoxy resin

B+15% Epoxy resin

B+10% Epoxy resin

B+5% Epoxy resin

Base Bitumen

65 70 75 80 85
contact angle (°)

e 3550 sl 5 L K55S Slagle ules ly ¥ ISS

ARA



VoY )LG—I Vi o)wcd‘j‘o)‘jﬁcwdb cJL}J»}MM}}:d&MM

J::B:J_{Lw‘u.Jaﬁj,eéujubliﬁbo:)ﬂw:gé\ﬂ

el D] b gl

Wl Ko g (550 -8
3 plmdl sdias 0L e a4 LS (S 55
of bl 53 S5 ady 5 olanl blas 3 3 Sws
P P PR O PIRTS P TP S U
S dad e O Sl s il oy L
sdns OLE eyl opl islsal ol sl pond 0 sl
gl e g Lol S5 ad; pln o 58 Caslie (15
P B P P S S SRCETSU
V00 Sl oo b gl s s (I (S
el Bl 3 5l S S 655 oy Yoo 500
5,50ks WSl Glapss S Co S amd OS5 e opl oo

25

b b 3151 (63550 gl —Y-¢

Sy p SESS gl oaw el agly pslie Sl eslinad
allae 3)5m sla S e ST (5550 sl S eaw
S o 3T (G55 sl i ¥ IS S el
s e Ol Sl cpss Ao Jlis 5o 1

b e Rl Sl Sl ) @B 4 S L
O ol b e 58S 5 3 ol ST (655
GRIF D S s Sl slacnss il o8 e
VO Sl s b B o okl a2 Ll
SRS 5 A e Jsis S V800 Jliie L s s
B JaieSe VE ke b oaly 3 s ol
J\..Sﬁ\ JJ'JASM:J ol @L:j e LS sdalice
Bl oS das o 2alS 1 bayd IS b ST 65
5358 by mSal s o3 VO L S 0T Sl
ol cdanl olasl b L8 o4 O e Slus

i NH Sl sl sl uns 4 by e Sledbl

SFE (Wj/m?)

BTotal SFE

BPolar SFE

10
% Epoxy resin

B Non Polar SFE

adlas 3,90 (slapd elaw (6550 il ¥ S



VoY )LG—I Vi o)wcd‘j‘o)‘jﬁcwdb cJL}J»}MM}}:d&MM

45

35 F

30 |

cohesion energy (pj/m?)

25

~
"X
-
Seo
-
=X
-~
-~
e

-
“w

~><___——-"_

20

10 15 20

% Epoxy resin

P R R WP S PP JCH PRt

O ) i s Stes LOT 51 Jools il by
e slayd S5 sl bl SOl Gillee e s
s opl S 4 S Sl slaalnn b Jiles]
Aas e Ol s 3l gt alie ke i L
3 =Sl i bedd ool s b S 5 sled s
s ey VO LS éﬁj 5 oo slaali

el ails eyl ol lsl a1y s Sae o e oS 5l

b Sl 4 by o 6551 gl e,y -8
S dzes gl b EP2 5 EPL (650 sla el

Oljn i 5 3 mas Sl3T (550 alde 5l oalinal L
ol 5l ol Alaul byl S 5 2sb;y culis
5 S Ol Sl BPL il S
Sad s Ol EP2 il 5 ol Gl o

NS DUV STESPVY R PR

¢

SR 5 53 S § (S b Cunglls -4
SLeS 5 Gly Shr aslis Sl 0 IS
S S o e Sl i bedd ol gl sl
Gl L eS 5 s a5 Sal glaalal L
Oge 1y bl opl Slie il das e 0L koo
dls WS 5 S S5 e ks o Sles s
3 8es g e Sl Sy (JSE ol Gillas
5 Sl bl ool glaeS 5 St Cuslis
Sxlpio o3 0 ol a0 e a ede
oaslie plie G i WS 65 53 8 Sl s e
s e V0 L e e S Il 3 S

el S

dl&,g%;xﬁc*&u,w—o—i
Al e K Ceglie Sl 1 IS s
LI E T CIUW [ -{ K L G- VAP RV KL CHMP R I, g
FHRLCW Jles L0 3 4 (G e s el

a3 5 Sl i Ol sl 3 3L gl e w



VeY )L@..v A3 o)L«.:A ‘d)‘ 09> ‘V"»“”’ﬁ dl.w ‘JLJJWML;A)}JJ;MM

170

Ju—
[
(e}

Ju—
w
(e}

—_
—
(=)

el
=]

=
=]

Dry Adhesion Energy (uj/M?)

0 5 10 15
% Epoxy Resin

“tLimestone cmposition  Ciseliceuos composition
BT 5 (s SIS (5l Sl 255 b 0 Ml (Lo (g (S Canslin S ks 0 S

Gl — 3 S 5 Sk 5 Shos 4 by o 5551 eyl -V

Stz 3 Shas oSl 255 b odd PSlol 5 Sal o wess el 1 EPT bl oslis v JSCs

38 es e e Gl Al 3L alie s |y OLES LalaSo 51 oS5 2 gl b 53 3550 (oS )
> SN e s WSS m 5 s s GBI s 0L EPL S e
53 Ll el doss & Sl e, boedd ol ol & s b S s 5 e S 5 Shes
Lok 3ol sla i b 10K (g5l slaS Sl o LS5 s, BPL sl wis, (IS
s |y S 3 Shas e oSl oy o ) Sl 05 Dol (sl 3 oS (5l il sl s

K ol SS 5 roman 5 b SlAS S

% Epoxy Resin

2t Limestone cmposition  €iseliceuos composition

Wet Adhesion Energy ((nj/M2)

BT 5 (s SLAGIAK s G5l Sl 55 b oS ol (Lo (g gy eSS (9551 Sl N S

Vo



VoY )Lé—i A3 o)l»a.: ‘d}‘ 09> ‘M de ‘JL}JA}MW}ﬁJ&MM

1.3

1.2

1.1
A
m

1.0

5 15
% Epoxy Resin
bl Sal ailal 0 s o

S a1l 230 b o4 Pl a3 S 5 53 BPL bl ol i v S

5 S8 PSRy S pglas -Vt
S el ($ols 3l Sl S el S0 o sSs Sn
3L L GLls slse g e 5 30 pe andllae L 4
G 3,8 5 el 355 15 e L aiile
sl s Ly Ll ey sl —sa gy oLl |
s dis el el 3 el (68 Sy S
LS e Lol slal a8 Wl s 5 s S anlis
Sl 53 01 pUlS falS a3 5 805 Shas

.(Hou et al., 2017) sy oo bbaili&ws &
Slr b ol G eSS olal 4 S
Ol o JK.; ol llae das e Ol aallls 5540 (la 3
m olE Sl sy ol laaigd s eSSl s
Bl S84 Ces Clds s Al s el Ll
O pl &8 35 0 Jopd pbay 5B 5 Sods, KLU
Sxl o sl sl s Shes spg sl

el 8l S 3

1

SHpg o Shes w by 8551 palsly V-1t
SR 3 S 5 5o

oo ko bl 1 EP2 eyl sl A S
OLES LS 5l oS5 sl 3 02 25 pe S5
S5 sl etias 0L EP2 sl )l (il sl das e
S gl glacS 5 s ol Gl CLM 5 8
i 03558 LEP2 el o Sl glawilaSs 5 ks
GHIA L B sl S5 L alis 3 S 4 Sl
o w3 VO L S dac S S pl el s oeulesly
Shez 38 e BP2 0 VL Glls oS s
EP2 5 EP1 (b sl mls e 55 b ognlply ol
baliS ¢l 5ol SLS 5 sl Sal slaces)
Ay sag 1y Al 5 8 e 5 Shes WS e
38 Sl 5o b oedd ol s el
G- oSS Gl L SN s Sk
Aoy 0 s uﬁ.ﬂ R W PP RL W



VeY )L@..v A3 o)l.o.fu 4J}‘ 09> 4('.2.».:{ JLw ‘JL)L}AJ'MW‘}}.;JQ.L“MM

v
% Epoxy Resin
B Sal glolin ™ L aloS

S ) s b okd Pl (sl oS 5 5s BP2 sl ol ks A S

\e lg,}(csws_,gjwjj MJaogjé(sg sQ\gg,}(J‘ wsl‘_;,,g%,sw‘,,i,eﬁ,w .‘\JSJ:

wSﬁ:‘wj)MJbY' l.gﬁ.?(eijﬁJcﬁj)MJ;\Ol.gﬁ'é(:‘u..sx|&j).\.pja

A%



VoY )LG—I Vi o)wcd‘j‘o)‘jﬁcwdb cJL}J»}MM}}:d&MM

23 ol b ol 5 20 b5 (S g 5 Shas 35

]
Al GlacS 5 53 ek ol slays sl ¢l
Sl LSS prer 5 ke gLalS sl
e oSl i) b edd Pl 3 ST glanliS

aeslie j3 1y Sdiw 5 S cad~ 5 5 EP1 Salsb

o e SRl S sl Al slaes S L
Sl Gl (o5l GaS 5 o 5> Sy 3,8kes
P bl s 0 WSl iy bedd C;Lpl JYCIEH
Lol Zool (gla 3 (oo Sl G5l glaS 5

L)‘b‘)éwéwdﬁﬁﬁlup))“)}\'

o4 eSal sy o b BP2 il (S
Bl Il S sl S5 L elis
Gl Sl iy de 3 VO L 3 el S 5yl (L‘J):
b SLsds s Ses opie ans 2 5 EP2 o 53,

-CA-AN“)]J

Fracture

Modified Lottman Test
Hamburg Wheel Tracking
Surface Free Energy
Cohesion Energy

Dry Adhesion Energy
Wet Adhesion Energy
Wilhelmy Plate

9. Universal Sorption Device
10.Sessile Drop Method
11.Good-Vanoss-Chaudhury
12.Lifshitz-Van Der Waals
13.Dispersive Force

PN RO =

-Amini, B., Rajabbolookat, M. J., Abdi,
A., & Salehfard, R., (2017),
“Investigating the influence of using
nano-composites on storage stability of

YA

(S domii =0

S Sab bS5 sk Salie addlae nl s
o 3o e ST G551 s 3l eslial b S )
N PSP

3 gad 4D 535000 4 Ols5 e |y anlllae ol CLJ
asly Ao Yo B0 o3k 5o S al iy b S POlel
5 SIS sl ele asly Lol e e 2alS 1 O eles
e easOLa el el das e Al 3L Aele B
slbend 5 S ol 5 Salusse s sl Sny oo
w\wsﬁ\wj)pcw\j\d;u g
L8 Cald don Yo B0 o3l s Sl slagns -
oo b o Sadad s cp i Llesls 215
el iy 3 53 b S 5 Ao V0 S sl
6Lﬁhﬁ5 BEX olas J@ﬁ S5 J:,el)b1 Ji:lﬁ» @tj—
S (Sasn 55 lie Sl p5) b edd Lol

phe oliad ol e LIS QS V| EO V] PR R PRGSO

8‘ »-V
modified bitumen and moisture damage
of HMA?”, Petroleum Science and
Technology, 35(8), pp.800-805.



VoY )LG—I Vi o)wcd‘j‘o)‘jﬁcwdb cJL}J»}MM}}:d&MM

-Aschenbrener, T ,McGennis, R., &
Terrel, R., (1995), “Comparison of
several moisture susceptibility tests to
pavements of known field performance
(with discussion and closure)”, Journal
of the Association of Asphalt Paving
Technologists, 64.

-Bahmani, H., Khani Sanij, H., Roshani,
R., Majidi Shad, M. M., Hosseini, S. H.,
Edalati, M., Olazar, M., & Almasi, S. A.,
(2022), “Influence of Mixing Conditions
of Modified Bitumen on Moisture
Sensitivity of Asphalt Compounds”,
International Journal of Engineering,
35(5), pp-855-864.
https://doi.org/10.5829/ije.2022.35.05b.0
2.

-Bahmani, H., Sanij, H. K., & Peiravian,
F., (2022), “Estimating Moisture
Resistance of asphalt mixture containing
epoxy resin using Surface Free Energy
Method and Modified Lottman test”,
International Journal of Pavement
Engineering, 23(10), pp.3492-3504.

-Bhasin, A., Masad, E., Little, D., &
Lytton, R., (2006), “Limits on adhesive
bond energy for improved resistance of
hot-mix asphalt to moisture damage”,
Transportation research record, 1970(1),
pp.2-13.

-Caro, S., Masad, E., Bhasin, A., &
Little, D. N., (2008), “Moisture
susceptibility of asphalt mixtures, Part 1:
mechanisms”, International Journal of
Pavement Engineering, 9(2), pp.81-98.

-Cheng, D., Little, D. N., Lytton, R. L.,
& Holste, J. C., (2003), “Moisture
damage evaluation of asphalt mixtures
by considering both moisture diffusion
and repeated-load conditions”,
Transportation research record, 1832(1),
pp.42-49.

ARR

-Cubuk, M., Giirii, M., & Cubuk, M. K.,
(2009), “Improvement of bitumen
performance with epoxy resin”, Fuel,
88(7), pp.1324-132.

-Hefer, A. W., (2004), “Adhesion in
bitumen-aggregate systems and
quantification of the effects of water on
the adhesive bond”, Texas A&M
University.

-Hou, Y., Wang, L., Wang, D., Guo, M.,
Liu, P, & Yu J, (2017),
“Characterization of bitumen micro-
mechanical behaviors using AFM, phase

dynamics theory and MD simulation.
Materials, 10(2), 208.

-Huang, J. F., Wu, S. P, Ma, L. X., &
Liu, Z. F., (2009), “Material selection
and design for moisture damage of HMA
pavement”, Materials Science Forum.

-Huang, S. C., Robertson, R. E.,
Branthaver, J. F., & Claine Petersen, J.,
(2005), “Impact of lime modification of
asphalt and freeze—thaw cycling on the
asphalt—aggregate interaction and
moisture resistance to moisture damage”,
Journal of materials in civil engineering,
L, pp.711-718.

-Kanitpong, K., & Bahia, H., (2003),
“Evaluation of the extent of HMA
moisture damage in Wisconsin as it
relates to pavement performance”.

-Khani, H., Bahmani, H., & Roshani, R.
(2020), “Evaluating the Effect of
Modified-Bitumens Mixing Temperature
and Their Surface Free Energy
Variations on Moisture Resistance
Performance of Bitumen-Aggregates
System”, Journal of Transportation
Infrastructure Engineering, 6(1),
pp.29-44.



VoY )LG—I Vi o)wcd‘j‘o)‘jﬁcwdb cJL}J»}MM}}:d&MM

-Little, D. N., & Bhasin, A., (2007),
“Using surface energy measurements to
select materials for asphalt pavement”.

-Little, D. N., & Jones, D., (2003),
“Chemical and mechanical processes of
moisture damage in hot-mix asphalt
pavements”, National seminar on
moisture sensitivity ~ of  asphalt
pavements,

-Mallick, R. B., Pelland|l, R., & Hugo ,
F., (2005), “Use of accelerated loading
equipment for determination of long
term moisture susceptibility of hot mix

asphalt”, International Journal of
Pavement Engineering, 6(2),
pp.125-136.

-Mansourian, A., & Gholamzadeh, S.,
(2017), “Moisture susceptibility of hot
mix asphalt containing asphalt binder
modified with nanocomposite”, Road
Materials and Pavement Design, 18(6),
pp.1434-1447.

-Sebaaly, P. E., Little, D., Hajj, E. Y., &
Bhasin, A., (2007), “Impact of lime and
liquid antistrip agents on properties of
Idaho  hot-mix  asphalt  mixture”,
Transportation research record, 1998(1),
pp.65-74.

Y

-Wasiuddin, N. M., Fogle, C. M.,
Zaman, M. M., & O'Rear, E. A., (2007),
“Effect of antistrip additives on surface
free energy characteristics of asphalt
binders for moisture-induced damage
potential”, Journal of testing and
evaluation, 35(1), pp.36-44.

-Zhou, W., Xia, Y., Tsai, F.-C., Jiang, T.,
Zhao, H., & Wen, J., (2017), “Effects of
compound curing agent on the thermo-
mechanical properties and structure of
epoxy asphalt”, International Journal of
Pavement Engineering, 18(10),
pp-928-936.



Moisture Resistance of Asphalt Mixtures Containing
Epoxy Resin Additives and Limestone and Siliceous
Aggregates

Hossin Bahmani, Ph.D., Student, Department of Civil Engineering, Yazd University,
Yazd, Iran.
Hamed Khani Sanij, Associate Professor, Department of Civil Engineering,
Yazd University, Yazd, Iran.

E-mail: khani@yazd.ac.ir

Received: September 2022- Accepted: February 2023

ABSTRACT

This research evaluated the effect of epoxy resins on the moisture resistance of asphalt
mixtures of each bitumen and aggregate (limestone and siliceous) combination by
measuring their surface free energy characteristics. The laboratory method measured the
contact angle of several probe liquids called the Sessile Drop method. Bitumen polarity,
cohesion energy, adhesion energy, bonding energy, energy parameter related to adhesion
performance and energy parameter related to wetting performance of aggregate surface by
bitumen for each combination of bitumen and limestone and siliceous aggregates were
investigated. The results show that epoxy resins increase the polarity of bitumen, but they
do not have a positive effect on increasing the cohesion energy of bitumen. For all the
studied bitumen-aggregate compounds containing epoxy resin, the adhesion and wetting
performance has increased compared to the compounds containing base bitumen, which
indicates the proper performance of this additive in improving the moisture resistance of
asphalt mixtures.

Keywords: Surface Free Energy, Modified Bitumen with Epoxy Resin, Moisture
Resistance, Limestone and Siliceous Aggregates
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