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Element Range Average

C (%w) 80.2-84.3 82.8 

H (%w) 9.8-10.8 10.2 

S (%w) 0.9-6.6 0.7 

N (%w) 0.2-1.2 3.8 

O (%w) 0.4-1.0 0.7 

Ni (ppm) 10-139 83 

V (ppm) 7-1590 254 

Fe (ppm) 5-147 67 

Mn (ppm) 0.1-3.7 1.1 

Ca (ppm) 1-335 118 

Mg (ppm) 1-134 26 

Na (ppm) 6-159 63 



Molar mass 

Aromatic content 

Polarity 

Elastic properties

Saturates Naphtene aromatics Resins Asphaltenes 





asphaltene aggregate 

with size 3–4 nm 

asphaltene aggregate
with size 12–15 nm

asphaltene monomer 



Fraction C (%) H (%) O (%) N (%) S (%) 

Saturates 78-84 12-14 <0.1 <0.1 <0.1 

Aromatics 80-86 9-13 0.2 0.4 0-4 

Resins 67-88 9-12 0.3-2 0.2-1 0.4-5 

Asphaltenes 78-88 7-9 0.3-5 0.6-4 0.3-11 









Model % Asphaltenes % Resins % Saturates and Aromatics

I: GEL >25 24 50

II: SOL <18 36 48

III: SOL-GEL 21-23 30-34 45-49 













Bitumen Markers Penetration Saturates Aromatics Resins Asphaltenes

1 + 70/100 2.1 71.0 9.4 17.6 

2 o 10/20 6.8 59.7 15.1 18.4 

3 x 70/100 4.0 55.5 15.1 25.4 

More viscous behaviour 

Lower stiffness

More elastic 

Higher stiffness



































Asphaltenes
Penetration of bitumen 

25°C (1/10mm) 

C 

(%) 

H 

(%)

O 

(%) 

N 

(%) 

S 

(%) 
H/C O/C 

A-new 68 82.6 7.6 1.3 1.0 6.8 1.104 0.012

A-RTFOT 37 83.4 7.2 1.4 1.0 7.0 1.022 0.013

B-new 59 84.6 7.5 1.8 0.6 5.5 1.064 0.016

B-RTFOT 34 85.1 7.3 2.1 0.7 4.8 1.029 0.018

C-new 38 83.0 6.3 2.6 0.8 7.2 0.911 0.023

C-RTFOT 17 84.2 5.8 3.2 0.8 6.0 0.827 0.028











Chemical 

Group 
Bond 

Approximate 

Wavenumber 

(cm-1) 

Change 

with 

aging 

Intensity Expression References 

Sulphoxide S=O 1030 

Increases 

in short-

term 

Weak 

Lamontagne et 

al. (2001a) 

Lu and 

Isacsson (2002) 

Chávez-

Valencia et al. 

(2007) 

Mouillet et al. 

(2008) 

El Béze et al. 

(2012) 

Yao et al. 

(2013) 

Carbonyl C=O 1700 

Increases 

in long-

term 

Weak to 

medium 

Aliphatics  

(deform) 
C-CH3 1460, 1376 

Relatively 

constant 

to small 

decrease 

Medium 

Aromatics C=C 1600 

Relatively 

constant 

to 

increase 

Medium 

Lamontagne et 

al. (2001b) 

Mouillet et al. 

(2008) 

Tachon (2008)2

Aliphatics 

(stretch 

CH2, 

CH3
2923, 2853 

Relatively 

constant 

to small 

decrease 

Medium 

to strong 

Tachon (2008)2

Lins et al. 

(2008) 

Yao et al. 

(2013)3

Polarity O-H 3450 Increases Strong 

Tachon (2008)2

Araújo et al. 

(2011) 
1 (Lamontagne et al., 2001a) or 

 (Yao et al., 2013) 
2 Hypothesized from results of FTIR analysis of SARA fractions by Tachon (2008) 
3 Observed from results of FTIR analysis of SARA fractions by Yao et al. (2013)











































Product Origin 
Density at 20ûC 

(kg/L) 

Evaporation 

point (ûC) 

Kinematic viscosity at 

40ûC (mm2/s) 

Diesel fuel Petroleum 0.82-0.86 60 3

ARA 1 

Bio-sourced 

0.88 250 11

ARA 2 0.89* 250 14

ARA 3 0.86-0.90 350 12.5 

ARA 4 
Synthetic 

biodegradable
0.905 - - 

BR 1 

Bio-sourced 

0.88 170 10-11 

BR 2 0.895* 250 10.5 

BR 3 0.89* 250 5

BR 4 0.88 - - 

BR 5 
Synthetic 

biodegradable 
0.905 - - 

*Density at 25˚C

Product Chemical composition 

Diesel 

fuel 
30% aromatics, 46% cycloalcanes, 24% n-alcane 

ARA 4 
silicone oil-in-water emulsion, which is stabilized by an alkoxylated polysiloxane surfactant, 90% 

water 

Ester chain as % of total ester content

% ester C8 C10 C12:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20 C22:0

ARA 1 41.3 4.5 0.1 1.5 64.8 19.5 7.9 1.6 

ARA 2 38.0 12.8 0.6 11.8 33.2 30.9 9.0 1.7 

ARA 3 74.5 5.3 0.3 1.5 63.1 19.7 7.9 2.2 

BR 1 68.9 17.9 14.8 12.5 4.5 46.1 3.7 0.4 

BR 2 38.1 0.3 10.7 9.8 37.8 34.0 6.3 0.9 0.6 

BR 3 72.8 10.9 0.1 12.5 31.5 41.8 0.5 1.1 1.6 

BR 4 81.8    5.6 0.3 1.5 63.0 19.4 9.1 1.1  

BR 5 86.0 1.3 73.5 1.2 2.3 0.4 0.7 12.3 8.6 0.8   



Product Origin 
Density at 

20ûC (kg/L) 

Evaporation 

point (ûC) 

Kinematic viscosity 

@ 40ûC (mm2/s) 

C7 
Bio-sourced

0.84 222 9

RD 1 0.91 - 78

RD 2 0.92 - 83

RD 4 Petroleum 0.81 - 10

RD 5 

Bio-sourced 

0.88 - 15

RD 6 0.95 - 29

RD 7 0.90 - 42

MUG 1.26 290 - 

MUDG 1.28 205 - 



Product
% of hydrocarbon chain in composition

% ester C7 C8 C10 C12:0 C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C20:0

C7 92 100

RD 1 - 13.1 3.8 54.3 24.6 4.3

RD 2 - 13.1 0.1 51.9 23.5 11.4 

RD 4 0 Highly saturated with a high degree of iso-paraffinic structures 

RD 5 - 1.7 19.7 2.1 5.7 39.0 31.9 

RD 6 99 58.8 41.1 0.1

RD 7 - 0.9 16.4 1.0 2.9 45.4 27.7 5.7

MUG C11 6.9%, G Mono C11 66.0%, G Di C11 26.0%, G Tri C11 0.9% 

MUDG C11 6.4%, DiG Mono C11 64.2%, DiG Di C11 24.9%, DiG Tri C11 4.4% 



Material (% by mass)

Sand 0/2 mm 23.7 

Aggregates 2/6.3 mm 23.3 

Aggregates 6.3/10 mm 45.0 

Limestone filler (< 80 m) 2.6

Bitumen Total 35/50 5.6

Total Mass 100

o

o

o

o
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Laser temperature sensor 

Laser thickness gage 

Gage for setting the angle of 

inclination of the sliding plate 



•

•

•



Test No 
Quantity of 

ARA  (mL/m2) 

Quantity of 

asphalt (g) 

Cooling 

time 

Plate heating 

(°C) 

Inclination 

angle (°) 

1 20 1000±10g 1h - 45-70 

2 20 1000±10g 30min 70 45

3 25 1000±10g 30min variable 45

4 25 1000±10g 30min 60 45

5 - Final 65 1200±10g 30min 60 45

Control ARA 1 ARA 2 ARA 3 



Produit Asphalt (°C)
Quantity ARA 

(mL/m
2

)
Residual mass (g/m2)

Control 160 - 1189.68 

ARA 1 150 20.48 3.41 

ARA 2 160 20.77 0.42 

ARA 3 160 21.17 2.17 

Product Asphalt (°C) Quantity ARA (mL/m
2

) Time to beginning of slide (s)

Control 160 - - 

ARA 1 160 20.90 13

ARA 2 160 21.41 1



Control Diesel fuel ARA 1 ARA 2 

Product Residual mass (g/m2) 
Time to beginning of 

slide (s) 

Control 1200.48 - 

Diesel fuel 2.59 1
STDDEV 0.87 0 

ARA 1 3.25 100
STDDEV 0.35 60 

ARA 2 1.48 92
STDDEV 0.11 25 

                       

40cm

21.5cm



Diesel fuel ARA 1 ARA 2 BR 2 

Product 
Residual mass 

(g/m2) 

Time to beginning of 

slide (s) 

Diesel fuel 8.92 8

STDDEV 0.21 4 

ARA 1 7.12 5

STDDEV 0.55 5 

ARA 2 8.20 10

STDDEV 0.82 13 

BR 2 8.92 13

STDDEV 0.63 10 

40cm

21,5cm



•

•
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Sample

Time of 

compaction 

(min) 

Compaction Temperature 

(ûC) after 

compaction 

Height

(mm) 
State of 

surface Force 

(kN) 

Pressure 

(MPa) 

T1 5 9.18 1.17 92 64 irregular 

T2 3 16.33 2.08 105 65 flat 

T3 1.5 20.41 2.60 123 63 irregular 

T4 2 20.41 2.60 112 61 flat

T5 2 20.41 2.60 112 61 flat

T6 2 94 11.97 84 53 debituminized 

T7 10s 40 5.09 130 60 irregular

T8 20s 40 5.09 110 62 irregular

T9 2 20 2.55 96 59 plane 



RR% = 100% x (SC - SARA)/ SC

Irregular 

surface

Debitumenization 

of surface 





Tension Forces 

Force applied by 

loading 



Test No
Method of 

Loading 

Compaction 

Method 

Method of ARA 

Application 

Quantity 

of ARA 

(mL) 

1&2 CBR Proctor After compaction 5 

3 ITS Compression After compaction 5 

4 ITS Compression Before compaction 2 

5-Final ITS Compression Before compaction 1 

CVAR% = x 100% 



Product 

Test No. 1 Test No. 2 

Maximum Resistance (kN) 

AVG CVAR% AVG CVAR% 

Control 24,08 22.0 19,52 13.3 

Gasoil 18,65 12.2 19,81 10.6 

BR 1 -  - 20,43 0.5

ARA 1 25,94 3.0 18,09 6.5

ARA 2 21,51 10.1 21,12 6.4

ARA 3 23,4 4.4 20,26 4.9

0
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Product 
Evaporation on 

surface 

Resistance reduction % 

5mL after 

compaction 

2mL before 

compaction 

1mL before 

compaction 

Diesel 
Some 

71.4 
-

43.2 

CVAR% 2 7 

ARA 1 
Negligible 

65.8 55.2 32.2 

CVAR% 5 1 20 

ARA 2 
Negligible 

58.3 54.7 21.8 

CVAR% 8 3 7 

BR 1 
Negligible - 

66.9 43.1 

CVAR% 1 6 





BD% = 100% x (BB - BA)/BB





Product
% Bitumen degradation

after 1 day after 7 days

Diesel fuel 67.1 
-

CVAR% 6.4 

ARA 1 29.0 69.4 
CVAR% 4.4 - 

ARA 2 21.4 75.8 
CVAR% 5.0 -

ARA 3 53.6 
-

CVAR% 0.6 

BR 1 53.7 95.3 
CVAR% 2.2 -

BR 2 32.7 
-

CVAR% -

BR 3 51.9 
-

CVAR% 10.7 









ARA/ BR 
% Bitumen 

degradation
CVAR% 

Diesel fuel 67.1 6.4

ARA 1 29.0 4.4

ARA 2 21.4 5.0

ARA 3 53.6 0.6

ARA 4 -1.8** 6.6

BR 1 53.7 2.2

BR 2 32.7 -* 

BR 3 51.9 10.7 

BR 4 55.8 3.7

BR 5 64.9 2.3

*Only single test conducted; **Bitumen sample gained mass 
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Diesel fuel ARA 1 ARA 2 ARA 4 BR 2 
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Product 
Residual mass 

(g/m2) 
STDDEV 

Time to 

beginning of slide 

(s) 

STDDEV 

Diesel fuel 8.92 0.21 8 4

ARA 1 7.12 0.29 6 4

ARA 2 8.20 0.82 5 4

ARA 4 0.37 0.27 85 48

BR 2 8.92 0.63 13 10

Product 
% Resistance 

reduction 
STDDEV 

Diesel fuel 43.16 6.54 

ARA 1 32.18 6.47 

ARA 2 21.81 1.62 

ARA 4 11.28 1.47 







Softening bitumen effect Substrate effect 







Compound 
MUG 

(Glycerol undecenoates)
Compound 

MUDG 

(Diglycerol undecenoates)

C11 6.9% C11 6.4% 

G MonoC11 66.0% DiG MonoC11 64.2% 

G DiC11 26.0% DiG DiC11 24.9% 

G TriC11 0.9% DiG TriC11 4.4% 

Compound Branch Chemical structure 
M

U
G

 

Glycerol 

MonoC11 

Glycerol 

DiC11 

Glycerol 

TriC11 

M
U

D
G

 

Diglycerol

MonoC11 

Diglycerol

DiC11 

Diglycerol

TriC11 





%w of 

compound 

in H2O 

MUG MUDG 

5

10

15

20

50



Formulation
% Bitumen 

degradation 
CVAR% Formulation 

% Bitumen 

degradation 
CVAR%

C7 94.4 4.1 MUG 20 H 80 -3.2** -

RD1 7.8 7.5 MUG 50 H 50 -4.3** 7.2

RD2 4.1 12.4 MUDG 20 H 80 -4.1** -

RD4 -12.6** 12.5 MUDG 50 H 50 -3.6** -

RD5 49.2 0.9 MUG 50 A 50 -2.8** 0.9

RD6 89.3 4.6 MUG 50 ARA1 50 3.5 -

RD7 20.8 8.3 MUG 50 ARA2 50 -21.7*** 6.0

H2O -1.1** - Acetone -0.7** -

*Only single test conducte; **Bitumen sample gained mass; ***Liquid appears coagulated as shown in 

Figure 3-38; H=water; A=acetone 







RD 1 RD 2 RD 4 RD 7 

Candidate 

formulation 

Residual mass 

(g/m2) 
STDDEV 

Time to 

beginning of slide 

(s) 

STDDEV 

RD 1 5.25 -* 9 -* 

RD 2 5.50 0.13 51 25

RD 4 4.39 0.81 18 10

RD 7 7.43 0.95 12 13

*Only single test conducted 





MUG 5 H 95 MUG 10 H 90 MUG 15 H 85 MUG 20 H 80 

MUG 30 H 70 MUG 50 H 50 MUG 10 A 90 MUG 50 ARA1 50 

H=water; A=acetone 

Candidate 

formulation 

Residual mass 

(g/m2) 

STDDEV Time to beginning of 

slide (s) 

STDDEV 

MUG 5 H 95 0.08 0.07 325 64

MUG 10 H 90 0.12 0.07 73 23

MUG 15 H 85 0.57 0.26 30 31

MUG 20 H 80 0.86 0.15 16 4

MUG 30 H 70 0.86 0.24 51 26

MUG 50 H 50 1.41 0.15 25 2

MUG 10 A 90 2.22 0.19 17 18

MUG 50 ARA1 50 4.83 0.17 11 9

H=water; A=acetone 



MUDG 10 H 90 MUDG 15 H 85 MUDG 30 H 70 

MUDG 50 H 50 MUDG 100 MUDG 10 A 90 

                        H=water; A=acetone 

Candidate 

formulation 

Residual mass 

(g/m2) 
STDDEV 

Time to beginning 

of slide (s) 
STDDEV 

MUDG 5 H 95 DID NOT MOVE

MUDG 10 H 90 0.07 0.05 535 162

MUDG 15 H 85 0.08 0.03 458 380

MUDG 20 H 80 0.10 0.10 260 184

MUDG 30 H 70 0.17 0.06 240 16

MUDG 50 H 50 0.61 0.09 24 16

MUDG 100 1.78 0.08 59 7

MUDG 10 A 90 0.64 0.00 11 1

H=water; A=acetone 
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Product 
% Resistance 

reduction 
STDDEV 

ARA 2 21.81 1.62 

ARA 4 11.28 1.47 

MUG 20 H 80 21.2 3.16 
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Tracer Density (g/cm3) Purity % 

TiO2 rutile 4.23 93 

TiO2 anatase 3.97-4.79 98 
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Composition Aging Analysis techniques 

Bitumen 35/50 
Unaged, aged 1-42 

days 

FTIR-ATR, TGA, rheology**, 

penetration** 

Bitumen 35/50 (80%) aged 14 days + 

rejuvenating agent* (20%) 

Unaged, aged 14 

days, 

RTFOT+PAV** 

FTIR-ATR, TGA, rheology** 

Mastic: Ca sand (70%) + bitumen 35/50 

(30%) 

Unaged, aged 14 

days 
FTIR-ATR Microscopy 

Mastic: [Ca Sand (70%) + bitumen 35/50 

(30%)] aged 14 days (92.5%) + 

rejuvenating agent* (7.5%) 

Unaged FTIR-ATR Microscopy 

*Agents B1, P1 and P2 described in Section 4.2.1.1.4 

**The results from of rheology and penetration for bitumen are from a parallel study. The quantity of 

rejuvenating agent used in this study was the %w of rejuvenating agent needed to have a 35/50 bitumen aged by 

RTFOT+PAV to return to a penetration value of a 35/50 virgin bitumen 







Property Function and Purpose 
ASTM Test 

Method 
B1 P1 P2 

Viscosity @60°C, 

cSt 

Asphalt viscosity adjustment in 

recycled mix 
D-2170 - 

200-

500

100-

200

Saturates %w Compatibility with aged asphalt D-2007 - 28 max 21-28 

Asphaltenes %w Compatibility with aged asphalt D-2006-70 - 1.5 max
0.75

max 

Specific Gravity  D-70 - 
0.98-

1.02 
0.92 

Boiling Point °C Volatility - 200 288 288 





Chemical 

Group 
Bond 

Approximate 

Wavenumber 

(cm-1) 

Change 

with 

aging 

Intensity Expression References 

Sulphoxide S=O 1030 

Increases 

in short-

term 

Weak 
Lamontagne et 

al. (2001a) 

Lu and 

Isacsson (2002) 

Chávez-

Valencia et al. 

(2007) 

Mouillet et al. 

Carbonyl C=O 1700 

Increases 

in long-

term 

Weak to 

medium 

Aliphatics  

(deform) 
C-CH3 1460, 1376 

Relatively 

constant 
Medium 



to small 

decrease 

(2008) 

El Béze et al. 

(2012) 

Yao et al. 

(2013) 

Aromatics C=C 1600 

Relatively 

constant 

to 

increase 

Medium 

Lamontagne et 

al. (2001b) 

Mouillet et al. 

(2008) 

Tachon (2008)2

Aliphatics 

(stretch 

CH2, 

CH3
2923, 2853 

Relatively 

constant 

to small 

decrease 

Medium 

to strong 

Tachon (2008)2

Lins et al. 

(2008) 

Yao et al. 

(2013)3

Polarity O-H 3450 Increases Strong 

Tachon (2008)2

Araújo et al. 

(2011) 
1 (Lamontagne et al., 2001a) or 

 (Yao et al., 2013) 
2 Hypothesized from results of FTIR analysis of SARA fractions by Tachon (2008) 
3 Observed from results of FTIR analysis of SARA fractions by Yao et al. (2013)

























Rheology for bitumen 

aged 14 d corresponds to 

the rheology of bitumen 

aged with the RILEM 

method
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Figure E-1 SEM Jeol JSM-6380LV

Figure E-2 SEM Signals (Johnson, 1998)







Characteristic/ Test Method Norm 20/30 30/45 35/50 40/60 50/70 70/100 100/150 

Penetration @ 25°C (mm) EN 1426 2-3 3-4.5 3.5-5 4-6 5-7 7-10 10-15 

Softening Point (°C) EN 1427 55-63 52-60 50-58 48-56 46-54 43-51 39-47 

Resistance to Hardening @ 

163°C 

EN 12607-

1

       

Retained Penetration (%)  55  53  53  50  50  46  43 

Increase in Softening Point 

(°C) 

 81

 102

 81

 112

 81

 112

 91

 112

 91

 112

 91

 112

 101

 122

Change in Mass (± %)  0.5  0.5  0.5  0.5  0.5  0.8  0.8 

Flash Point (°C) 
EN ISO 

2592 240 240 240 230 230 
 230  230 

Solubility (%) EN 12592  99  99  99  99  99  99  99 
aDynamic Viscosity @ 60°C 

(Pa*s) 
EN 12596 

440 260 225 175 145 
 90  55 

aFraass Breaking Point (°C) EN 12593   -5  -5  -7  -8  -10  -12 
aKinematic Viscosity @ 

135 °C (mm2/s) 
EN 12595 

530 400 370 325 295 
 230  175 

1 Severity 1 
2 Severity 2 
a Properties required to meet specific regional conditions. Associated with regulatory or other regional 

requirements. 











Sieve size 

(mm) 

Mass retained (%) 

Aggregates 6.3/10 

mm 

Aggregates 2/6.3 

mm 

Sand 0/2 

mm 

Limestone filler (< 

80 m) 
Total 

20 100.0 100.0 100.0 100 100.0 

16 100.0 100.0 100.0 100 100.0 

14 100.0 100.0 100.0 100 100.0 

12.5 100.0 100.0 100.0 100 100.0 

10 88.4 100.0 100.0 100 93.9 

8 44.7 100.0 100.0 100 70.7 

6.3 12.4 93.9 100.0 100 52.4 

4 2.0 36.6 100.0 100 35.3 

2 1.6 4.3 94.2 100 27.1 

1 1.6 2.6 62.4 100 18.5 

0.5 1.6 2.2 43.9 100 13.7 

0.315 1.6 1.9 34.8 100 11.3 

0.25 1.6 1.9 31.0 100 10.3 

0.2 1.6 1.7 27.0 100 9.3 

0.08 1.6 1.5 17.9 93 6.8 

0.063 1.6 1.4 16.2 76.0 6.2 
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Figure E-1 SEM Jeol JSM-6380LV 



Figure E-2 SEM Signals (Johnson, 1998) 


