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Our motivations as materials technologist

• Contribute to scientific debate regarding materials circular economy and sustainable pavement
infrastructures

• Share experimentals investigations & field experiences with road industry and authorities
stakeholders

• Paving technical doctrine dissemination to bridge RAP re-use & durable performances benefits

• Achieve together with our stakeholders present requirements & long term profitabilties



Promoting sustainable road industry
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New standard requirements for road industry regarding society 
acceptance :
• Maintain high level of durable performance of materials and 

infrastructures

• Reinforce efforts about material circular economy 

• Develop infrastructure with low environmental footprint 

Challenges about recycled materials with high 
RAP content
➔Damage tolerance 
➔Damage accumulation until failure

Risk of early aged damages and value loss of 
infrastructures

 

Need advanced method framework to 
define the technical target for RAP re-use 
materials

Reshape new class of recycling binders  
specifically oriented to balance the 
technical gap 
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damage accommodation

SBS network rearrangement, relaxation & local damage accommodation

Recycled asphalt mixture, What’s the problem? 
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C.A. Lemarchand et al., J. Chem. Phys., 149, 214901, 2018

M. Porto et al., Materials, 15, 905, 2022

G. Pipintakos et al., Materials & Design, 244, 113157, 2024

Z. Chen & Z. Suo, Thermodynamic and Molecular Oirgins of Crack Resistance in Polymer Networks, Chem. Rev. 126, 606-670, 2026

Hierarchical analysis – Zoom in

Function of temperature, 

stress loading & rate, ageing

*STYRELF 

morphologies captured 

by TotalEnergies R&D 

Analytical plateform

Binder Level

Multiscale & Associated Energy Dissipation Mechanism (MAEDM) « reservoir »

Virgin AC with 

SBS-Xlinked PmB



Binder Level

Multiscale & Associated Energy Dissipation Mechanism (MAEDM) « reservoir »

Colloidal motion, rearrangement, relaxation & local 

damage accommodation

SBS network rearrangement, relaxation & local damage accommodation

Recycled asphalt mixture, What’s the problem? 

D. Lesueur, Adv. in Coll. and Int. Science, vol. 145, 42-82, 2009

C.A. Lemarchand et al., J. Chem. Phys., 149, 214901, 2018

M. Porto et al., Materials, 15, 905, 2022

G. Pipintakos et al., Materials & Design, 244, 113157, 2024

Z. Chen & Z. Suo, Thermodynamic and Molecular Origins of Crack Resistance in Polymer Networks, Chem. Rev. 126, 606-670, 2026

Hierarchical analysis – Zoom in

Function of temperature, 

stress loading & rate, ageing

*STYRELF 

morphologies captured 

by TotalEnergies R&D 

Analytical plateform

Virgin AC with 

SBS-Xlinked PmB

Recycled AC with Fresh Binder?



Aged Binder Level

Multiscale & Associated Energy Dissipation Mechanism (MAEDM) « reservoir » depleted

AGED BITUMEN
Detrimental colloidal MAEDM reservoir before failure

AGED SBS-Xlinked PmB
Detrimental network MAEDM reservoir before failure

RAP binder profile captured by DSR rheometrics

Global material failure

MAEDM reservoir depleted

collapsed system occurs

Recycled asphalt mixture, What’s the problem? 

RAP materials



RAP binder profile captured by DSR rheometrics Fresh binder profile designed by DSR rheometrics

Recycled asphalt mixture, What’s the problem? 

Fresh Binder level

Replenish the MAEDM reservoir

Blend binder

Aged Binder Level

Multiscale & Associated Energy Dissipation Mechanism (MAEDM) « reservoir » depleted

AGED BITUMEN
Detrimental colloidal MAEDM reservoir before failure

AGED SBS-Xlinked PmB
Detrimental network MAEDM reservoir before failure

Global material failure

MAEDM reservoir depleted

collapsed system occurs

RAP materials
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Bituminous binder, simply complex matter

Bituminous binders properties are intimately related to their microstructure:

➔ Deep-dive understanding their complex behavior of such microstructure enable to use different leverages to 
shape with efficiency polymer/additive contribution on materials targeted performances

Probe the MAEDM reservoir gap between

RAP binder profile  target virgin PmB profile:

• Colloidal reservoir

• SBS network reservoir Elastic recovery – EN 13398

Penetration

Softening Point

Fraass Breaking Point

Common Standard Framework Modern Standard Framework

based on Rheometrics descriptors

Black Space



12

Ideal solid
(G’>> G’’, =0)

Ideal Liquid
(G’’ >> G’, =90)

Using rheometrics proxies to define the MAEDM reservoir:
TVET (10 rad/s) ➔ Probe mainly the colloidal reservoir metric
@G*= 1 kPa (1 rad/s) ➔ Probe mainly SBS network reservoir metric

G. Cuciniello et al., Construction and Building Materials, 263, 120964, 2020

Ideal solid
(G’>> G’’, =0)

Ideal Liquid
(G’’ >> G’, =90)

Deep Dive into the rheometrics to catch MAEDM reservoir

Polymer modification level

=fct(G*) Black Space G*=fct() Black Space

G
* 

(P
a)

R. Jing et al., Intern. Journ. of Pavem. Engineering, 8, 21, 2018
L. Garcia Cucalon et al., Road Materials and Pavement Design, 20, 1391, 2019
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From AC Test methods toward S-VECD Characterization

Asphalt mixtures characterization plan using Asphalt Mixture Performances Tester (AMPT)

➔ preparation of specimens using Superpave Gyratory Compactor (SGC) according to AASHTO PP 99
➔ Dynamic modulus according to AASHTO TP 132 (2023)  
➔ Cyclic Fatigue test according to AASHTO TP 133 (2021), AASHTO T 411 (2023), 

BBSG 0/10 cl3 typical french design for wearing course 
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From AC Test methods toward S-VECD Characterization

Simplified ViscoElastic Continuum Damage framework (S-VECD)

➔ Materials Integrity D represented by pseudo-modulus C (D). Damage Internal state variable S  
➔ Damage characteristic curve C-S describes material integrity evolution alongside Internal damage accumulation
➔ DR and Sapp index display materials ranking according to damage tolerance and damage capacity

WR: pseudo-strain energy
: the damage evolution rate                      
(related to relaxation modulus of master curve)
R: pseudo-strain
: applied stress
C11 and C12: fitting coefficients

Nf: number of cycles to failure

T(Sapp) :time-temperature shift factor between Sapp 
temperature and reference temperature for dynamic 
modulus master curve

|E*|/4 
LVE,SAPP: reference modulus calculated at the 

Sapp référence temperature and for reduced 
frequency of 62,8 x aT(Sapp)

Applied Ref temperature: 21°C

C-S curve describes only evolution of damage (dC/dS)
Cf, Smax are related to critical failure stage (related to Nf) 

dC/dS

(Cf,Smax)

R. A. Schapery et al., Intern. Journal of fracture, 25 (3), 195, 1984
Y. R. Kim et al., Journal of the AAPT, 66, 520, 1997
G. R. Chehab et al., Journal of the AAPT, 72, 315, 2003
B. S. Underwood et al., Transportation Research Record, 2296(1), 36, 2012
Y. D. Wang et al., Int. Journ. of Pav. Engineering, 20(10), 1182, 2019
Y.R. Kim et al., FHWA-HRT-21-093 report, 2022
Y. D. Wang et al., Int. Journ. of Pav. Engineering, 23(2), 438, 2022
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Using rheometrics proxies to define the MAEDM reservoir to fullfill:
TVET (10 rad/s) ➔ Probe mainly the colloidal reservoir metric
@G*= 1 kPa (1 rad/s) ➔ Probe mainly SBS network reservoir metric

➔Variation TVET is equal to TG*=15kPa but TVET displays a fundamental 
viscoelastic criteria

➔Variation G*=1kPa capture more properly the magnitude of polymer 
phase signature than G*=15kPa. Criteria are not equals

y=x y=x

Rheometrics to discrimate RAP binder  & PmB profiles
X =Abs (XRAPbinder- Xi);i is target binder or blend binder

X is TVET, TG*=15kPa, G*=1 kPa or G*=15 kPa
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(a): Underbalanced global MAEDM reservoir of fresh binder
➔ ex: hard bitumen, low polymer modification etc…

(b): Overbalanced colloidal & Underbalanced SBS network 
MAEDM reservoir of fresh binder
➔ ex: very soft bitumen or recycling agent, etc…

(d): Underbalanced colloidal & overbalanced SBS network 
MAEDM reservoir of fresh binder
➔ ex: hard bitumen, high polymer modification, etc…

(c): Balanced colloidal & SBS network MAEDM reservoir of 
fresh binder
➔ ex: balanced Recycling binder

Black space G* vs 

Virgin paving grades

Target binder spot
(Target MAEDM)

RAP binder profile (endlife)
➔MAEDM residual reservoir

(a)(b)

(d)
(c)

Toward TVET vs G*=1kPa 2D-visualization
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Failure susceptibility related to undermanaged fresh binder
Cohesive Failure Ravelling

Rutting

Cracking

Shoving

(C)
Balanced
 MEADM
reservoir

Adhesive Failure
Wave Deformation

Ressuage

(b) (a)

(d)*Balanced 
Mix Design

(a): Underbalanced global MAEDM reservoir of fresh binder
➔ ex: hard bitumen, low polymer modification etc…

(b): Overbalanced colloidal & Underbalanced SBS network 
MAEDM reservoir of fresh binder
➔ ex: very soft bitumen or recycling agent, etc…

(d): Underbalanced colloidal & overbalanced SBS network 
MAEDM reservoir of fresh binder
➔ ex: hard bitumen, high polymer modification, etc…

(c): Balanced colloidal & SBS network MAEDM reservoir of 
fresh binder
➔ ex: balanced Recycling binder

Black space G* vs 

Target binder spot
(Target MAEDM)

RAP binder profile (endlife)
➔MAEDM residual reservoir

(a)(b)

(d)
(c)

Toward TVET vs G*=1kPa 2D-visualization
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Target binder spot
(Target MAEDM)

RAP binder profile (endlife)
➔MAEDM residual reservoir

(a)
(b)

(d)

(c)

RAP2
RAP4 RAP6

RAP7
RAP3 RAP5

50%RAP
RAP2/PmB 45/80-60

50%RAP
RAP2/PmB RC3

50%RAP
RAP4/PmB 100RC1

50%RAP
RAP4/PmB 80RC1

35%RAP
RAP6/PmB 60RC1

35%RAP
RAP6/PmB RC LC1

(partially biosourced)
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RAP binder profile (endlife)
➔MAEDM residual reservoir

(a)
(b)

(d)

RAP2
RAP4 RAP6

RAP7
RAP3 RAP5

50%RAP
RAP2/PmB 45/80-60

50%RAP
RAP2/PmB RC3

50%RAP
RAP4/PmB 100RC1

50%RAP
RAP4/PmB 80RC1

35%RAP
RAP6/PmB 60RC1

35%RAP
RAP6/PmB RC LC1

(partially biosourced)

Additional rheometrics with spider charts 
(BBR-Ts, BBR-Tm, TVET, 1,59Hz, G*=1kPa, 0,159Hz, G*15°C, 10 Hz)

(c)
Target binder spot

(Target MAEDM)

Adjust the (recycling) fresh binder
according to worksites characteristics:
- Binder target
- RAP content
- RAP binders characteristics

Y. Hung et al., RGRA, 1015, 2026
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RAP binder profile (endlife)
➔MAEDM residual reservoir

(a)
(b)

(d)

RAP2
RAP4 RAP6

RAP7
RAP3 RAP5

50%RAP
RAP2/PmB 45/80-60

50%RAP
RAP2/PmB RC3

50%RAP
RAP4/PmB 100RC1

50%RAP
RAP4/PmB 80RC1

35%RAP
RAP6/PmB 60RC1

35%RAP
RAP6/PmB RC LC1

(partially biosourced)

High RAP Re-use and Recycling Binders
✓ Asphalt mixture with Balanced Mix-Design 

according French doctrine
✓ Rutting
✓ Water sensitivity
✓ TSRST

✓ Recycling Binder Design with rheometrics proxies
✓ Replenish colloidal and SBS network MAEDM 

reservoir to mimic virgin target PmB

✓ Severals worksites operated from 30 to 50%RAP 
since 2016

Target binder spot
(Target MAEDM)

(c)

Y. Hung et al., RGRA, 1015, 2026

Additional rheometrics with spider charts 
(BBR-Ts, BBR-Tm, TVET, 1,59Hz, G*=1kPa, 0,159Hz, G*15°C, 10 Hz)
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Case Study: Asphalt mixture 
evaluation by S-VECD
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(a)(b)

(d)
(c)

Target binder spot
(Target MAEDM)

RAP binder profile (endlife)
➔MAEDM residual reservoir

RAP740%RAP
RAP7/Bitumen 70/100

40%RAP
RAP7/PmB 25/55-60

40%RAP
RAP7/PmB100RC1

40%RAP
RAP7/PmB RC LC1

(partially biosourced)

For 40%RAP7,
➔ 70/100 and 25/55-60 candidates didn’t match target binder spot.

Will not replenish the target MAEDM both colloidal and SBS network reservoir

➔PmB100RC and PmB RC LC1 candidates match target binder spot.
Will replenish the target MAEDM, SBS network slightly balances colloidal reservoir

High RAP Re-use and Recycling Binders
In combinaison with 40%RAP, Candidates will no behave similarly related the 
MAEDM pathway

➢ 70/100
➢ PmB 25/55-60

➢ PmB 100RC1 and PmB RC LC1

L. Pigliapoco et al., Bio-based recycling-dedicated binders for High RAP Asphlat Mixtures: A Mechanical Performance Perspective, under soumission, 2026

40%RAP
RAP7/Bitumen 70/100

RAP7

40%RAP
RAP7/PmB 25/55-60

40%RAP
RAP7/PmB100RC1

40%RAP
RAP7/PmB RC LC1

(partially biosourced)

Target Binder
25/55-60
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For 40%RAP,

➢PmB 25/55-60 displays higher Modulus and higher 
elastic/viscous ratio behavior (lower )

➢ 70/100, PmB 100RC1 and PmB RC LC1 display similar 
modulus and intermediate elastic/viscous ratio

Target Binder (%0 RAP) displays the lower Modulus and the 
lower elastic/viscous ratio (higher )

AC Dynamic Modulus test (Linear ViscoElastic Domain)

AC 40%RAP case study: Dynamic modulus mapping

Expectation of 3 MAEDM reservoirs scenarii & pathways till failure
L. Pigliapoco et al., Bio-based recycling-dedicated binders for High RAP Asphlat Mixtures: A Mechanical Performance Perspective, under soumission, 2026
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Cyclic Fatigue test (Non Linear ViscoElastic Domain) + S-VECD Framework

3 class of C-S curve for candidates according to viscoelastic behaviors of AC:

➢Similar dC/dS (candidates 70/100, PmB100RC1 and PmB RC LC1 with 40%RAP)
➢ Lower Cf/Higher Smax ➔ Higher Damage Tolerance & cumulated damage acceptance  until failure

➢Different dC/dS (target binder PmB 25/55-60 w/o RAP vs PmB 25/55-60 with 40%RAP)
➢ 40%RAP induces alternative MAEDM pathway & Damage Tolerance profile
➢Materials integrity evolution VS Damage Tolerance/cumulated damage acceptance until failure?

AC 40%RAP case study: S-VECD Mapping

(Cf,Smax)

(Cf,Smax)

dC/dS

L. Pigliapoco et al., Bio-based recycling-dedicated binders for High RAP Asphlat Mixtures: A Mechanical Performance Perspective, under soumission, 2026
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2 class of candidates according DR and Sapp criteria, for 40%RAP:

➢Candidates 70/100, PmB 25/55-60 didn’t achieve same Damage Tolerance and 
Damage Capacity magnitude as anticipated to unbalanced MAEDM reservoir

➢Candidates PmB100RC1 and PmB RC LC1succeed to achieve same Damage 
Tolerance and Damage Capacity magnitude as anticipated by well balanced 
MAEDM reservoir

AC 40%RAP case study: S-VECD Mapping

DR

Sapp

Sapp=fct(DR)
Target binder 25/55-60

(0% RAP)
PmB RC LC1

(40%RAP)

70/100 candidate
(40%RAP)

PmB 25/55-60
(40%RAP) PmB 100RC1

(40%RAP)

Cyclic Fatigue test (Non Linear ViscoElastic Domain) + S-VECD Framework
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Fields Feedback and Experimental Findings
✓ French fields experiences succeed with high RAP reuse wearing courses cases study

✓ Adapt scientific method framework to unlock the technical gap

✓ Design recycling binders to enable

✓Similar viscoelastic profile

✓Similar damage tolerance

✓Similar damage accumulation acceptance until critical failure

➢ In the S-VECD framework, asphalt mixtures damage tolerance and damage accumulation acceptance until
critical failure can be anticipated by binder MAEDM:

➢ Colloidal reservoir consumption

➢ SBS network reservoir consumption

➢ Based on colloidal and polymer network scientific background, MAEDM reservoir consumption can be split into:
➢ Linear ViscoElastic domain (reversible process)

➢Non Linear ViscoElastic domain/Progressive damage evolution (partially reversible/irreversible process)

➢Critical failure behavior (irreversible process)

Mechanisms Insight Hypothesis
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