INSTYTUT BADAWCZY
DROG | MOSTOW
ROAD AND BRIDGE
RESEARCH INSTITUTE
1855 - 2025

Warsaw, 22 - 23 October 2025

IIMIEDZYNARODOWA KONFERENCJA
Nowoczesne nawierzchnie drogowe - recykling i dekarbonizacja

I INTERNATIONAL CONFERENCE

Recycnng Of RECIaimed Asphalt Modern road pavements - recycling and decarbonization
Basic Concepts and new perspectives

Gabriele Tebaldi, PhD, PE, AAPT Fellow, Rilem Fellow



Asphalt Recycling

Reclaimed asphalt
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2R Fresh bitumen Aged bitumen



Asphalt Recycling

10l Hot recycling

i

Aggregates

“~ Black rock”

Still available + activable

Key Concept bitumen Key Concept
Use “old bitumen” and “old Use RAP almost like aggregates

A aggregates” instead of new ones without heating
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Asphalt Recycling

LAY

‘ ¥ 1/lep Hot recycling
5 £
23 2
z % § Heating the bitumen reduces its viscosity, allowing it to
S8 “g’r::?ngg& "% coat the hot aggregates and provide the lubrication
g’ 8 8@ necessary for compaction.
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Cold Half Warm Wamm Hot
Asphalt Asphalt Asphalt Asphalt

Cold recycling =

0

In cold recycling techniques, there is no aggregate heating and it’s not
possible to count on the fluid behavior of the bitumen; therefore, a
carrier for the bitumen and a lubricant are needed.
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Cold Asphalt Recycling

Bituminous emulsion
the carrier of the bitumen
is the water

Foam asphalt
The carrier of the bitumen
are dust and active filler
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Foam bitumen

Surface energy, a fundamental intrinsic property of Bitumen surface energy decreases with increasing
materials, is defined as the amount of work done to temperature. This is because at higher

increase a unit surface area of a substance, or the temperatures, the intermolecular forces within the
potential energy per unit area of molecules on the bitumen weaken, leading to a reduction in the
substance's surface over molecules inside energy required to create or disrupt the surface.
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Foam Bitumen

._'
Hot bitumen - Vaporization

Heat energy

—

Water
Hot bitumen Foam film
N S . b A i e T i
Air
© Steam x. The evolving steam volume and pressure adhere to the

ideal-gas law. Thus, as the bubble expands, its internal
pressure reduces until equilibrium between internal and
external pressure is achieved.
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Foam Bitumen

temprature of the foam (°C)

35

temp. at the nozzle 2 w-% W.C.--~-

4 w-% W.C.—— log

Hailesilassie et alt. - DOI 10.1617/s11527-015-0659-6
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Foam Bitumen

The fine particles that catch the bitumen droplets are the
elements that partially bind the aggregates among them

The total water content
(foaming water + additional water) provides the
lubricant effect before leaving during the curing phase




Bituminous Emulsion

Anionic Emulsion

ﬂl Unstable ii

equilibrium

COLLOID MILL
HEATER

BITUMINOUS EMULSION

Cationic Emulsion

Rapid Set Medium Set Slow Set
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Emulsion: a fine dispersion of minute droplets of one
liquid in anotherin which it is not soluble or miscible

ﬁ EMULSIFIER ﬁ

WATER

Emulsion breaking process

Bitumen droplet
(dispersed phase) .\

Water phase
(Continuous phase)

Repulsion between
particles

Surface
active agent

Adhesion of bitumen to Attraction of particles
aggregate surface at substrate

e v

Opposite charge attract

The choice of the emulsifier is function of the aggregates’ characteristics



Bituminous Emulsion

The total amount of fluid (emulsion + additional water) provides the lubricant effect before leaving
during the curing phase

The water is the carrier of the bitumen




Bituminous Emulsion

Because the surface area of the fines aggregates it is much bigger than the surface
area of coarse aggregates, the emulsion will be concentrated on the fines fraction.

Particle size Surface area factor
(mm) (m2/kg)
19 0.13
13.2 0.18
9.5 0.24
6.7 0.31
4.75 0.43
2.36 0.82
1.18 1.64
0.6 2.87
0.3 6.14
n 15 172 7A
0.075 32.77 252 times higher
I— 1
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Bituminous Emulsion

Effective asphalt film

Absorbed asphalt

Non-continuously bounded material Continuously-bounded material

A bituminous emulsion stabilized materials has the
aggregates fully covered by the emulsions, but the film
made by the emulsion (in total around 2-3% of the
: weight of aggregates) it is not enough thick
Bituminous emulsion to make a fully bounded material

stabilized material Hot asphalt mixture
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Bituminous Stabilized Materials (BSM)

BSMs are partially bounded materials

The bitumen carried by fine aggregates (mainly by filler) it makes an adhesive mastic disperse inside the mixture

Emulsion g Foam
Partially coated B> Bitumen spots
aggregates bitumen

absorbed by

M filler of bitumen
2 " drops attached

® " onthe

. . aggregates’

‘he~  surface

or non uniformly
coated aggregates
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Bituminous Stabilized Materials (BSM)

Unbound granular
material

i & MRP'25

Lightly
cemented

/BDU e}sisad 1nJ.Jgjealn

Unbound
\~ Crushed

stone/ gravel

rutting

Cold
Asphalt
Mixtures

13|14 9AIRDY

Stress dependent

Courtesy of Kim Jenkins * Cement Treated Bituminous Materials

Greater flexibility

Time, temp dependent

Bitumen
spots

Non-continously bound
material

Bitumen
Fully coated
aggr.

Fully bound material




BSM & active fillers

Active filler it is a filler (mineral element part of the aggregates passing at sieve 0.075/0.062) that
is chemically active. The most common active fillers are lime, cement and fly ash.

32% air
voids

65% air
voids

48% air

voids The purpose of incorporating active filler in BSM is to:

> Improve dispersion of the bitumen in the mix

filler lime

mineral hydrated cement > Accelerate curing of compacted mix
hydration

> Control emulsion’s breaking time

% voids
70

» Increase stiffness & strength of mix —> setting & hardening

60 Active fillers m==
50

40
30

I—> mainly lime with acid aggregates: it makes basic salts
20 . «“ . . ”
o that are able to avoid the “acid-acid contact” between
0 bitumen and aggregate surface

Cement Hydrated lime Basalt Limestone

> Improve adhesion of the bitumen to the aggregate

YR TS
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Heating

N A
Average Temperatures on Nothern Italy y I
. | |
2 * | |
e
| Quick lime I |
JIFIM]|A|MI|J|J]A]|S]|]O|N|D
] | >
OFC/OMC= 5 + 6% MAETNEER VY,
CaO + H,0 — Ca(OH),
Pre-active filler: a material that
became active filler for a chemical
High electrochemical potential & high-speed reaction ~ ©r physical immediate change
during the mixing phase
Use of calcium oxide as active filler for bituminous stabilised materials
\aua Beatriz Chagas Silva Gouveia, Francesco Preti, Romeo, Kim Jenkins, Gabriele Tebaldi

RMPD https://doi.org/10.1080/14680629.2021.1881591
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Active fillers: collateral physical effects

Heating

Emulsion + Quicklime
Effects of temperature

Recycled asphalt +

quicklime

q (kW/m %)

3-D numerical finite element
model of the whole test body
(tank and volume of material)
was implemented within the
Comsol Multiphysics®
environment

i & MRP'25
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Heating

Emulsion + Quicklime
Effects of temperature

SECOND-HAND
ASPHALT BITUMEN
1% OF QUICKLIMI

FEM MODEL [tetrahedral elements]

301
300
299
298
297
296
295
294

METAL TANK

Improving the insulation of the truck

Aoumid
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Compaction of BSM

Compaction Energy Estimation

Assumptions:

* A literature-based approximation was adopted to compare compaction methods on an
equivalent energy basis

* RAP behaves as a granular material upon compaction

Modified Proctor test (ASTM D1557)

Compaction Energy Parameters Estimated Energy
Method Application Considered (kd/m?3)

Hammer weight
(W), number of

Modified Impact blows (b), drop Wpnb-h-l
Proctor Loading |height (r), number of| £» = ~T000-v
layers (1), volume of
the mold (V)




Compaction of BSM

Compaction Energy Estimation

* Gyratory compactor (ASTM D6925)

Al

i
-

&
.,

Vibratory hammer

N\ vrP2s

Compaction Energy Parameters Estimated Energy
Method Application Considered (kd/m?3)
Axial pressure Eressure (F),_height
Gyratory . dlﬁergnce during one F-h+C-(2-m)
compactor Rotational gyration (h), average Eg = 1000 -V
: torque (C), volume of )
shearing
the mold (V)
Compaction Energy Parameters Estimated Energy
Method Application Considered (kd/m?3)
Hammer weight (W;,),
, frequency (f),
Vibratory Axial p:essure amplitude (amp), _ Wy-f-amp-t-l
hammer Vibration compaction time (t), E, = 1000 -V

number of layers (1),
volume of the mold (V)




Compaction of BSM

Different compaction energy application methods provide different density levels

2,12
® Gyratory compactor
_ Compaction Method
2,09 ® Vibratory hammer
I A Modified Proctor

2,06 RAP Properties| Gyratory Vibratory | Mod. Proctor

2,03
£ Pa,max (g/cm’) 2.08 2.05 1.95
2,00
o)
Q
2 197 0
2 Wopt (%) 5.1 54 6.3
o
E 1,94

Estimated
Lol compaction 2289 2153 1957
’ energy (kJ/m?3
1,88 ! ! Label GC (5.1%) VC (5.4%) PC (6.3%)
4,0 4,5 5,0 5,5 6,0 6,5 7,0 7.5

Moisture content w (%)

YR TS
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Compaction of BSM: Residual Air Void Content

e Air voids are always higher when vibratory hammer is used as compaction method

* % air voids decreases as the OMC increases, regardless of the compaction method

M Gyratory compacted specimens Vibratory compacted specimens
24%
22%
I
20% 7 _
18%
~ 16% I [
S 14%
=S 12%
© p(
§ 10%
= 8%
< 6%
4%
2%
0% ——
GC5.1% VC 5.4% PC 6.3%

Optimum Moisture Content
At
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ITS is significantly higher when gyratory compactor is used as compaction method

ITS slight decreases as the OMC increase, regardless of compaction method

Highest ITS observed in the case of the lowest OMC (GC5.1% which has the highest air void content)

140

—_
N
o)

—_
S
[e)

60

40

20

Indirect Tensile Strength (kPa)

(e}

M Gyratory compacted specimens

Vibratory compacted specimens

GCS5.1%

VC 5.4%

Optimum Moisture Content

PC 6.3%




Resilient Modulus (MR)

* Minimal variation as moisture content and compaction method vary
* Always higher when vibratory hammer is used as compaction method

* Increase as the OMC increases and air void content decreases

Vibratory compacted specimens m Gyratory compacted specimens
1200
=
a 1000
s
72}
= 800
=
= |
§ 600 !
=
ré) 400
@
5)
& 200
0
GC 5.1% VC 5.4% PC 6.3%

Aoumid
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Optimum Moisture Content



Compaction of BSM: Triaxial Shear Strength

* Cohesion decreases significantly as moisture content increases

* Internal friction angle varies in a narrow range Specimens
compacted with

* GC 5.1% - highest cohesion and lowest internal friction angle |_Vikratory hammer

Triaxial Test @ Equilibrium mc — Mohr Coulomb Plots COheSiOH (kPa) Internal fl‘iction angle (O)
100

90
80

70

60

50

40

30

20

10

GC5.1% VC 5.4% PC 6.3%

Optimum Moisture Content



Design of Pavements with BSM layer

Design with elasticity and plasticity

3D Elastic-Perfectlv Plastic Finite Element Model

Elasticresponse:

governed by Young’s Modulus and Poisson’s ratio.
Plastic response: 35
1. Criteriadetermining when plasticity gets initiated. 30 Laboratory test
2. Flowruledictating how much plasticity happens. (determines the = Numerical y —_
extent of plastic strain for given stress state) = 25 " Simulation z
S /
Selected criteria: s 20 7
) P Ve
Mohr-Coulomb failure envelope = 15 S
8 S
= 10 7
o e
'
{} L] L L L] : L L L L : L L] L L : L L L] L : L] L L L] : L L] L L
e 0 0,5 1 1,5 2 2,5 3
e Displacement (mm)
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Design of Pavements with BSM layer

Design with elasticity and plasticity

Layer Thin pavement Reference (TH 30) Thick pavement
HMA 38 mm 75 mm 100 mm
BSM 50 mm 75 mm 100 mm

Granular Base 100 mm 250 mm 300 mm
Subgrade Semi-infinite Semi-infinite Semi-infinite

Temperature: 10,25 and 40 °C constant throughout HMA and BSM layers (temperature dependent materials)

Especially for thin pavement
structures and high temperatures

linear elastic analysis leads to

overestimated pavement service life

,-.l-'.‘u-n
MRP'25

Difference in | Difference in
Temperature fatigue life fatigue life
[°C] Structure | Model Type prediction prediction
(Ng) [%] (Ng) [%]
Thi Linear elastic CAR6 6
10 in -64. -47.62
Plasticity-based 45 47
Thi Linear elastic
2 in -75. -54.1
> Plasticity-based 7575 24-14




Hot Asphalt Recycling

LIS

tIEr Hot recycling Aggregates

RA’s bitumen fresh bitumen
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Hot Asphalt Recycling: Diffusion

Double-layer test procedure
New binder Binder 12 T0 Hz

Harder Softer

New binder LTI

applied m«f’-?‘:f N
P ) i = A ]
3 24 -4 2+ < O:

i

{

Frequency [Hz]

—_—
SN By O

Diffusion Ciriereman >
initiated STIITyIeR

Diffusion e i points  points  points

finalized = s Y T =50°C
S8 — Rest period: [E Cycle

30 minutes

L Timb[s] |

] i ‘ g — ’_*__f
15 meas. 15 meas. 15 meas.i
j

Courtesy of Jan Krol o oo

0 05 1 1,5 21 215 Time [hours]

38 cycles | = Test duration = between 21 to 22 hours

Trimming of the two samples,
after the conditioning at 20°C.
Sample thickness: 0.5mm

r‘j‘m S. Noto; S. Mangiafico; C. Sauzéat; H. Di Benedetto; E. Romeo and G. Tebaldi
&N\ rrezs Journal of Materials in Civil Engineering; DOI: 10.1061/(ASCE)MT.1943-5533.0004116



Hot Asphalt Recycling: Diffusion

Diffusion tests B1/B2 at 50°C -y =0,5; f =1 Hz

4 Confidence interval at 95%

liffusi 1x10% . e
iffusion : RS o o - — .
(Uf;"v:“ 0ct 03§ i A ABKBRAERRREL 00400080088 50_B2 P_1Hz: 50/70 hard bitumen
‘ bitumen Ix10° iﬁﬂdaa‘““aba e W S
8x10° |{
7x103
: 6x103
old -
bitumen 5x10°3
4x103 Hypothesis, but more studies are necessary
50 B3 P_1Hz: full blend 50%B1+50%B2 A e s ppgtthneERtodobNocAe
3x10°3 "'! "" e s e
50 B2 B1_P _1Hz: double layer B2+B1 %10 ///
1x103
0
0 2x10% 4x104 6x10* 8x10* 1x10°
, Time [s]
il S. Noto; S. Mangiafico; C. Sauzéat; H. Di Benedetto; E. Romeo and G. Tebaldi

N\ wrezs Journal of Materials in Civil Engineering; DOI: 10.1061/(ASCE)MT.1943-5533.0004116



Hot Asphalt Recycling: Diffusion

« G* =|G*|e'® o
e Xx(t) complex number Estimate of diffusion thickness
Bitumen B1 h _ — x(¢) + h, — x(t) + 22(t)
Bitumen B2 eq(t) G, (1) G3(t)
Bitumen B3 full-blend B1+B2
Every Time Time =0 Time > 0
z /|\ z /\ z /\
<Y <|>v, T <Y, T
A L ,.»";/,"-’///_f}-’f»'/:/.'- A SIS I SIS IS LIS AII I AP IS IIII SIS SIS SIS I I 1Al
}In
----------------- (nt}eq(t)* ch(t)|---h T i I h
B2 hiz
I, LA, ;/ - I, L o
L T"
T R R
LYY T S. Noto; S. Mangiafico; C. Sauzéat; H. Di Benedetto; E. Romeo and G. Tebaldi

~g— Journal of Materials in Civil Engineering; DOI: 10.1061/(ASCE)MT.1943-5533.0004116



v

totally absorbed by aggregates

+

totally aged

coating
bitumen

Adding a recycling additive (rejuvenator)
it can be activated

absorbed
bitumen

YR TS
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Hot Asphalt Recycling: R.A. action

YR TS

Unaged Bitumen

Low Polarity Aromatic Oil

Aged Bitumen

Low Polarity Aromati
MRF ..

Y3

§

c oil

{

Asphaltene

Rejuvenator

Courtesy of Dr. Hans Moolenaar

Rejuvenation of bitumen

3

Low Polarity Aromatic

Qil

Low 'ﬁolarity Aromatic Oil




100

" /I

% passing
H )]
(=] Q

0
0.01 0.1 1 10 100
Sive size (log)
—o—Black Curve =#=40%RAP 50%RAP 70% RAP
Label Virgin aggregates (%) RAP (%) Asphalt (%) Bio-oil (%)

OR 100 - 52 )
20R 80 20 5.2 )
40R 60 40 33 0.11
70R 30 70 1.8 0.22

YR TS
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Dosage of R.A. based on viscosity



Hot Asphalt Recycling: High amount of RAP

Full Blending: Black Space @10rad/s

1.00E+09

[—-—.-um-- 50R —— 70R -:-ls:—o—luun]
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00E+04
1.00E
C ) 45 0

YR TS

Phase angle
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Hot Asphalt Recycling: High amount of RAP

Full Blending: Elastic Recovery & Non-Recoverable Creep Compliance

100.0 2.50
200 80 0.1 kpa 3.2 kpa =0.1 kPa 3.2 kPa

80.0 J_ 2.00
e £ 69.0 659 1.62 3,74
) == 1 59.2 4 1.51 ESf
= £ 56.9 141 = - 1.44
60.0 L, 150 2 - 131 ¢

50.0

ER (%)

40.0

i
il
Jur (1/kPa)

36.2354

30,0 el
20.0
10.0 — * _= -

0.0

OR 100R 40R 5O0R 70R OR 100R 40R S0R 70R

YR TS
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Hot Asphalt Recycling: High amount of RAP

Mastics’ Creep Compliance @10°C

1.4
- . =40R — - 50R 70R - 100R OR
1.2
0.7
0.587
& | E3g 1
06 l 0.536
~ 1 R
0.5 & os
=
ey
> 0.4 0.324 = 06
E -
; 1 e
T 1 :
E 0.3 0.221 0.218 ol y N
0.2 1 L | _ -'_'__'____.---""
0.2 T
- ’—. ) ssssssssssesfEsEsEsERSEsRdRRRRRRRRRRRES T T L L L ]
o b
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= 1008 o8 S0R 70R Time (sec)
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RESILIENT MODULUS [GPa]

YR TS
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24.18

OR

SUPERPAVE IDT & HMA Fracture Mechanics analysis

2.50
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Hot Asphalt Recycling & Polymer level

Diffusion & blending can help to keep the appropriate level of polymers

III

“initia aged new the blend new + aged bitumen
polymer modified bitumen polymer modified bitumen hyper-modified bitumen has a balanced amount of polymers
(inefficient polymers)

»

+

service life recycling

YR TS
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Hot Asphalt Recycling & Polymer level

YR TS

MRP'25

Hyper-modified bitumen

“initial” aged

new the blend new + aged bitumen

polymer modified bitumen polymer modified bitumen hyper-modified bitumen has a balanced amount of polymers

(inefficient polymers)

service life recycling

Pen@25°C [UNI EN 1426] 25+55 dmm
R&B [UNI EN 1427] >85°C
Elastic recovery @25°C [UNI EN 13398]
Dynamic Viscosity @100°C [UNI EN 13302] > 80Pa‘s
Dynamic Viscosity @160°C [UNI EN13302] > 0,8Pa‘s
Polymer content (on the bitumen weight) >7%

A Pen@25°C < 9.0dmm
Evaluation of Storage Stability (tuben test) [UNI EN 13399]

A R&B < 5.0°C

A Pen@25°C after RTFOT <40%
A R&B after RTFOT <5°C




Hot Asphalt Recycling: R.A. & HYMB

OGFC: 40% RAP - 60% natural aggregates

The total amount of RAP is due to: asphalt plant characteristics (single drum), agency requirements, Size
distribution and aggregates' maximum size of mixtures that generated RAP, “toughness” of RAP particles

100%
90% | ; )
1 Scuffing Test

80% / 000

4500

4000

3500

3000

40% RAP: size class 0/20 mm

40% #
30% ;
i 1500

20% /‘y/ 1000
10% /_:’_/ 4 500

:-— e ¢

0% i ¢ S 40 & Reference Mixture 40% RAP
0,01 0,1 10 100

2500

2000

Weight loss (gr/mq)

.
Size [mm]
Dosage of Recycling Agent: 0.13% w/w mixture

Aoumid
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Total amount of bitumen: 5% (additional bitumen: hyper modified)



Recycling & Sustainability

800
m Paving mTransport = Blending mAggregate m Binder
700
60 7~~~
x 52 = 600
€ 50 T =
'&:, Aggregate production : 500
3 40 =
° =9
§ z 400
€ 30 =
8 = 300
g S
g 20 2 200
S 10 z
2 S 100 .
o , 1H =
bl bl 100% RAP mix Hot-Mix  Emulsion-Based Hot In-place  Central Plant Cold In-Place
Asphalt Cold-Mix Recycling Recycled Hot- Recycling with
Mix Emulsion
Courtesy of Dr. Martin Zaumanis Feipeng Xiao et alt. https://doi.org/10.1016/j.conbuildmat.2018.06.006
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Conclusions & Remarks

COLD RECYLCLING

* Optimization of specimen preparation techniques (compaction, curing,..)
* “Smart” use of active fillers

* Proper pavement design approach

HOT RECYLCLING

* Maximization of the amount of RAP
* Full understand of blending and diffusion mechanism

* Proper approach for Recycling Agents dosage = Rheological approach

Al
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2"d RILEM International Symposium on Bituminous Materials Under the auspices of:
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2"d RILEM International Symposium on Bituminous Materials 'S'Rn
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