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Outline

® |ntroduction : bituminous materials

ENTPE experiments on binders and mastics

= linear domain : Linear Viscoelasticity (LVE) (1 & 3 D)

= Fatigue

Modeling: 2S2P1D Model

Conclusion

From binder to mastics & mixes in linear domain

Advanced experimental investigation on fatigue

Non-linearities

Linear ViscoElastic
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| Behavior: Mastics & bitumens
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Experimental investigation in
the linear domain at ENTPE

® Binders & mastics
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Two types of devices for bituminous
materials: mixes, mastics & binders

Tension/Comp.
(T/C)

H=160mm, ¢,,,=80mm ] "
Annular Shear ! ‘j‘lrﬂ' ’
Rheometer  jla < et
(ASR) ] it

Homogeneous c & ¢ field

Local strain measurements from
some 106 to some 102

High stress and strain resolutions
precise loading conditions
Temperature control H=40mm, ¢¢,=105mm, th=5mm
Sinusoidal loading up to 10Hz

Annular shear rheometer (ASR)

ASR
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Principle of the ASR

aluminum hollow

® Specimen = cylinder

hollow cylinder
h=40 mm

specimen
aluminum core

& homogeneous test

® Axial and sinusoidal loadings
in strain or in stress mode

& viscoelastic behavior ) I _‘“
t%{>fatigue behavior bitumen [ _L__F'" 11
or mastic h i -
* different frequencies and 1 { 1b
different temperatures air pressure )
system used = - -l
Complex modulus G* at high T° ——
9  Measured from 103 to 101° Pa
New on DSR: Piezoelectric sensors
® Emission of h|gh Piezoelectric
sensors
frequency wave £ emitter
(fr~100 KHZ) = R:receiver
® Measure of the travel
flying time => wave
rate => G*(fr)
- Continuous evolution of
G*(fr) during fatigue tests
10
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aad ANnular Shear Rheometer
near stress 1, (t) = 1, Sin(wt+¢) } Shear modulus

11

#ll Tension/compression /~ Complex Youngg

Shear strain  ¥; (t) =7, Sin(ot)

Kind of test and measurement

LVE Theory

modulus
} E*=(cp,/e0;) €

Poisson’s ratio
V*=(gg1/e0p) €1V

=P 3D approach

G*=(ty/yy) elét

>\ 1D approach /

o Annular SheMter
G*

Kind of test and measurement

il Tension/compression
LVE Theory

E* * \Isotropic case

G* = E*/{2(1+v*)}
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Bitumen (B 50/70) : master curves
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Experimental investigation in
the linear domain at ENTPE

® Influence of Binder & mastic types

15

1—e—LSW100u
—&—LSU100p

® |imestone filler = .I
§ 4o | C,=1.8
- well-graded filler with & 2
particles size ¢ <~ 100 um 204 Cogr
= noted LSW100u *
100 1000

0
- well-graded filler with /‘”
particles size ¢ <~ 10 ym
= noted LSW10u
c. = 0
L

- uniformly-graded filler with

particles size ~63 < ¢ <~ 100 10

Zoefficient of uniformity

Mm dgo : particles diameter
= noted LSU100u corresponding to 60% passing
® diorite filler, noted D d; : idem for 10% passing

16

Delaporte, Di benedetto & al. 2007, 2008
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Materials: binders

® 50/70 penetration grade bitumen, noted B5070

® B5070 aged, after RTFOT (Rolling Thin Film Oven
Test) and PAV (Pressure Air Vessel), noted B5070A

® Different filler concentrations (in volume): from 30% to

55% l

v filler

v filler + Ubitumen

17
Time Temperature Superposition Princip.
® Construction of the master curves: shifting procedure
= Shift factors a,
» Equivalent (reduced) frequency: f, = ar. f, T, = +10°C
® About 10 isotherms
%= [E1* mastic with 40% filler s mastic with 40% filler — Heseassh
St T e
o o RN AT
~ B Fis o =% L
g’ VSN i— — = J:-GQ :;!!-; ‘él‘ :ﬁ%-l\
EE»-.: f T .;,":Z +§ é{' Wik
L :_ 3 X} b =
- 7 4;5’/'[ B A e — ~ =
B = = . K
E L SR K i,; Ed TE*«';ME«ZG B0 BE IF BF B WG ﬁr. [ ] BE”ELA [N - L -
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Shift factors a; WLF law :
C(T-T.,)
10" = log((z_r) R, ) 4
i \\\ Tmr=10°C C? +T_':{:€f
104 \!\’
1w \\'{ C,=18.2
& =136.2 =
5 ‘\I\ ?2 = 13062(: Trer = +10°C
£ 10 g materials with ef
L.‘E: .“ unaged binder
=107
= 1‘ C,=2938
10 materials \\'ith/*& ., G, =_214i.0
aged binder ‘\i\_‘:x Tier = 10°C
Wi 20 0 2 4 6 s 10

temperature (°C)

Identical shift factor a, for the mastics and the corresponding
binders on the whole range of temperatures:
e 1non aged bitumen with 13 mastics

e 1aged bitumen with 3 mastics

19
. . *
Effect of filler concentration on |G|
® Master curves of |G| @ 10°C, LSW100u HMA with
® 4 volume concentrations of filler: 6% B5070
= 30% 10" s
= 40% 10" 4 . i W“‘M\?éﬁﬁ o
. 50% w1  mastics %!ng
" 550 W Y4 n‘&
= 10 A5 I
e 1HMA & ﬂq@a"’& | binder
= 6% B5070 = ' oL fabewibn
+ IG1=13 e i e
is assumed m-::?’/. ;IA| o I\i:;[.l_'[::lbl\l\ldllmun
< of the slope at low fr: s 10t 100 10t 10 10 100 10
seems to tend toward a frequency (H7)
constant G,
20
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Effect of filler concentration on ¢

pure binder
® Master curves of ¢ @ T,,,=10°C

% — 90°
® 4 volume concentrations of filler: when f, — 0

= 30% 0 - e B5070
= 40% 804 "-'-'_.' o B?{|j|||.\:.\\::lnn_u_‘.n
coow  Moreaseot i NP L EmSL
concentration - e g % o B3070LSW100u33
= 5504 i é;&' =\ : & M50701.100
504 # o R,

[ J HMA ; il “‘;

® decrease of ¢ Wl o )
for mastics, at high 201 'delntlciﬂocﬁ -
temperature when i AL

frequency decreases 10° 100 10° 100 10' 10 100 100 10 10

fréquence (Hz)

21

Influence of the filler concentration on G

® norm |G7|
= increases with the filler content
= seems to tend towards G, when . tends toward O (high cy)

® phase angle ¢

= identical ¢ for bitumen and mastics except at very low
frequencies (or high temperatures)

= decrease of ¢ at very low frequencies (depending on

concentration)
filler
bitumen

some
particles
in contact

elastic component G’ not
<«==) negligible at high
temperatures

G*(“")TGn

22
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Two new coefficients to
characterize filler reinforcement
and aging of binder

- on the whole T-fr(or t) range

23

Influence of filler: complex reinforcement
coefficient R,,"

® Introduced to quantify the reinforcement effect of the
filler on the complex modulus of the mastic

® As the Time Temperature Superposition Principle
(TTSP) holds (or PTTSP), R,," is defined as the ratio
between G”,, .. at the equivalent (reduced) frequency f,
and G"y;,,men at the same equivalent frequency:

O R LT AN

y (.'){, = (_'}t_.
Tref = +100C { I. . st [} e

R,

24
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Influence of aging: complex aging coefficient
R,

® Introduced to quantify the effect of the binder aging on
the complex modulus of the binder or mastic

* Defined by the ratio between G° .4 at the equivalent
frequency f, and G" 444 at the same frequency:

R* (f) _ G:ged (-fé) Tref =+10°C
e G;naged (f;)

Geometrical meaning of R,; & R,
®* Ry* & R,* give reinforcement information on the
whole range of temperatures and frequencies

- Powerful indicators to characterize filler and
aging effects (in VEL domain)

I 10°¢ B307—, 3 o —e— B5070
1 snd  m =S
maste with R —e— B30T0D30
aged birumen -t <04 }Il —&— BOTOAD30
1 B30T0A -% - t
E o 6l 4 Pa |§‘
1 F ESRpET r I owk, T, =10°
| __ mastic with B30T 504 1
- " 4 *| — 1
|RA| 1 bitumen B30T0 . 40 ]
3 1 = 1 P —
' AN 31k . 1 mastic with B3070
& ___}lRMl 304 1 o
4 * i e
¥ 1 —e—PB5070 204 1 mastic with /‘1"-
; —e— B5070D30 0 ! aged bitumen
! —#— B50T0AD30 1 B30TOA
s k 'I_ ey T T L o > 0 T L T — L = - T -
1 10 10 ({1 1 w 10 1o 142 1w’ 1 0w (LR {1 1y i 10
ay - frequency (Hz) ay . fréquence (Hz)
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10K}
*  B5070

< BOTOLSW 0030
e B3OTOLSW 100040
w  B50T0D30

Effect of binder aging

® analyzed with R,” =

® |ow effect of binder aging AN
at low temperature

® Reinforcementincreases/ G
when decreasing f, \ S

® close coefficients on the 73— ,,
whole range of T'and f. ol
;& 15 i

Effect of binder aging is nearly 4
identical whatever the type M,

and the concentration of filler ot T PR R R RSN TR

trequency (Hi)

27
Effect of the spread of the grading curve
® 2 coefficients of uniformity:
= filler W100y: C,, = 5.6 WELL-GRADED
= filler U100u: C;; = 1.8 UNIFORMLY GRADED
° C|OS€ CoefﬁCientS on the o ®  BIOTOLSW 100u30 *  B30TOLSW 00440
whole range of T and f, * _BOLSNONN. e BEOLSI0M0
g
small effect of the spread of | - "
the grading curve of filler ¢/ = 40%
on the whole range of ‘5—-‘< e
temperatures & frequencies ; At
L51u" ".]_ ull' ull' i:s' nl" 10 o
frequency (Hz)
28
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Effect of the nature of the filler: 30%, 50%

® 2 natures of fillers with close coefficient of uniformity:
= Limestone (LS)
= Diorite (D)
® Very close values at low s
temperature \,

® Close phase angles 5

e BIOTOLSWI100u30
& B30OTOD30

L) SOTOLSW 100p30
*

small effect of the nature of
the filler at
low temperatures

" i 10’ 10 1w ' 1’

frequency (Hz)

29

Effect of filler size: “traditional” fillers

® 2 filler size with close coefficients of uniformity Cy:
= WIO00u: d,,4, ~ 100 pm
= WI10p: d,,0 ~ 10 pm

® Veryclose values at low 5

*  B3OTOLSW100u30 *  BIOTOLSW 100p40
temperature for the 3 | ; fusviese 3 by
concentrations ] ' '

small effect of the filler size 51
@ low temperatures
and/or high frequencies n

{1 1’ 0 10" W oS 7w

frequency (Hz)

30 Not true for ultra fine particles filler

17/09/2010
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Effect of filler size: “Ultra Fine” fillers

= U100yp : uniformly-graded 100 pm

= WI10u : well-graded 10 pm
= S: (silicafume) -
l””.—-:-_\"“iu” .__'_m.m___“,;_,.. "

1 .
|-e—utoon. C  =H5.18
B804 —m— Wit M u=>5 »

i
12— § theor. * o r
— 60— Wr100u Theor - ¢ CJ
& . ,—-—m:mf . ,3 ?f ; Patent ENTPE/TOTAL
E 401 -.. :41‘:* CUIII= 8-3

0,01 0,1 1 10 1001 1004

particle size (um)

Effect of UF @ 40%: Ry (T,s = 10°C)

= High temperature : large increase of stiffness with UF particles
; lower phase angle

= Low temperature : low effect of filler type

300 10
o «  BSOTOLSWI100u40
AN < BS070LSU10040 5]
o BS070LSW10ud0
1004 \ o B5070S40 04
5 BS0T0Wr100u40
-54
w =104 :
<
= BS0TOLSW 100440
154 < BS070LSU10040
10+ . 5 o B5070LSW 10u40
. =] oo s B5070S40
: . R > BS070Wrl 0040
106 104 102 10° 102 10" 108 1wt 10t 102 10" 10 1wt et
frequency (Hz) frequency (Hz)
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Filler effect: conclusion

® Filler effect increases when:

= decreasing frequencies or increasing temperature

= increasing filler content
Small effect of the spread of the grading curve on the
whole range of T'and f..

At low temperatures and/or high frequencies - small
effect of the filler size.

In the high-temperature and/or low frequency region
—>small effect of the filler size for traditional filler
—>high increase of the complex modulus with UF
particles & decrease of the phase angle (“less viscous”)

Small effect of the nature of filler
Ultra-Fine fillers = interesting improvement

33
Modelling VEL properties
® From binder to mastics (& mixes)
® Rheological model 252P1D
® 1Dim & 3Dim

34
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Prediction of the mastic & mix VEL
behavior from binder

No model needed

35

Link in the Linear Viscoelastic domain

Log |8| Log |8|
7 e 277,
v I
-3 & -5 "X
LVE LVE
T T T > LOg(N) T T T > LOg(N)
1 2 3 1 2 3
Binder mastic or mix

36
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Prediction of the mastic or mix VEL behaviour
from binder : complex modulus (1D)

Er . (0.7) =Cgo pp)+ e (1050, T)®

O binder
E 3 constants
2 - —~—
7 - g - h ~ ~N
// > E* . (10~®,T)
/ “et\l tran sratl 0
// ﬂ\ot N
/ \10 N
/ \\
) binder(®@, T) AN
AN \E:
EOO_mix Eo_binder EO_mix

37

Prediction of the mastic or mix VEL
behaviour from binder : Poisson’s ratio

|4 (ZC()T) @ mix (ZCOT) o EOO_mix
VOO 0 mix EOO_mix

2 constants

® 5 constants to obtain the 3D mix behaviour
from the binder one (Isotropic hypothesis)

= No model needed

® Verified by 2S2P1D (and DBN) if 6
parameters are the same for binder and mix
38
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1,E+11 1€ {Pa)
T CH T e
Prediction bitumen data .rHI:-.—-'ﬂ
(from i = ’ = 50770 mix
. il - predicted|50/70 mix

transformatioy) 5

1,E409 :"
3 constants i RO 1] - ¢ - Lt- W

E

(e10)
1 E+08 - - . : : - - - —
1,607 1,E-05 1E-03 1,E-01 1E+01 1,E+03 1,E+05 1,E+07 1,E+09

E fequivalent (Hz)

(o

o = 50/70 mix

{1} predicted 50/70 mix

39

0,E+00 1,E+10 2,E+10 3E+10 4 e+10 E1(Pa)

2S2P1D model (2 Springs, 2
Parabolic elements & 1 Dashpot)
for binders, mastics & mixes

® LVE model with continuous spectrum
® 1Dim &3 Dim

Di Benedetto & al. 2004, 2007,..

40

17/09/2010
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Modeling: 252P1D model (1 dim)

Creep function

lIJ h F@) =at"
_of Huet-Sayegh model 7 ()= 70

9

» E,, “static” modulus (&>—0

= A3, linked to viscosity n
* k, h, 5: form parameters,

X
Ezssz =

Eo — Eoo

E +
14 8(jwr) ™ 4 (o) + (jwBr) !

41

2S2P1D (1 dim)

. . . E,-E
® For mixes, mastics and bitumens ez Kk
0l
E2(Pa) i
1,E+10 4
& EHI9 +

0 experimental data_50/70 mix

—252P1D model

Q@

s 8(shapef)h_'M“;"i';--?_..‘,. _

T (position) - [
@’ o [Temperature]
0,E+00

0,E400 1E+10 2E+10 3E+10 4e+10  E1(Pa)

Cole-Cole curve gg+09
—> explanation of
the 7 constants

2 E+09

42
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2S2P1D in 3 dimension (isotropic case)

(Di Benedetto et al, 2007)

* Eqg-E
E (l(()T) = EOO + K 0 Ogh 1
1+ 0(iowt) " + (iow7) " + (iwf7)
* Un — U
(u (iot) =gy + — 0 Oo_h ]
1+6(iwr,) " +(iwz,) " +(iwf7,)
Voo & Vo
Eoo Eo» Voo Vo 0, T, M, h, K & time-temperature
superposition principle (C; & C,)
EO'EOO
- 11 constants
K +modelling of binders, mastics & mixes
Eoo +allows the introduction of a prediction
h formula providing the mix complex
modulus and mix Poisson’s Ratio from
. binder ones (shown previously)

44

Examples of simulations : 252P1D &
link between binder and mix

17/09/2010
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Influence of the filler concentration

hY

Ba070

BIOTOW 100030
BEOTOW 10040
BSOTUN 100050
B0TW 100u53

=-252P1D model

14

Material

9.00E+08

"»"':'-f_:ll Cors =G +

GGy
14 8(erY ™ + Gory ™ + (o) !

5 constant parameters:

k,h, o
and C; & C, of WLF law

!

fixed by the binder

8.00E-05

5.00E-05 | 400 |

0.5 | 2.3 |

| Bs070LSUi00n30 o 3.90E+09 | 0.21 |
B5070LSU100p40 150 5.70E+09 0.21 | 0.5 | 2.3 1.00E-04 400
[ Bs5070LSU100p50 350 8.50E+09 0.21 | 0.5 | 2.3 9.00E-05 800 l
Bs5070LSU100U55 1500 1.15E+10 | 0.21 | 0.5 | 2.3 | 8.00E-05 1000
[ Mix 5070 6E+07 1.4E+10 | 0.21 [ 0.5 | 2.3 | 7E-02 © ]

45

Influence of the aging of binder

Tt = +10°C

~ +
80 N
° A
10 Y ‘is
0 a\
!'x 12
10 @
o
- 10 50
- 10 o 4
= i
1
20
we S #F *  B3070 252111 model 104 *  B5070 &
;" @ BAOTOA === 2521112 model @ BE0TOA === 2521110 model e SN
10 T T T T T T 0 r T T T T T v
10 10 o 1 1m0 10 1 i1 10 1 1 1w 1 1 10 1 10 '
Hz frequency (Hz)

Frequency

9.00E+08

0.21

0.5

B5070A

9.00E+08 0.21

0.5

= Pr.oor-of 50007

46
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Influence on 252P1D constants (bitumens
and mastics)

® Aging
® Filler contant
® Grading
ar very low no no
G, no very low
G no no excepﬁs )
k no no no
h no no no
S very low no no
% very low low low excﬁts h
s | (C high ) low excapt S |

Powsson's mno v |

2S52P1D in 3Dim (isotropy)

® 2 constants fo v*: vy et vy,
= vo= v value at frequency, f, =
" vgo=V whenf, =0

Voo

apip = Vo

1

Uy = Uy

T 1+ 8wt + (Gur)" + (wsn)™

Mastic at 32%
060 1 y
— 252D model —®— Dara Z52P1D model  —® - Data
0,554
0
Vo =049 | =
-
3 z 14
1,45 g‘
0,404 . .:';'
= .
-
- = P ——
1,35 4 Vo = 0.36
0,30

"

T T T ] v %= 4
1n 1 1 [} 1 T 1

frequency (Hz)

3
[ [

T T T T T T i
1 1 1 1 {1} 10 0

frequency (Hz)

17/09/2010
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49

2S2P1D in 3Dim (isotropy)

Pure bitumen B5070

Porsson'’s rano |

[EIE

vp=0.35 <t

—252P1D model = Data
0,300 4— . . — T Ly ok -3 T T = T T "
1 N il 10 10 10 (i 1y 1w’ 10’ 1y ' 1w 10"

50

2S2P1D model: conclusion

® Good fittings for all the tested materials on the whole
range of temperatures and frequencies

® Among the 9 constants, 5 are given by the pure bitumen
(in particular a;)

® Newtonian viscosity (linked to ) allows to simulate the
effect of binder aging

® 3 Dim modeling

17/09/2010
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Example of advanced experimental
investigation in fatigue at ENTPE

® Binders & mastics

‘ .| ASR device

51
N
Neuw fatigue test protocol conclusion
® Rational approach to characterise “VEL” fatigue (whole
fr)
® Identification of different phenomena : heating,
thixotropy, “true” fatigue
® At present : use of US wave propagation
59
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Thank You

Hervé Di Benedetto
60 ENTPE/CNRS

Publications for more details on Mastics

Delaporte B., Di Benedetto H., Chaverot P., Gauthier G., Linear Viscoelastic
Properties of Bituminous Materials: from Binders to Mastics, AAPT San Antonio
(Texas), March 2007, Publication in the Journal of the AAPT, pp. 445-494, 2007

Delaporte B, Di Benedetto H, Chaverot P, Gauthier G, Effect of Ultrafine
Particles on Linear Viscoelastic Properties of Mastics and Asphalt Concretes, TRB,
Iss.2051, pp. 41-48, 2008

Delaporte B., Di Benedetto H., Chaverot P., Gauthier G., “Linear viscoelastic
properties of bituminous materials including new products made with ultrafine
particles”, Road Materials and Pavement Design, Vol. 10, Issue 1, pp. 7-38, 2009

Delaporte, B., Van Rompu J., Di Benedetto H., Chaverot P., Gauthier G.,
“New procedure to evaluate fatigue of bituminous mastics using an annular shear
rheometer”, Proceedings of the 6th Rilem Int. Conf. On cracking in Pavement, Ed. Al-
Qadi, Scarpas, Loizos, Balkema pub., pp. 457-467, Chicago, June 2008.

Delaporte, B., Di Benedetto H., Chaverot P. ,Gauthier G., “New mastics and
mixtures made with ultrafine particles: presentation and linear properties”. 4th
Eurasphalt Eurobitumen Congress, Copenhagen, p. 8, May 2008

Van Rompu J., Di Benedetto H., Gauthier G. & Gallet T., New fatigue test on
bituminous binders and mastics using an annular shear rheometer prototype and
waves propagation, Proceed. 7th Int. Rilem Symp. ATCBMO09 on Advanced Testing
and Characterization of Bituminous Materials, Ed. Loizos et al., pp. 69-80, 2009
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