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INTRODUCTION

Considered geomaterials

® Granular materials without “glue”: sand, gravel and
mixtures sand clay (Unbound Granular Materials: UGM)

® Granular materials with “viscous glue”: bituminous
materials (BM)

[
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Bitumen, mastic, bituminous mixture

Complex thermo-viscoplastic

behaviour
¢ Bitumen: from fluid to brittle solid

® Mastic : the “glue”
* Bitumen + fines (< 100um

Bituminous mixture : used on road
» Aggregates: 80% to 85% in volume
(92% to 96% in weight)
» Bitumen: 12% to 20% in volume

5 (4% to 8% in weight)

Complex behaviour

* Complex behaviour to be investigated : linear/non-
linear; viscous/non-viscous; isotopic/non-isotropic;
following domain of loading

- advanced experimental investigation must
identify clearly the phenomenon and being associated
with “good” and consistent theoretical

framework
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A consistent framework : 3 component
model and multi-component model

® Many years of experimental work and analysis of data
- general 1dim analogical formulation

| epo

Non viscous part: €™V

Viscous part: ¥

e=¢g"+g¥

A consistent framework : 3 component
model and multi-component model

® Many years of experimental work and analysis of data
- general 1dim analogical formulation

Non viscous or

Purely viscous
Elastoplastic bodies bodies
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A consistent framework : 3 component
model and multi-component model

® Many years of experimental work and analysis of data
- general 1dim analogical formulation

| EP1

— EPO

“very fast” loading (stepwise)
- Elastoplastic: EPo

10

A consistent framework : 3 component
model and multi-component model

* Many years of experimental work and analysis of data
- general 1dim analogical formulation

EP1 51 EPn

—{eroH  f

81’1V SV

“very low” loading (stepwise)
- Elastoplastic: EPo +... + EP1
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SOME PROTOTYPE
DEVICES DEVELOPED AT
UNI. OF LYON/ENTPE

11

Two prototype devices forUGM

Traxial test Hollow cylinder
“T4CStaDy”

® Local strain
measurements
from some 107 to
some 102 m/m

* High stress and

J] | strain resolutions

8L | ° precise loading

| conditions

* multi-directional
stress path (2&3D)

® Dynamic test: S&P

_ _ waves PR R
H=160mm, ¢,,=80mm H=120mm, ¢,,,=200mm, th=20mm




T/C test for bituminous mixtures

Sinusoidal
Hydraulic loading
N 1 102 to ~10 Hz)

L
o Ua-

A =S5 SeNSOor

Thermal

chamber Speci g :
-40°C to 60°C pecimen (radial strain)
(® =75mm & h=140mm)
5 3D - radial strain
T/C test for bituminous mixtures
Sinusoidal
loading
(~102 to ~10 Hz)
i ' e ? 3 extensometers
| i It = % (axial strain)
| Temperature
2 non-contact
Specimen 4 (radial strain)
(® =75mm & h=140mm)
4 3D - radial strain
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Dynamic spectral analysis

Computer I
|

DAQ device I
\ \

Signal conditioner |

Soft foam

400

=}

Acc. [m/s?]

- Linear viscoelastic properties

=400
=800

Time [ms]
15
For small strain loading amplitude (Less than some 10-® m/m)
- linear domain
FOCUS SMALL STRAIN
DOMAIN
16
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S Modulus as a fonction of
R 8g g ‘~8”°‘ strain rate (small strain
('8 = domain)
ConcretPM o \ UItraggamﬁa - -
T _—Resonanggdinn Small strain domain
2 10 [ (et iorcy) - _ i 1 _
= 0 C5G Linear behaviour
8 £ DR, -Very sensitive to strain rate
X
o) X R H T4
>§.ms- Me"amosﬂtysand( s Slightly sensitive
T | . 5.% oy grave -Very small sensitivity (elastic)
'g o Ep oo O x$ Wet Chiba gravel ()
>

«0paBd aturated Toyoural
q A and (U) v >

xv vY VAxx
(i
=3 : —o—a8 ° .
Vallericca clay (U) @D
., deldt or equjvalent (%/mjn) Strain rate

10° 10* 16° 102 1¢" 1P 1d 1¢ 1 1¢ (Or equivalent) (%/min) Di Benedetto et al. 03

Linear domain - implication on model

n
Unbound Granular
Materials (UGM)

EP1
o] H
<>

3 component
model

Multi component model




Linear domain 2 implication on model

n
Unbound Granular
Materials (UGM)

EP1
= H
v

Asymptotic behaviour in the small strain domain

1

A
El GKV model El Q‘.'\‘({?
EO EO 0&
EOO
—\/\/\/\/\/ “ ----------- “
19

R

252P1D model

Parabolic
creep
elements

O

Linear domain 2 implication on model

® Properties and calibration of each of the elementary

body (3 dim)

Unbound Granular

Materials (UGM) Bituminous mixtures (BM)

Asymptotic behaviour in the small strain domain

El GKV model _ , £} En
EO EO
-~ | YWWAq
20

0
0& EOO

R

252P1D model

Parabolic
creep
elements

13‘(\0(\
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FOCUS SMALL STRAIN
DOMAIN: SANDS AND
SAND-CLAY MIXTURES

21
Sands and sand-clay mixtures
* 3 component model
El
A “ .
Viscous aspect not treated
A Cf. First Bishop lecture :Prof. Tatsuoka (2011)
* Elastic part
= s elasticity a good hypothesis ?
» In which domain?
= Symmetry of elastic tensor ?
= Anisotropy ? . L 1.e_na€
= Effect of loading path ? Hypoelastic model: de®~M " do
22 = 3 dim Model ?

19/08/2016
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Type of loading path

Monotonic loading curve

Analysed part

. [I" loadi
8? r\]/qéi‘wes;C) S%?)%%ations

Strain ¢ (or y)

Small cycles of different amplitudes (quasi-static) &
waves propagations in different directions (dynamic)

- Access to (quasi)elastic part

Trla)aal « TStaD y » Axial transducer
get

[ ]
Q
=
=
o
]
b o
(el
=N
n
oo
‘s:;-
Y
]
INS

¢ Local strain
non contact t % : _ 4 -
¢ Axial and radijiili Ol e
propagation : Bt | ‘
transducers
® Internal load ¢
pressure trans
Hostun S28
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Dynamic loadings: Triaxial « TStaDy »
* Radial S wave system
Membrane

allic plate Sand
(i itnct with sand) \
Q
[ eemm irection Oa®)
of vibration s A
G0 ‘
%

Bender Element
(ghued] ons plate)

* Axial wave system

TStaDy: Quasi-static cyclic loadings

(&,,<10°m/m) )

©  Axial Strain

0,00001&  Axial Stress
A

m/m)

= 0.,00000

N

-10 H ! :
-0,00001 000000 0.00001

€

0,000

-0.000014

OO

=0, 00000

~0,00001 0,00000 0.00001
Szflllf.llli

26

19/08/2016

13



19/08/2016

TStaDy: Dynamic loadings

* Axialt S waves 1 * Radial propagation
=
= P
z SZI’
5 = Wave S,
©
e _ Wave P,
RS
Eﬂ B Wave S,
tn
PI’

i : Sre

c'- L 1 1 L 1

= 0 200 400 GO0 =00 1000

Time: ps

Hollow cylinder « T4CStaDy »

Independent compression, torsion and radial
pressure for quasi-static loading

14



Hollow cylinder « T4CStaDy » i

Dynamic loading

~ Piezo-electric elements

Different types of global monotonic
loading paths

‘_r_l“zl_ai(l_al_;l“_sza_]z}:‘c Hollow Cylinder : T4CStaDy
I::,"«Compr./Ext.» Y « pure Torsion » « K, torsion » \‘
i «Cor»typetest 1 «T »type test K, » type test |}
ii (c(l(assfi:awﬁaxfal) i «IPHP “Fo> P i
; ] !
:: T V'S . : T -~ T A~ :
I Isotropicistress Anisotropic i
1 o] 1
:i . / i 6,2 o, N ‘ i
Iy > 1 > : > |
I R S | 1
i: i ]l e IS
l\‘\\ Il /l'
Ittt -

0
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Tensor M¢4: small cycles

Torsion cycles

[ Mmed Meqﬁ% 0

rr ro rz ry

Mer Mgg (Mg, Mgy | <0

or
=1 Med naed | aged|psea
Mzr Mze IVlzz M2y 0

s eq \r1ed | \red||\red s
Y A/\/g My Mg | MM 2t "
\ p ) -/

31

Example

C type P=80kPa e,=0,63
Hollow cylinder : T4CStaDy

— R esiss XY
a1 b Lo ‘
,{}J Point 5 : :
/4llp/' tPé)intA 4 Elastic asymptotic
& Poin
/{///Point 2 valuesm% Ly ;

A Point 1

R

4

£000
"" ;
A]IIIII 3

()

IIIII D
05
-
IIIII1 A5

MET M :
32 N Ye Axial strain amplitude (10€)  Shear strain amplitude (10°)

100 1000

100 1000




Elastic Tensor

® For small strain amplitude :less than some 10° m/m

M®I(h, de)= M°®(h)

(hypo)Elastic tensor

33

Elastic Tensor properties

T
. Re=0,7248

* MF°is symmetric

From axial cycles

4/

Toyoura Feommoz
1,09
e
-4 2 0 o
M7(GPa’) (!
0
i s (R RR
From torsion cycles AN SR M_}
* - MM 4
el i ] Jr
. | ()
-+ eq 0 -1,
M'(GPa
34 (P2

Duttine et al. 07
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Example TStaDy: triaxial loading path

Compression
Triaxial Test
70

q: kPa

Isotropic
Consolidation

-
é——é——%—-d‘(
0

q: kPa

Creep

Small Cycles

7
+ waves j
8

o

5 9 / ;
/ Compression
4 it Triaxial Test
0 ;
€%

Example TStaDy: triaxial loading path

Compression
Triaxial Test
0

q: kPa

Isotropic
Consolidation

2 3

Creep

Small Cycles \
+ waves QQ

Compression
Triaxial Test

€4

Q. kPa
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TStaDy: Determination of the elastic tensor

* Hypothesis of transverse isotropy

As, E, r : Ao,
Vi L Vs 0
AN _|E E, E, FAY:
.ﬁfs ey TV 1 0 ﬂo}
V2 A, E, E, E, J2ZAg,,
0 0 L J
2G

(hypo)Elastic tensor: M°h)

TStaDy: Determination of the elastic tensor
* Dynamic loading e Static loadings

Back analysis: transverse isotropy Small axial cycles .
- E (v, —1)
) (v, —1)E, + 21 E, z
eV =6, AGZ ‘
vt E voE, —E, ;
S T T AT E, Vi
-5 £ /
(V)] = :
R 21 +2.) € <2.10° m/m
Y4
'4\experimenta1 data + 2 experimental data
@ @ Resolution by
5= - i optimisation
== J/

e
. .-
Q @ Era Ez9 G? vrz J Vrr !
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Isotropic stress states up to 400kPa during
3 Triax Comp. and 3 Triax Ext. tests
(Hostun sand)

All data : static «» dynamic

1000

o Data (54 points) ; R2=0.99 -y
i o, @)
800 ot /- 5%
= - Ll i |
i Dgoz ST
= GO0 &
= i .
=~ I o7
2 it & y = 1.00 x
- o
2001 Cﬁgy
@
P
0le”
] 200 100 GO0 S00 1000
stat
E :MPa

Z

19/08/2016
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All data : static «» dynamic

04
O Data (54 points) ; R2=0.97 '*\;': 15%

) s
031 ,Oodo : \

oe® |
dyn | | Qq?\
V., 02 - g@o

r oo
0.1} B A
”
7
£
”
0.0 . : . . . i .
0.0 0.1 0.2 0.3 0.4
stat
A\

IZ

Elastic moduli : isotropic loading

450
400
35(]'Isotr0pic Stress State

[Essai: H,100.81p_comp(CREEP)”
3{)(]_1-3«;5: H4400.80p_ext( 'I\']-_'J-Ii'p”

Pluviation Method

& I
= ! Initial anisotropy
ﬂ 250L Er > EZ

: @

200]. Ez

0% o E
150L r
100 200 H00

O =0 :kPa
Z r

21



Poisson’s ratio : isotropic loading

04
' d
|| yn
rz
030 dyn
Vi
dyn
V (]‘2 | 2 EEEEEEEEEEESR . lllllllll . llllllll Jl LR}
& " =
I P R (R P
0,11 - o B
Tamping method
0.0 Isptropic stress state

0100 200 300 200
O = 0O kPa
z T

Isotropic loading (Hostun sand)

* E and G function mainly on e, and p

® Linear evolotion of E & G in semi log scale
= slope «n » =0.45
[- Independent of e and direction (r,z) ]

¢ |“Rather” constant Poisson’s ratio: v ~ 0,2 (Sand)

-
¢ | Initial anisotropy (Er + Ez)

» Depends on fabrication

= Isotropic consolidation keeps Initial anisotropy

\

19/08/2016
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Anisotropic stress states : Triax Comp. &
Triax Ext. tests (Hostun sand)

Elastic moduli : anisotropic stress

600}
_—O—Er

ZStrain
anisotropy

4000~ Q=005

E: MPa

_ (3
200 g~

g/ QI Stress anisofrop
X Al -
(@]

“‘--________6

Al -
| | v \ }Compressicz
N>

Pluviation Method

Pc = 400kPa

Essai: |ll|JINI.HI]I_mrmpt["li -:[f|-’]1J

Essaiz H 400.80p_ ext(( :l![".l":ll']lj

200 400 600

800 1000 1200

O :kPa
Zz

19/08/2016
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Poisson’s ratios : anisotropic stress

2,0

® Viyz Strain anisotropy

16k o Vir, ////////I.Str ss
: anijo ro
V/VO 1!2 ) %/ I tropy

o
0.8 / 5

" E O O
Q@
tene: ECompressio% Tamping Method
()4 ;E enSlOI}
' : Pc = 400kPa
0 400 _ S00 1200 1600

O . kPa
Z

Elastic tensor : Anisotropic stress (Hostun
sand)

* E, mainly depends on stress G;
» Strong anisotropy induced by stress values
= Difference between Er & Ez > 100%

® Poisson’s ratio
» Changein v, with « q »

* Small change in v,, (~ constant)

= much smaller than anisotropy created by o

O[Anisotropy created by € ]

19/08/2016

24



Summary of findings : small cycles

(quasi-static & dynamic)

Initial questions

® [s elasticity a good hypothesis ?  Yes

49

In which domain?

Small strain, less than ~105 m/m

Symmetry of elastic tensor ? Yes

Anisotropy ? Yes

Effect of loading path ?

3 dim Model ?-> Hypoelastic Models @)BGS] and bBGSP]

Only Stress anisotrM If Stress &

de = Mé.do

Yes

Strain anisotropy

Hypoelastic model DBGS
(D1 Benedetto, Geoffroy, Sauzéat)

de = MPBGS do

1
MPBGS = @) (SVZ + tZtSV)

~
l/le;m 0 O 0
0 1o, 0 0
> = Sv =
0 0 /o™ O
0 0 0 lom2g,m?
o _J \

In the principal axes of stress (12 and 23 directions not written)

(from isotropic initial state)

= v,and m : constants

= F(e) : function of the void ratio e

1

-VO 'VO 0 \
'VO 1 'VO 0
'VO 'VO 1 0

0 0 0 1+v,
/

19/08/2016
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Hypoelastic model DBGS
de = MP5%5.do For triaxial test
E = f{ﬂ} G_r. E — f{f_‘} n
_.F::T T Z r PF;-T. r
— 2 f{F} - [ PG_} )n f2
(1 + 1) P
'rr _F?D{l_l_j;) Nr‘f‘:pﬂ

= vy,and m : constants
= F(e) : function of the void ratio e

Hypoelastic model DBG.S@-%Pham)

19/08/2016
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Hypoelastic model DBGSP

MDBGS= 1 (S Zt)
(e) Y

1
MPEES = F(e)(s"ts") |

“Stress” anisotropy

Hypoelastic model DBGSP
MDEGS = ng) (S, +21S)

1
DBGSP — t
M Fie)(s + }ﬁ SV) “Strain” anisotropy

Initial and induced

- Not developed

* No anisotropy from ¢ only from o : MPBGS
- Valid for monotonic loading up to ~ 2%

27



Simulation elastic moduli: Triaxial TStaDy

® Hostun sand
2.0 E,/E, DBGSP(z)
o E/E,
1,5}
E/E DBGS
1,0k 6= ©) 0 !
@] o) o] @}
Pluviation Method
0.5k <}
Pc = 400kPa )
Essai: 1 100.81p_comp(CREEP)"
0.0 i Essii; nllum.xm._.-m(-uli-:l-'.r-.'
"0 400 800 1200
O :kPa
ya

Simulation Poisson’s ratio
20

eV _/V, DEGS a)

pEase (V| f Va)

pease (V[ V)
DBGSP (rz)

E:xtenzion iUDmpreei:m

176__0_ Vrr'lrvn !

w"vD 1,21 v
- DBGS
U 8 . — - i . ‘_-.._'.'
T T T —
L ! ~0
I iati .
0.4} Pluviation Eeani: H400.81p_comp(CREEPY
Pc = 400kPa, | Beeai Hyd00.90p_ext{OREEP)
0 400 800 1200
G kPa

19/08/2016
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1200 . : : . T ~
N s " taDy" & "Triaxial Stady" apparatus /41/1
AnlSOtr:Opyfor bac.k § 1000+ = & Hostun (29 tests) /,/,,,/ |
analysis of dynamic -, D( B ;oo é&{er"
. ERE O A o
loading 3 A
_Z 600 |- ‘%{;’fi_‘f— - ]
E, Dynamic back analysis - 3 &é’? o L
Isotropic g 4o0r A‘,ﬁéﬂ /_\
& 200 Zall -, -
N oo ‘ E, Small axial cycles
.f;—gt’ L R ! 7 ) | £<10°
From 36 TC tests on dI'y % 200 400 600 800 1000 1200
Sand and 4 TC tests on Static vertical Young's modulus E;* (MPa)
1200 ; T . T T -
Sand_clay miXtureS & " aDy" & "Triaxial Stady" apparatus . /A;
%1000 o E 4 ,f{"‘
= anist
S soof ‘&ﬁzf‘ .
E, Dynamic back analysis 5 600 At QAf -
Transverse Isotropic + DBGS model | "z o ;’ b Duttine et al. 07
£ 400 ﬁ?{
C% 200 ﬁ 4 Hostun (m=0.50) (29 tests)
g . e Toyoura (m=0.40) (7 tests)
57 w st +  M15 mixture (m=0.74) (4 tests
0 e 1 1 1 1
What happens with 3% to 6% of viscous glue
58

19/08/2016
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Bituminous mixtures

* multi component model : generalised Kelvin Voigt Model
2S2P1D model

® Linear Viscoelastic (LVE)
= Is LVE a good hypothesis ?

= In which domain & effect of
time and temperature?

= Symmetry of elastic tensor ?

= Anisotropy ? LVE model: d¢ =MLVE do + YLVE dt

= Effect of loading path ?

59 = 3 dim Model ?

Sinusoidal
loading

T/C Complex modulus test
(Linear ViscoElatic [LVE] properties)

| FOR MIXTURES |
g,(t) = e,,sin(wt) 100 10-2
0,(t) = 0y Sin(wt+og) E 50t o1 3
— : g
E5(t) = — gppsin(wt+o,) = 0.0 %
=
E*IECWE =[E*[e!% g 50} -0.1§
e w
01
-100 -0.2

e . .
ph = 22 i :|V*|eJ¢V

€o1 Time (s)

|[E"|, ¢g: norm and phase angle of complex modulus
[v], ¢,: norm and phase angle of complex Poisson’s ratio

0 E(w) and v(w) = fingerprint of linear properties

19/08/2016
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Classical results for E* (similar for G*)

Tests at different : frequencies (from ~ 0.01 to ~ 10 Hz)
& temperatures (from ~ -40°C to ~ +60°C)

¢(Curve in Cole-Cole space or Black space

*| Master curve(s): |E|, ¢(E)

¢ Shift factor(s): a(T)

Unique curves if Time Temperature
Superposition Principle (TTSP)

61
Example of BBSG 50/70: Black curve
= e — 100000
—o0—— 0°C 1
—a— 10°C 10000
—0—— 20°C i*‘ | E*|
—+— 30°C 1000 (MP2)
—X— 40°C :
»i 100
80 60 40 20 0
Phase angle (°)
a unique curve for = temperatures
62
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Example of BBSG 50/70: Cole-Cole

curve
10000 10°C
—— 0°C
5000 a— 10
E2 —o— 20°C

Mpa
(Mpa) W“ x *‘Q\M\ s — 30°C
0 X — 40°C
0 10000 20000 30000

E1 (MPa)
From Black and Cole-Cole planes — a unique curve for = temperatures

Thermorheologicaly simple materials
63 > Respect the time temperature superposition principle (TTSP)

TTSP —Master curve
Complex Modulus (SMA)

1.E+05 -

Modulus

|E*| (MPa)
e
me
-
—m

1.E+04 4

1.E+03 A =

1.E+02 o *
Frequency (Hz)
1.E+01 ‘ L
[aN) - o I N
g g e e e
w w [ H] i
64 o - o - -

19/08/2016
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TTSP —Master curve
Complex Modulus (SMA)

1.E+05

2]
£g . Spifafector a,
x < u X
LE+04 3 ]
s 107 -
© 1
10°4 ®
1.E+03 ] .
o 1 9
5 10
g .
1.E+02 EE 101’; i
‘{w {57 . d —
10°] | C,= 170
1E+01 1 T =10°C h squency (Hz)
© 10°+= ; . . , , , e
o -20 -10 O 10 20 30 40 50%2 2 %
u W ow ow
Temperature (°C) -

Same analysis possible for Poisson’s ratio
- 3 dim analysis

® Cole-Cole space or Black space
N
o\
® Master curve(s): [F! eq,\\\, V], d(v)
e’
: S0
¢ Shift factor(<,. a(T)

66
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modéle 252P1D

r
ComCae 5 Complex modulus for
= BS0T0W100u30 . .
. o =wes  bitumen, mastic and
e ™ muxture
T ol 221D
Hot ®* From -30°C to 60°C
Mixture | o prom 0,003 Hz to 10 Hz
. 10" -
8 Trey ™E | Master curve
[ 4 Mastics “M;;;é"
4
161 (Pa) "Black : f&"" !ﬁ-...
10" - 107 &
o -= ‘-’!i 1 mastigs .
10 - A Sipa = 10
§ Sea ~ : b*}- [ . e /‘
lo » Bitumen e
- N #* W e B5070
o I e ~ = : o B5070LSW 10030
10 ; i S \.@ © — B50T0LSW 100140
s anrobé e > | il oo e B5070LSW100u50
104 Pz Y 10 .""'.I'A1 o B5070LSW100u55
10— s . . 1 #— M5070L100
0 T et . 10° 107 100 10° 10" 10 100 100 10
oy 71(; - ;0_ - 30 40 50 60 70 80 D (°) ety (He)
r
o.ta  Tcoecos] s Em | Complex modulus for
. c=wes  bitumen, mastic and
L Te T maxture
o @ .

® From -30°C to 60°C
@l L] From 0,003 Hz to 10 Hz

0
f}\r LinkK?  wemees
E 4 Mastics
161 (Pa) T \fa#" glﬁ Saee
10" 10
. «_r_«k ) ] / fa ! ,n"
10" F=—_] = 10 4

\ ¥
10 Bitumen ‘k g ]

R ) e B5070
o I N — 10 : o — B5070LSW 10030
10° ; " > ©— B50TOLSW 10040
o darobé Hant puit > N 109 3% o B5070LSW100u50

3 10° o ! e B3070LSW100u35
10* & — M30TOL100

3 1071 T - . T T T T -
10 10 10 10 w10 w1 10 10
10°+ frequency (Hz)
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2S2P1D model (2 Springs, 2
Parabolic elements & 1 Dashpot)

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

69 Di Benedetto & al. 2004, 2007,..
Modeling: 252P1D model (1 dim)
Creep function
L F@)=at"
at. of Huet-Sayegh model By = )"
aGh + 1)
9
GWnstants
» E,, “static” modulus (&o—0
= B, linked to viscosity n E -1
» k, h, 5: form parameters
» 7. time constant, funcjyfon of I § k-
the temperature h
jJ n
Y Eo-E
VL aqw: /|E (lCOT) = EOO + K 0 Ooh 1
@ 1+ 8(ior) ™  +(iwr) ™" + (iopr)”
70

19/08/2016
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Modeling: 252P1D model (1 dim)

/ (Croon Aimetion
Normalised value 8

' 1 3 Gwe )"

f*)__EOO)/(EO - 1+8(]w1-) ki (jwr)~ h+(]wﬁ1_) il G+ 1)
T i S

» E, glassy modulus (»—)

Only viscous® E,, “static” modulus (v—0)
effects (4) (" 3 linked to viscosity n E -E,
= k, h, §: form parameters
= 7:hime constant, function of P % ko~ . parabolic
the temperature hoen e
Only viscous n
& temperture I
effects (1)
* Eqo—E
E (la)T) = EOO + - K 0 - Ogh - 1
1+6(iwr) " + (iw7)™ + (iwfi7r)
" Cf. 3 Dim formulation

2S2P1D (1 dim)

* For mixes, mastics and bitumens
E2(Pa)

1.E+10

= experimental data_50/70 mix
—2S2P1D model

@ Lo

4 E+09 — "‘y"_""-.-" g ;__.H- -

8(shape) H“*\«_ .

8,E+09 ‘

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

.

T (p0s1t10n) - -
@'—0 [Temperature] {

Tl:/é : @

2,E+09

0.E+00 -+ ; ; T r
0,E400 1,E+10 2,E+10 3.E+10 s4e+10  E1(Pa)

72
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Lines : 252P1D modelling | ‘ B C4PIMI (8.8%)
% . 3500 [l C2P1M1(10.2%)
C5P2M1-2 (6.9%)
E* for different types Cole - Cole |Sranze 2
. 3000 1Y . C6P1M2 (11.7%)
< i~ A\ C2P2M2 (11.4%)
O mlxtures J W C2P2M2-2 (6.8%)
2500 - e WV C5P2M2-2 (6.9%)
* Hotand ixes N :
ot and warm mixes L, I e are—
* With/without RAP ~ § oS
* C2P2M7 (7.1%)
1t /Wlt out _E 1500 -4+ X v CAP2M7 (7.4%)
13 = C2P2M3 (7.2%,
* +additive contents & | & s (1% -a%: S
. = ; <« C2P2M4 (7.6%) \
[ ] <] C3P2M4 (7.4% \\
Two voids contents J Corou ra%) \
. o o [> C5P2MS5 (7.3%)
- Same bitumen origin : :
m crn oo 10600 20(I)00
[ ] CSP2M1»(2(6.9°/:) . Real (E )
O C6P2M1-2 (6.8%) .
A CEPIM2 (11.7%) |
L COP2M2 (11.4%)
W C2P2M2-2 (6.8%) f>c / T very 10W
,,,,,, </ C5P2M2-2 (6.9%) ® C2P2M6[(7.5%)
: T O C5P2M6((7.3%)
* C2P2M7 (7.1%) .
= Yo CAP2MT (74%) 2S2P1D m(’)_(iel (1 dim) ‘
o
s 1000 Mg ]
— (AL
i s
e w0
—
10 ——f >0 / T very high
y ‘ 0 / T very hig
73 0 10 20 30 40
9, () Pham et al. (2015)

v* master curves Ve

| % *l & ¢V 0.4

0.3

C4P1M1 (9.8%)

[]
O C2P1M1 (10.2%)
® C5P2M1-2(6.9%
¢)
A

CBP2M1-2 (6.8%
C6P1M2 (11.7%)

C2P2M2 (11.4%)

Vv C2P2M2-2 (6.8%

v C5P2M2-2 (6.9%

>
©
*

£ 02T : St T (SN
| & c2pam3 (7.2%) R N
C7PIMA (7 1%) oA 0
: 6%)| @ C2P2M6 (7.5%) L
f >0/ Tvery high L%) O C5P2M6 (7.3%) 7')
> C3P2M5 (7.4%) | * C2P2M7 (7.1%)
[> CBP2M5(7.3%) | + C4P2M7 (7.4%)
]’ T T T T T T T T T r T T T Pk
‘ P Pl f—)oo/Tverylow‘

Voo > Ego

74

Pham et al. (2015)

fa: (Hz)
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Shift factor

® Same a; for E¥, v*

* Identical origin of bitumen -> close a; for all mixtures

aTexp C4P1M1 (9.8%)
aTexp C2P1M1 (10.2%)

[ |
O
10° ® aTexp C5P2M1-2 (6.9%)
i O aTexp C6P2M1-2 (6.8%)
1 A aTexp C6P1M2 (11.7%)
6 y /A aTexp C2P2M2 (11.4%)
10 L . W aTexp C2P2M2-2 (6.8%)
] X </ aTexp C5P2M2-2 (6.9%)
4 aTexp C2P2M3 (7.2%)
~ 10 ¢ aTexp CTP2M3 (7.1%)
f E | Q 4 aTexp C2P2M4 (7.6%)
o E — <] aTexp C3P2M4 (7.4%)
= 2] g P aTexp C3P2MS5 (7.4%)
5}
¢ 10y Firstimportant output » S cEmet
;;, 3 LI @ aTexp C2P2M6 (7.5%)
k= 03 o, QO aTexp C5P2M6 (7.3%)
f) 10 RN * aTexp C2P2M7 (7.1%)
] } Tu= 15°C } N ¥ aTexp C4P2M7 (7.4%)
1074 Lines : aT WLF
10 — . — . .
-30 -20 -10 0 10 20 30 40 50
o
75 Temperature (°C)
. - * B Gz (102%)
Normalised curves oep-LCole=ColeE'w || JERER
o 2 Gz
E% 0.08 X k‘*"*z 2 Capam2 (11.4%)
: o C2P2M2-2 (6.8%
nor ; C5P2M2-2 Ea.g%;
= a 0.06 @ C2P2M6 (7.5%)
O g T NG T QO C5P2M6 (7.3%)
* _— * ~
= - * C2P2M7 (7.1%)
E nor (E @)/@O)EOO) E S| fr CAP2M7 (7.4%)
— —r ¢ o
g’ 0.04 4 e
. . (0] C2P2M3 (7.2%) 5
® Same origin of £ < Camom T (%
b. 0.02 i C3P2M4 (7.4%)
C3P2MS5 (7.4%,
ltumen P [> C5P2M5 }7,3%;
: 0.00/H : :
- Unique 2S2P1D curve (o) oz o o o (o)
| £>0 /T very high : E*,,,,>0
: nor . * -
'Qes:zszpm modd f > / T very low: E nOI'_1
. T T ® C5P2M1-2 (6.9%)
Second important output | S Capaaita (65%)
p p : Black E*nor A C6P1M2 (11.7%)
T T /A C2P2M2 (11.4%)
o1 wi | : v C2P2M2-2 (6.8%)
: B T v C5P2M2-2 (6.9%)
| 2S2P1D model (1dim) | 5 - o comave 5%
E L 01 % *  C2P2M7 (7.1%)
00 é . Y CAP2M7 (7.4%)
* C2P2M3 (7.2%)
w C7P2M3 (7.1%) L (=
1E-34--| <« C2P2M4 (7.6%) PR*
<] C3P2M4 (7.4%)
» C3P2M5 (7.4%)
[> C5P2M5 (7.3%)
76 1E-4 — Sf ™\

1
0 10 20 30 40 50 60 70 80(

90) 100
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77

- .
. & v¥* Master curves (3 dim)
® Same origin of bitumen *
. . V' nor (V V00)/(\/0 VOO)
- Unique 2S2P1D curve (3Dim)
B C4P1M1 (9.8%)-Tref=15.5°C
5 constants O C2P1M1 (10.2%)-Tref=15.7°C Lines : 252P1D modeling |
E 1.071 @ C5P2M1-2(6.9%)-Tref=17.8°C —‘: L Hines - 252710 modefing
0 O C6P2M1-2 (6.8%)-Tref=17.7C || | y
A CBPIM2 (11.7%)-Tref=15.2°C | | QD’D/
E,o 0.8 A\ C2P2M2 (11.4%)-Tref=15.1°C || T o
CT v C2PaM2-2 (6.8%) Tref=15.2°C [ f?-;""
Vo . /\8 ‘V‘CSEZMZ‘—Z (?.Q‘Vi)—Tréf=15‘.4°C‘ V o i
g > gk L
Voo I".Jo > 00 V5
ur = N i T X®
TTref = ';g 0. 9 3th Output fg
o 1
uw® z | Total descrlptlon of ILVE properties |-
' "‘> 0.2 > CHPZNI5 (7.3%)-TTer= 1C
g = 0 @ C2P2M6 (7.5%)-Tref=14.7°C
o O C5P2M6 (7.3%)-Tref=14.8°C
c * C2P2M7 (7.1%)-Tref=13.5°C
T 0.0 ! ‘ A C4P2M7(74%)Tref=13.5°C
MRAL BULAL AL IURLAL BURLAL BURAL BURLLL UL "'i R e L e AL
107 10° 10* 10" 10’ 10 10 10" 10°

Loading only direction z or hypothesis of isotropy

D14)

78

Modeling 252P1D 3dim & anisotropy

® 2 elastic asymptotic behaviour

EOO

i “Vingy  TViliy
Eroo Eirgo Eliry,
_ | TVin 140 1 Vil 1114y
= ££ % N Eloo EIIoo Ellloo
‘ f >0/ T very high Vir gy =V 11y 1
Bt Eltg, El11oo
1 “Vin, Vi
Eio Eir, Elt1ye
Vi, 1 —Vi1 111,
- %g % - E, E Eyy
— -0 ] ) ]
‘ f > /T very low Viri Vi 1
20 En, Epp,

(Xl*zszpw - Xloo)/(Xlo - Xloo) P + §(jwt) ™+ (jwt) "+ (jwpT) T

Normalised value of each

The skeleton and the
direction do not change
viscous constants
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Anisotropy investigation

Specimens tested in
different directions

79

Measure of complex Poisson’s ratio in 2
directions : loading direction I

RILEM SIB — TG3 - Very few differences

between v, ; & v
Towards load cell 1 1111

Extensometer Section of specimen
”~

Perraton et al. 16

19/08/2016

40



Loading in directions I and I

~Vim
=
Ey
*
I ~Vam
1 \ *
g
. 1
specimen
-
Ey

Strain gauges:

Strain gauges:

2 axial (dir.I) 2 axial (dir. 1)
4 lateral . / 4 |ateral
(dir. 11 & 1) (dir. 1 & I1)
Loading direction
81 Clec’h 10, Di Benedetto & al. 16
Results: a; shift factor
. 4 ForRRier snedul
a .
1.E+06 + *Bf- . o E*(I) (experimental)
\ |
16404 | \.\ Tr_ef = 1Q°C | E*(Il) (experimental)
] i - el (I favimarimantall
1E+02 { Same aq; for E* and v, * in direction i
1.E+00 1 Very close a, and aq, for|direction | & I
1.E-02 4 F’% I ‘ o|v’ (11 (experimental)|
-C,(T-T WLF law with
1604 {log(a,) _ G -T) |
. C,+(T-T,)||C1=23.4 and C2= 163.9
1E—06 Tttt i L T
40  -20 0 20 40 60
Temperature (°C) —
82
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Results: Poisson’s ratio comparison

08 v Vg
07 1 IVi“,“*I : i‘ V“ I* <0.52> 0-26
i A A AA
o ey Vi, | 035 | 0.25
. ] A a LY )“ *
f—’..:_:..'..,fiff“ﬂ"*.il NS A1 @ 025
05 - i \\ g *
v, | vyl PR vin |055)] 027
0.4 | |Vu; | ’31 ~. Possible : Anisotropy !
et e o5 penavior constants
1 T E-Q &%ﬁ
09 3 A B N g S
: Tref = 10°C 1,1 : | Feetpfrah! a‘u R
02 ] T Ty T \\I\‘\I; T T lll; T Hmmi T \HIH% T
1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07 1.E+09
ar.frequency (Hz)
83
Symmetry of
rheological tensor
£-Mo -
Check Symmetry ?

¢ Calculation of absolute
values with calibrated
anisotropic 252P1D
model

84

1.0E-01
Less than 20% on the whole range
LoE02 | Symmetry -~
1.0e-03
*
E;r 1.0E-04
1.0E-05
1.0E-06
1.0E-06 1.0E-05% 1.0E-04 1.0E-03 1.0E-02 1.0E-0
*
Vai
E;
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Dynamic analysis

Computer I
DAQ |device I
|

Signal cundilium

Impact Hammer,

Gudmarsson et al. 15

Dynamic analysis

Optimization of calculated Frequency Response Functions

(FRFs) using FEM calculation - LVE material

30
Dynamic

e
=

"
=

|E"| [GPa]
=

(T T [
Reduced frequency [Hz]

A 20L0°C
e
& 145°C
A& 1927
a
FY
.

(e)

L]
4 L e

A = Seismic (HN)
V = Seismic (252 1D)

Cyclic

s

292°C
393°C
Tens.Compr.
Seismic (HN)

¥

e Seismic (252P10)

Loss modulus [GPa)

=

=

10 20 30 40 50

properties

Accelerometer Impact Hammser]
Soft foam
X

Modulus

Storage modulus [GPa)

Gudmarsson et al. 15
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87

Summary of findings Bituminous
mixtures: complex modulus tests

Initial questions

* Is Linear Viscoelasticity a good hypothesis ? Yes

In which domain & effect of time and temperature?
Small strain, less than ~ 5 10’5 m/m

® Symmetry of LVE tensor ? ~Yes
® Anisotropy ? Yes (small)

Effect of loading path ? Yes (compaction)
3 dim Model ?

\ Model 2S2P1D

PRACTICAL EXAMPLES
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BACK ANALYSIS OF IN
SITU CROSS-HOLE TESTS

in situ cross-hole tests : back analysis

e Saint-Alban Saint-Maurice site:
nuclear power plant

i

Shear wavds
P waves |
i
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45



Type of soils and Cross-hole test results

Shear & compression wave celerities (m.s™)

0 500 1000 1500 2000 2500 3000 3500 4000 450C WT —6m.
0 — T T T T T T T T T T 1T
1 %, m=055 o—" ] sands&gravels%
D, s
-20 ,,,*‘*g\, . D e
s
C &
@] 1 g 1
H T —+—c, (E1-R28E1-R3 averaged)
A o 1
60 \'i, . m=0,65 *~, TG (E1-R28E1-R3 averaged) |
* o — Vo A2
€ o o ¢, =, (PP +  grey sandy
x| -0 i
=807 1 oo marls
g ] b o 1 -99.5
e B S g “~grey sandy marls—
N m=2,1 O/{\j . &limestone
o 121
204 *\2; OO\&Q\ e mgFEY SAndy marls
| ] Ty = m=135 I ° oo &granit 136
T T e
1 Cs (Swaves) C, (P waves)
-160 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

Link between soil and skeleton elastic
tensors

_ =»Undrained conditions
soll

skeleton
do € do’ de
@d* s
@'j :@ij - ik‘Z@

n
it
porostty Water compressibility

M* : DBGS model for skeleton (F(e), n, v)
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Back analysis

® |sotropic linear elasticity

Cp and Cs wave rates
= 2 parameters E, v = E*, vx

® Transverse isotropic linear elasticity

Cp, Cs and evolution with z
=> 3 parameters of DBGS model (m,v,, F(e))

LF ok
> E* vy
93
Back analysis : Isotropic case
Moduli E,E*,G,G*(MPa) v* over estimated
0 1500 3000 4500 6000 9000 10500
0 T T T T T T T T T ™ T T
g _ 10 1 109 gands
1 % C,=4,8.10"Pa =0, 3 agravels ]
20 3. e o703 A O 4
-~ 3
1% % : il
20 H
-40 é BN VE— o : -V .
i o<j 1
604 5 iﬁgh grey sandy |
— £ marls
é ’:Y>£r ’ér E vk
= ~_ a
% 80 — ) E* T
e ‘%:ﬂ s © i ]
-100 o------- ’%% rrrrrrrrrrrrrrrrr -
i : b © sandy marls |
) : &limestone
-120 = SUR -
: candy marls |
ya &granit
-140 : ‘ ! :
0,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6
94 Poisson's ratios, v,v
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Back analysis : DBGS, transverse
1sotropic case vo DBGS

Moduli E,E*,G,G*(MPa)
0 1500 3000 4500 6000 7500 9000

0 T T T T T T T — T
K0=0'h/0'v=0,5 * =042 ¢ 3 sands
o 4 ) av ol 9 &gravels]
204 A= n=0,35; CW=4,8.1O Pa S |
- o : ° ©
o SV

-40 4 o 8 i
R
<%

-60 oy g grey sand_
—_ -037 3 > marls
é Vot =Y ) o)

: O (o]
£ S I3
§. -80 TR g T
X g , N ) o
-100 v S USSP SO PR A ...
K vk = (3 >
% %, sandy marls
[¢] O Qi
e o o &limestone
-120 1 o= = P e S (S < S g
T _§ sandy marls |
&granit
-140 - L - L
05 04 0,0 02 \5/4 06
Poisson'sratios, v*,v

Duttine 05, Di Benedetto et al. 05

LINEAR ELASTIC AND
VISCOELASTIC
CALCULATIONS OF
INSTRUMENTED BRIDGE
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Elasticity versus Viscoelasticity

* FEM calculation orthotropic steel briges : Orthoplus
French ANR project

- Complex modulus & complex Poisson ratio for

surfacing bituminous mixtures
Millau Bridge

< 343 meters

2460 meters

Pouget et al. 10, 12, 15

BACKGROUND

The Millau viaduct: one of the highest bridge in the world

Tests and modeling showed previously

Orthochape® mix
with Orthopréne® bitumen
(SBS-polymer modified)

70 mm

3 mm

Parafor Pont® sealing sheet
Steel deck

12 or 14
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Model for FEM calculation

Linear DBN (Generalized Kelvin-Voigt: n elements)

Vo
Optimization from the ' ]li _E
252P1D model =
k

n,(T) n(T) Voo jJ 1

IN SITU MEASUREMENTS

Studied area

Bézier,

Clermont-Ferrand 8l p
Tl (south;

19/08/2016

(north)

50



19/08/2016

IN SITU MEASUREMENTS

Instrumentation
Top view

-
o -~

W8 (7] 16 |5 4 3~§—T— Clermont
: (north)
| CB5
/ VT
]
] >
1 ) X
1 CB6
I
1

Bidirectional gauges
CB7

7
4

i
L
1
\ =
‘I‘ 4.2 m (‘ \E/ G2 \._./
1
!
i
1
1
1
\

7] G4 \8/ G6 \5/ °

v Gl G3 G5 G7

Cfézir Between crossbeams (CB) n°6 et 7
JRARENRRRY T“ y (south) (located at 20.53 m from CO)

IN SITU MEASUREMENTS

Tests presentation

2 kinds of tests were performed
= Static tests

= Tests under moving loads : 10 km/h & 50 km/h
o Lo
' <. | ¢||
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IN SITU MEASUREMENTS

Axles weighting

AN N s

O ! (I

1 LSS
3 650 5 650 1 3201 320 2 050 1730
axle 1 axle 2 axles 3, 4 et 5 axles1, 3,4 et5 axle 2
The axle 2 is the heaviest
Mass (t)
Static load Wheel load
axle 1 6.4 6.9
e i naw
axle 3 7.0 71
axle 4 7.0 74
axle 5 7.0 7.3
Total 38.1 39.4

3D FE CALCULATION

Meshing and load

Meshing refined
llin instrumente@]wuwu

:

sirve; Déplacement vekon ¢ Frontiene: e-coodunrese [m]
: Déplacement

ILVE case :
13e6 DoF
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3D FE CALCULATION

Bituminous materials behaviors

5 considered behaviors

sotropic Linear ViscoElastic Isotropic Linear Elastic (4)

3D FE CALCULATION

Bituminous materials behaviors

5 considered behaviors

\VEVCE

Orthochape®

11 1
/. 1
o
B ]
= T
20 Speed 50 km/h 0361 i ]

By 11 =% Orthochape” 0.344 i b
10 1 0324 50X 0.45 = 22.I
10° 0.301 10 X O. = 4.

10" 107 10° 107 10" 10" 10" 107 107 10 10”

a,.fréquence (Hz) 1= 110-§ a,.fréquence (Hz)

107 107 107 10" 10° 10" 10° 100 10°
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RESULTS

Example under wheel load

Gauge G3 \,‘ - = - -’\'
Passing 16 -'"—\_5_3_/ G2 \ 7 / G4 \ 6 [ G6\ 5 | \
I \ 1
5—‘:‘1820 /}rlnm \\ P G3 Gs Gy ,"

’

25 200
0 1504
254 Maximum [<=
= = 100
£ E
g -504 £
- 2 50
Wt =T51 o™
® exp. ——ILEO 0
00 LVE ——ILES50
——ILE0O
-125 : - : : . : -50+4 . : . v . , |
0.75 1.00 125 1.50 1.75 2.00 225 250 0.75 1.00 125 150 1.75 2.00 225 2.50
L(s)

L(s)

RESULTS

Summary

4

(" w G2\1/G4\§/ G(’\E/ ’\‘\ | dx = 1. Z7.1m
N G1 G G7

= 1.

1
52 Gs !

180 @ Staticcase " Le-lexp. T ) )
1601 @'dx = 1770 mm -@-1LVE 1 " Good approximation|
1404 + ; :iggo "] of ¢ with viscoelastic
1201 * ILE10&50 1 calculation
E 100+ o
E g “Passing 14 (10km/h) . .
% o " @.dx = 1750 mm = Elastic calculation
: - §. | Tl not adapted for all
o [t i aoriyy conditions
dx = 1820 mm
U T T T T T T
0 10 20 30 40 50

truck speed "v" (km/h)
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CONCLUSION

10

Conclusion

¢ Only behaviour in the linear domain for UGM & BM

* Some developments in the non linear domain presented
in the paper and given ref.

¢ Still need of advanced mechanical tests as
promoted by Bishop

with coupled phenomena: Thermo, Hydro,
Chemio, Bio, Hygro, Electro, .....

Materials are far from having delivered all
their mystery
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Muchas G |
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