Micromechanical Modeling of Steady-State Deformation
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Abstract: A micromechanical model for the steady-state deformation of idealized asphalt mixes is presented. Triaxial compression tests
were conducted on idealized asphalt mixes and the volumetric and deviatoric strains were measured. The specimens were observed
dilate under compressive stresses and the deformation behavior was seen to be dependent on the hydrostatic as well as the deviatc
stresses. A simple model for the nonlinear viscous steady-state behavior of idealized mixes is presented based on a “shear box” analog
Predictions of the model are seen to agree well with experimental measurements for a wide range of conditions. An upper bound i
calculated for the steady-state deformation rates within a plane strain half space comprising the idealized asphalt mix subject to a uniforr
pressure over a finite contact strip. The deformation rate varies nonlinearly with the applied load and is strongly dependent on the
hydrostatic stress. Further, the deformation rate is seen to be a maximum at a position about half a contact length below the surface of tt
half space. These findings are in general agreement with wheel tracking experiments on these idealized mixes.
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Introduction aggregate particles as input variables. The imposed macroscopic
strain on the bituminous mix was assumed to be accommodated
The development of a model for the rutting of flexible pavements on the microscopic scale by displacements of adjacent aggregate
relies, at least in part, on understanding the constitutive behaviorparticles in both shear and compression. Employing this assump-
of asphalt or bituminous mixes which are used in the upper |ayers'[i0n, Hills calculated the effective elastic stiffness of the bitumi-
of pavements. Bituminous mixes are complex multiphase materi- nNous mix. The model provides a form for the constitutive equa-
als consisting of a gradation of aggregate, air voids, and bitumen.tions but depends entirely on curve fitting to experimental data to
Constitutive modeling of the deformation behavior of bituminous obtain quantitative information.
mixes using continuurmechanicsas been the focus of research In the spirit of the Hills’ model, Cheung et d1999 used the
among paving technologists for over 50 years. In the past, most ofisolated contact modeling approach originally developed for the
these approaches have been empirical: The structure, applicabilanalysis of Stage | powder compaction to rigorously analyze the
ity, and limitations of various existing models are discussed in deformation behavior of an asphalt idealized as a random distri-
Deshpanddlgg'/) Here we bneﬂy describe a few relevant mi- bution of rlgld Spheres Separated by thin films of bitumen. The
cromechanical models. predictions of the model agree qualitatively with experimental
To the writers’ knowledge the first micromechanically moti- Mmeasurements but the isolated contact model substantially under

vated model was proposed by van der PA€I58 based on the ~ Predicts the “stiffening” effect of the aggregate.
Frohlich and Sack(1946 analysis of the effective moduli of a All the above models provide closed form relations for the
concentrated suspension of rigid spheres in an elastic matrix.deformation response of asphalt. Discrete element simulations
Good agreement with experimental measurements of the dynamid'ave also been employed to gain insight into the fundamental
stiffness(elastio was observed for bituminous mixes with an ag- Mechanisms of the deformation of asphalt; see for example
gregate volume fraction up to 60%. Rothenburg et al(1992. In these models the bituminous mix is
Hills (1973 developed a creep model for asphalt with micro- epresented by a set of discrete elastic particles separated by a
structural variables such as bitumen film thickness between Visco-elastic binder. Computational time constraints dictate that
such models can rarely be used to simulate deformation in a
pavement.
lEngineering Dept., Cambridge Univ., Trumpington St., Cambridge This paper presents a micromechanical model of the deforma-
CB2 1PZ, UK. tion of asphalt that gives a simple analytical constitutive relation
2Engineering Dept., Cambridge Univ., Trumpington St., Cambridge in terms of measurable mix parameters like volume fractions of
CB2 1PZ, UK(corresponding autharE-mail: dc@eng.cam.ac.uk voids and aggregate. The basic approach is very general and in-
Note. Associate Editor: Louay N. Mohammad. Discussion open until yglyes a methodology for combining the measured behavior of
September 1, 2004. Separa}te discussions must be submitted for individuajpa pitumen with some simple assumptions about the behavior of
papers. To extend the closing date by one month, a written request mUStthe aggregate to give a constitutive relation for the bituminous

be filed with the ASCE Managing Editor. The manuscript for this paper . . . .
was submitted for review and possible publication on May 8, 2002; ap- mix. Here for simplicity the model is presented for the steady-

proved on April 29, 2003. This paper is part of theurnal of Materials state nonlinear viscous behavior of bitumen but the approach can
in Civil Engineering, Vol. 16, No. 2, April 1, 2004. ©ASCE, ISSN 0899-  €asily be extended to a more complicated and complete visco-
1561/2004/2-100-106/$18.00. elastic model for the bitumen.
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Fig. 1. Deformation mechanism map for steady-state behavior of 50 Fig. 2. Creep curve showing variation of axial strdig; versus time,
pen bitumen in tensiofCheung and Cebon 1997 from triaxial test on 64% idealized asphalt mix witf+=1.0

rate. The creep exponent=2.3 in the power-law regime of be-
havior for the 50 pen bitumen tested by Cheung and Cebon
(1999.

Steady-State Triaxial Behavior of Idealized Asphalt

Triaxial experiments on idealized asphalt are first detailed in this
section. Insight gained into the deformation mechanisms from
these experiments is then used to motivate a micromechanicalSteady-State Triaxial Behavior of Idealized Asphalt

model for the steady-state deformation of asphalt. Cylindrical specimens of an idealized asphalt comprising 64% by

volume sand particles graded between 300 and 6®0and 4%
Steady-State Behavior of Pure Bitumen by volume air voids were manufactured using the bitumen de-
scribed abovésee Deshpande and Cebon 2000 for details of the
manufacturing processAxisymmetric stress path tests were con-
ducted in a standard soil-mechanics triaxial test cell with the axial
stress2 33 applied by a hydraulic testing machine and the radial
stressy, ;= 2,,, applied via a pressuring fluigvate. The hydro-
static and von Mises effective stresses defined by

In order to develop a micromechanical model for the deformation
of asphalt which is comprised of bitumen and aggregate, the be-
havior of pure bitumen was first characterized. Cheung and
Cebon(1997 developed phenomenological models for the defor-
mation behavior of a 50 pefpenetration grade of the bitumen
bitumen over a wide range of temperatures and strain (Atesn
1989. The relationship between the steady-state stress and strain Sa3t+234,
rate for the bitumen they tested in uniaxial tension is shown in Em:7
Fig. 1 in the form of a “deformation mechanism map.” The map

reveals a range of deformation mechanisms characterized byand

power-law and linear viscous relationships at high strain rates and 3e=[23— 3214 (2b)
Eyring plasticity at very low strain rates. The temperature depen-
dence of the bitumen is diffusion controlled below approximately
20°C and Williams—Landel-FerfWLF) (Williams et al. 195%
governed at higher temperatures.

In this study we focus on the behavior of an idealized asphalt
at 20°C. At this temperature the behavior of the 50 pen bitumen
can be approximated as linear viscous below 0.1 MPa and power
law viscous at higher stress levels. Cheung and Celi687)
extended this uniaxial study to the multiaxial case by conducting _. i X .

Fig. 2 for a stress ratij=1.0 and applied effective stress,

shear experiments on thin annular rings of bitumen. These experi- o . A
=1.7 MPa. The creep curve, which is a plot of the axial stEaig

ments indicated that the steady-state behavior of the pure bitumen . . . X .
versus time, can be divided into three regions: Primary creep

is insensitive to the hydrostatic stress and thus a von Mises rela- . o

tion of the form (—E33<0.01) where the strain rate decreases with time; second-
ary creep (0.04€ —E33<0.025) where the strain rate remains

3[3\"1E constant; and tertiary creep-Ez3>0.025) where the strain rate

_(_) o @) increases. The steady-state creep response of the material is de-

. . ) o fined as the secondary creep strain rate.
is suitable to describe the steady-state multiaxial response of the e steady-state axial creep behavior observed from triaxial

pure bitumen. Herer, ande, are a reference stress and strain tegts on the idealized asphalt at 20°C is summarized in Fig. 3
rate, respectively; whil&j;=applied deviatoric stress;.=von where the steady-state axial strain rate is plotted against the ap-

Mises effective stress %Ei’j ij; and E;;=steady-state strain  plied effective stres&.. Also shown in Fig. 3 is the curve rep-

(29)

respectively, can be varied independently in this setup. Propor-
tional loading stress path tests were conducted for a number of
stress paths defined ®,= —n2., with the value of the param-
etern taking values in the rangg=1/3 (for uniaxial compres-
sion) to n=1.0. At each value of the stress ratiothe effective
stress2,, was varied by over 3 orders of magnitude in order to
investigate the strain rate sensitivity of the idealized asphalt.
Atypical triaxial creep test on the idealized asphalt is shown in

B _
<, 2

Oo Oo
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Fig. 3. Steady-state deformation behavior of 64% idealized asphalt Fi9- 4. Variation of volumetric strairH with von Mises effective
mix at 20°C under various triaxial stress states strain E,, for triaxial tests on 64% idealized asphalt mix. Data are

plotted for all tests conducted.

resenting the uniaxial steady-state behavior of bitumen at 20°Cties of the bitumen. Note that the usual sign convention that a
(from Fig. 1). Since the deformation behavior of bitumen is inde- positive H corresponds to a volume increase or dilation is em-
pendent of the hydrostatic stregsee Eq.(1)] this curve is the  ployed in Eq.(6).

same for all stress states. A comparison of the steady-state behav-

ior of the b!tumen and idgalized asphalt shown in Fig. 3 reveals Steady-State Constitutive Relation for Idealized

that for a given stress ratiqg, the form of the steady-state stress Asphalt

versus strain rate relationship of the idealized asphalt and bitumen

are similar and can be described by modifying Eq_(the power- The dilational behavior observed in the idealized asphalt is analo-
law creep equation employed for characterizing the bityrsan- gous to the behavior of some soils. In this section a microme-
ply as chanical model for asphalt based on this analogy is briefly de-

. , scribed. Readers are referred to Deshpande and Cgll8@9a

Ej 3 (& " ®) for details of this analysis.

€ 2\o, So, Consider a shear-box test on close-packed rigid spheres as

shown in Fig. 5. As the relative shear displacement of the two
halves of the shear box is increaseddoythe two halves separate

by an amountly due to the kinematic constraints imposed by the
rigid spheres: the spheres can shear relative to each other only by
riding up on each other. The quantity/dx indicates the dilation

in the shear zone. In most soils, at large strains, a slip zone de-
velops and shear straining can occur without further dilation as
sketched in Fig. &). A thin layer of soil in the slip zone is then

Here the “stiffening” factorSis defined as the ratio of the steady-
state deformation rate of the bitumen to the steady-state deforma
tion rate of the mix subjected to the same effective stkessSis
a function of the stress ratiq and it varies fromS~ 1000 for
uniaxial compressionn=1/3) to S~2x10* for n=1.0. It is
worth noting that the mix exhibits linear viscous behayieg. (3)
with n=1] for ¥.,<0.1 MPa and power-law behavi¢Eq. (3)
with n=2.3] at higher stresses. Thus, the transition from linear to
power-law behavior occurs at approximately 0.1 MPa for both
pure bitumen and the mix.

The stress ratio dependence of the deformation of the idealized Yy
asphalt suggests that unlike pure bitumen the asphalt does not . lo |
undergo incompressible deformation. The volumetric strain

H = E33+ 2Ell (4)
is plotted as a function of the von Mises effective strain dilation

Ee=3/Ess—Eq4 (5 / -
in Fig. 4, for the triaxial tests conducted on the idealized asphalt compaction
over a wide range of temperatures and strain rates. To within
experimental error, the relation betweldrandE, can be seen to
be simply represented by

() ()

H=sE, (6)

wheres=dilation gradient §~0.75—0.85). This implies that the
dilational behavior is a result of the kinematic constraint imposed
by the aggregate “skeleton” and is not dependent on the proper-

Fig. 5. Shear box analogyta) direct shear box test of granular
materials and(b) variation of normal displacement with shear
displacemenk

102 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / MARCH/APRIL 2004



said to have reached its critical state. A work equation for the 10 .
shear box test on a dry soil can be written as

— constitutive model

TdX—0 dy=po dx ©) of I

experimental results

where pdx represents the frictional dissipation and
—o dy=work done against dilatiorthere a compressive is
taken as positive in line with the usual soil mechanics conven-
tion). The idealized asphalt comprises a dense packing of rigid
particles with bitumen filling the gaps between the particles. As-
suming no frictional contact between the partidles., full lubri-
cation of the particles by the bitumea work equation for the
idealized asphalt, analogous to the shear box test equation for
soils, with the frictional dissipation replaced by the viscous dis- '
sipation is given by n=1/0.78 —F—=

Stiffening factor S

[ R T e L e R e e T,

. . . 2 N
SpH+2cE.=D (8) 100.2 0.75

Here X,H (=0 dy) represents the volumetric works .E,
(=7 dx)=shear or “shape” work; and =viscous dissipation
rate. Fig. 6. Stiffening factorS of 64% idealized asphalt mix as function
It now remains to specify the viscous dissipation rate. The of stress ratior, for selected values of dilation gradiers
idealized asphalt is a particulate composite comprising rigid in- Experimental result$with associated uncertaintare also shown.
clusions and voids in a power-law viscous matrix. The dissipation
rate in the matrix is estimated by employing the Hashin “com-
posite sphere” moddlHashin 1962 for a linear viscous compos-
ite and then transforming to the power-law viscous case using an
upper bound transformation proposed by Sudqaég3; see de-
tails in Deshpande and Ceb¢b999h including a discussion on . € [Ze\" .
the stiffening as a function of the volume fraction of aggregate. EasZg(G—) sign) (11a)
For an idealized asphalt comprising volume fractiensf rigid °

Stress ratio n

To compare the predictions of this model with the experiments
described above this general constitutive relation is rewritten for
axisymmetric stress states. Substituting Bd)) into Eq. (5) and
simplifying using Eq.(6) gives the axial and radial strain rates as

inclusions and volume fraction of voids, the dissipation rat® and
is given by : 2ssign3)—3) -
11~ : —— | Eas3 (11b)
ool . 3 ., (n+1)i2n e 2ssign3)+6
D= | g kH*F E“Ee) [1=(ctv)] (98 respectively, with the stiffening factc defined by
[0}
where (k" + 3) "D 1 (e o)) D2
= - 12)
ssignY)
:E . c [1—sqn]" 1+T
T3 T2 o(1—c23)2 | o
g(l— )— 10 0 HereX =3 ;;—3,; is a measure of the deviatoric stress. Thus, we
S N see that the predicted behavior has the same form as the experi-
21 21 mental data with the stiffening factor a function of the volume
fraction of the aggregate and voids and the stress #gatio
_ v (9b) The predicted dependence of the stiffening fackon the
3 2 v(1—p23)2 stress ration for the idealized asphalt with 64% by volume sand
55T 95 10 is shown in Fig. 6 for three values of the dilation gradisrito
l—68v7’3+ 21 account for the scatter seen in the experimental measurements
plotted in Fig. 4. The experimental results plotted with error bars
and in Fig. 6 agree well with the model fa=0.78: this value ok is
81— 1 within the range of experimentally measured values ofdicat-
oY - (9) ing that the model fits the data well. Similarly, the model was
9 v 1-c seen to accurately predict the triaxial experimental results for tests

The triaxial experiments indicated that the aggregate skeleton©On idealized asphalt mixes with 75% by volume s&déshpande
constrained the volumetric and von Mises strains via €. and Cebon 1999alt is worth noting that the model predicts
Substituting Eq(9a) into Eq. (8) and eliminatingH with Eq. (6) “lockup” of the aggregate with no deformation for any applied

we obtain a constitutive relation for the steady-state behavior of deviatoric stress for a stress ratje= 1/s. This critical value ofn,
the idealized asphalt as shown by the dashed lines in Fig. 6, represents the asymptotes to

the model.
: éo[l—Sn]” e " . . .
Ee=— NI i P (10) Deformation Behavior of Half-Space of Idealized
(2ks*+3p) [1-(ct+v)] To Asphalt

with the volumetric strain rate given by the time derivative of Eq. Numerous researche(s.g., Brown et al. 1980; Monismith et al.
(6). 1988; Collop et al. 1995have evaluated the deformation of a
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Fig. 7. Plane strain half-space model with uniform pressure loading normalised distance z/a

over strip of width 2

Fig. 8. Contours of stress ratiq in plane strain elastic half space
with Poisson’s ratioo=0.25

bituminous pavement by modeling it as a linear viscoelastic lay- mum at the contact patch and decreases with distance from the
ered half space. While these approaches capture the linear rat@gontact region.
dependence of the above constitutive model they ignore the de- e proceed by employing the above stress distribution to es-
pendence on the stress ratj@nd the nonlinear rate sensitivity of  timate the deformation rates pointwise in the half space through
the deformation behavior of asphalt. These factors were seen tahe constitutive relatiofiL0). This stress field satisfies equilibrium
be important in wheel tracking tests conducted by Collop and pyt by using the constitutive relation pointwise to estimate the
Khanzada2001) on idealized gsphalt mixes. ] deformation rate we neglect compatibility of the velocity fields.
There are no known analytical results for the behavior of a half Thjs implies that the method will give an upper bound on the
space of a material with constitutive relatiGt0). Finite element  geformation ratei.e., the actual deformation rate will be lower
calculations with this new constitutive relation will need to be gjnce the constraints imposed by the surrounding material are
performed in order to obtain exact numerical solutions. To ex- neglected. It is worth mentioning here that the above prescription
plore the effect of the dilatancy of the asphalt, an upper bound gives a rigorous upper bound on the deformation rate for a stable

solution is developed here for the deformation rate within a plane material (Drucker 1953 neglecting the effects of cracking the

strain half space subjected to a uniform pressure loaplioger a
strip (—a=<x=a) as shown in Fig. 7.

The stresses at a general point in a plane strain elastic half

space due to uniform normal pressyrever a strip of width 2
are given by Johnso(1985 as

axx=—%[2(61—62)—(sin 20,—sin20,)] (13a)
UZZ:—%[2(91—02)4—(5"1261—Sin262)] (13p)
Oy =V(0yt 05, (1)

Oyy=— %[cos D,—cosD,] (13d)

where 8, and 6, are defined in Fig. 7 and=Poisson’s elastic
ratio. The hydrostatic stress,, and von Mises effective streds,
are then given by

_ Tyt (ryy+ T,

Em_ 3 (143.)

and

3
ze: \/E[(Gxx_zm)z_" (O'yy_Em)2+ (Gzz_zm)z'i'zo')z(z]n
(14b)

respectively. Contours of the stress ratip=—3 /2. with
v=0.25 are plotted in Fig. 8: Stress ratiois seen to be a maxi-

idealized asphalt exhibits stable behaviee Lubliner 1990 for a
discussion on extremum principles

The constitutive relatioif10) specifies the von Mises effective
strain rate for an applied stress state. Noting that the effective
stress at any point in the half space is directly proportional to the

applied pressur@, a normalized effective strain rafAE,3 can be
written as

~ E N1 3
Eez-—e(&) (Eksz—i— Ep,

(n+1)/2
1—(c+o)]n-bP
<\ p ) [1-(ctv)]

Se\"
=(1-79)" — (15)
p
This normalized strain ra1‘:'ee is plotted in Fig. 9 withs=0.78, as
a function of horizontal distancefor various depthz below the

surface of the half space. Interestingly, the deformation rate is
seen to increase with depth initially and then decrease. Contours

of constant, are plotted in Fig. 10. The shaded region in Fig. 10
corresponds to a zone of the maximum deformation rate: it is
approximately a semicircle at a radig=a. At radii R>a the
effective stress is too small to cause flow, whildRata the high
value of the stress ratig means that the idealized asphalt mix has
“locked up” with deformation severely restricted. These findings
are in qualitative agreement with the experimental observations of
Collop and Khanzad&002).

In the analysis described above, the stress state was calculated
with an assumed elastic Poisson’s rat©0.25. A series of cal-
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0.08 T T T taken as experimental inputs into the constitutive model. In par-
ticular, the high volume fraction of rigid aggregate forms a struc-
0.071 A tural skeleton which imposes kinematic constraints on the defor-
: mation, i.e., shear deformation is accompanied by dilation. The
aggregate properties, like the particle shapes and gradation of
sizes, control the exact relation between the shear and dilational
strains. No effort is made to model this complex phenomena in
the model. Instead, the experimentally measured dilation gradient
is taken as an input to the model.

The steady-state constitutive model presented here is shown to
agree well with the experimentally measured steady-state re-
sponse of idealized asphalt mixes over a wide range of stress
states and strain rates. However, there are two main limitations of
the model in the current form{l) The model assumes only
steady-state behavior with all deformation assumed to be perma-
nent and(2) all the dissipation is assumed to be viscous with any
interparticle contact assumed to give rise only to the kinematic
constraint which results in dilation, i.e., frictional dissipation is
neglected. Given these limitations it is worth noting that the
model has been used successfully to predict the uniaxial steady-
state deformation behavior of an asphalt mix with 85% by volume

culations with other values ofwere performed but no qualitative ~ ©f 2d9regate which was cored from a compacted €l@shpande

changes in the results were seen with the deformation rate always.faInd Cebon 2000However, while the steady-state model has lim-
being a maximum in a semicircular zone at a radssa. Thus ited applicability for simulating realistic asphalt behavior under

we conclude that a half space of a material made from the dilatantVNe€l l0ads, the theoretical framework presented here is extend-

asphalt characterized by the constitutive relatip@) is expected ~ 1P1e and more realistic aggregate and bitumen propefées, a
to undergo the most severe deformation below the surface. This isViScoelastic model for the bitumgsan be employed with appro-
priate modifications to the dissipation relati(8a).

similar to contact problems in metal plasticityohnson 1986

0.06
0.05
0.04

0.03

0.02

normalised deformation rate E,

0.01

normalised distance z/a

Fig. 9. Normalized deformation ralée in plane strain half space of
64% idealized mix withs=0.78

. . Concluding Remarks
Discussion

o A micromechanical model which characterizes the steady-state,
In the constitutive model developed here, asphalt was modeled as,qpjinear viscous behavior of an idealized asphalt was presented.
a multiphase composite comprising rigid aggregate, pure bitumen, Ana10g0us to some soil mechanics models it is argued that vis-
and voids. The constitutive properties of the bitumen are taken as., 5 “gissipation and particle interlocking contribute to the
an input into the model and the bitumen assumed to be nonlinéargyrength of the asphalt: at lower triaxialiies the viscous term
viscous. These properties of the bitumen can be modified {0 sayyominates, but with increasing hydrostatic pressure the strength
that of mastic(bitumen plus fillef using the model derived in ¢ the mix rises dramatically until “lockup” is achieved. In the
Deshpande1997). Similarly some aggregate properties are also mjicromechanical model presented the viscous dissipation was es-
timated from a nonlinear composite theory in terms of the volume
fraction of the aggregate and voids. The interlocking term was
estimated from the measured dilation of the idealized asphalt
mixes. Good agreement between the model and triaxial experi-
ments on an idealized asphalt mix was seen over a wide range of
stress states and strain rates, with the only inputs to the model
being the properties of the bitumen, volume fractions of the con-
stituents, and thémeasuregldilation gradient of the aggregate.

To gauge the implications of this dilatant constitutive relation,
the deformation rates in a pavement were modeled approximately
using a plane strain half-space analysis. The maximum deforma-
tion rate was seen to occur below the road surface and at a radius
equal to about half the contact width of the loading strip.

This study represents a first step towards a more complete
micromechanical model for asphalt. The framework presented
here can be extended to the transient and cyclic behavior of as-
phalt which is more relevant to the rolling load situation in roads.
These issues will be addressed in future studies.

normalised distance z/a
—

Fd
n

normalised distance z/a
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