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Viscoelastic Analysis of
Hot Mix Asphalt Pavement Structures
G. M. ROWE, S. F. BROWN, M. J. SHARROCK, AND M. G. BOULDIN

A new method of analysis for mechanistic pavement design has been
developed based on improved malerial characteristics. which more
accurately rel1ects fatigue cracking and permanent deformation perfor­
mance. Thc key components of the method involve the (a) dissipated
energy fatigue criterio/l in which the cumulative energy dissipated in
asphaltic materials is directly proportional to fatigue damage. (b) visco­
elastic materials characterization. and (c) pavement analysis using the
finite-elemenl method for determining response to repeated wheel load­
ing. The changing properties of asphaltic materials with temperature arc
a kcy feature of the procedure with temperature conditions being
provided by using a heat Ilow model. Output of the program includes
predictions of percentage fatigue damage and rut depth at various
numbers of load applications.

An improved method of pavement analysis has been developed that

more accurately reflects field performance than many procedures

used in the past. It uses a viscoelastic characterization of the

asphaltic material along with input about traffic. geometry. and

climate. The need for the development of a new procedure is evi­

dent from the lack of prediction capability with existing procedures.

particularly when new or unfamiliar materials are used. For exam­

ple. polymer modified asphalts have different characteristics from

conventional asphalts. particularly with regard to their ability to

exhibit elastic recovery at elevated temperatures. This can be con­

sidered by using a simple rheological model such as the Burgers

model (Figure I). which contains elastic. viscous. and viscoelastic
elements. The combination of elastic and viscous elements in series

is a Maxwell element. whereas arranging the viscous and elastic

clements in parallel is a Kelvin clement. The strain associated with

the viscoelastic element is completely recovered at infinite time.

The introduction of polymers into asphalt materials increases the

proportion of strain that is recoverable after loading and reduces that

associated with the viscous element. Currenl programs used for

pavement design generally rely on clastic analysis. for example. of

layered systems in the Shell Pavement Design Mallual (n. Design

to limit permanent deformation is often related to vertical clastic

strain at the formation level. which is conceptually invalid and.

hence. a semiempirical procedure. It is based on backanalysis of

pavements with known performance. It has been shown (2) that the

measured strain response in pavement experiments is not well pre­

dicted by linear elastic theory. Thus. the use of elastic analysis
methods alone has limitations and can result in incorrect character­

ization of pavement performance.
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A finite-element (FE) program known as PACE has been devel­

oped to perform the computations using viscoelastic material char­

acteristics defined by testing mix specimens with a repeated load

creep test or conducting a frequency sweep test. Strain hardening is

considered by describing the material properties obtained from the

repeated load creep test as a function of temperature and shear strain

expressed in terms of the second deviatoric strain invariant.

Temperature depth profiles for any location are incorporated by

using on FE heat flow model known as HiRoad.

This paper describes the computational functions of the program.

the material models. traffic data. temperature predictions. and

computation procedures.

FINITE-ELEMENT MODEL

The software consists of a core FE program that interacts with other

programs and subroutines that provide information on material

properties. pavement temperatures. and traffic conditions (Fig­

ure 2). The greater part of the existing finite-element code. initially

drawn upon for program development. is based on work described

by Owen and Hinton (3). A brief description of the main features of
the code follows.

The displacement method was adopted. so the unknowns arc

translational displacements at each node in the x and r global direc­

tions. Eight-node isoparametric elements are used. so the same

shape functions arc used for the geometry of the element as for the

variation of the unknowns. Three independent stress components are

allowed at each integration point to cater for plane strain conditions.

Linear isotropic elasticit." is assumed for modeling elastic behav­

ior with Young's modulus and Poisson's ratio part of the input.

Viscoelastic materials are treated as a special case of viscoelastic­

plastic behavior. in which the yield stress in the plastic slider

element. for the onset of viscoplasticity is reduced to zero (see Fig­

ure 3). Elastic material behavior is also obtained as a special case.

by specifying a very large yield stress for the plastic element so that

viscoplastic flow cannot occur.

Wheel loading is applied in increments. At each increment. an

initial solution is obtained with the current ollt-al-balance forces

and a set of pseudo forces generated to drive the viscous flow dur­

ing a subsequent time-stepping process. Each increment of load

therefore makes up an initial solution followed by further equation

solutions at a number of time steps. The size of time step employed

is related to the material properties.

The method by which the basic one-dimensional rheological

model is used for analysis with the finite-clement method is briefly

outlined in the following. Where viscoplastic components are

referred to. these would also relate to purely viscous components.

since the yield stress for plasticity F" can be zero. in view of the

rheological model employed(as illustrated in Figure 3).
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FIGURE 1 Burgers model.

The total strain is assumed to be separable into elastic and
viscoplastic components and. hence. in terms of strain rates:

'!J(F) = F - (T,
CT,

(5)

(I) For the case of purely viscous flow. with zero yield stress for plasticity.

(7)

(6)
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FIGURE 3 Rheological representation of model used.

The resulting viscous strain increment is assumed to be entirely

(shear) deviatoric (no volume change) and proportional to the cur­
rent deviator stresses. The mixture viscosity is. consequentially. a

shear viscosity in these circumstances. This is considered to lead to
a reasonable approximation of viscous flow with viscous or visco­
elastic material behavior. The time stepping is implemented by
dividing the time into n intervals with the strain increment in a time
interval of !:.t" = t"+/ - t". being written in the general form

'!J(F) = F

(4)

(3)

(2)
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FIGURE 2 Finite-element program.

a = DE,

Viscoplastic flow is assumed to occur when a scaler function of
the stress (which is common to the elastic component and the vis­
coplastic component) and/or of the viscoplastic strain exceeds the
scaler yield condition determined by the yield criterion. The yield

condition may also be a function of a strain hardening parameter K.
For flow to occur.

E,p = -y < '?i(F) > (IF
aCT

In Equation 4. iJFliJCT represents a plastic potential and -y is
a fluidity (reciprocal of viscosity). The yield function F is that of
Von Mises and the function F(F) chosen is given by

The viscoplastic strain rate is determined from the current state of

stress by the relationship:

The elastic component is assumed to experience the total stress

acting. and therefore the total stress rate depends on the elastic strain
rate by way of the elasticity matrix D:
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The signiticance of this expression is that when !J = O. the iteration

scheme is the fully "explicit" (forward difference) time integration.

The strain increment is completely determined from the conditions at
the start of the time interval. When !J = I. the iteration scheme is

fully "implicit" (backward difference) time integration. If e = 0.5.

then the scheme becomes "implicit trapezoidal"' and uses informa­

tion from both ends of the time interval. The program currently uses

the explicit scheme of iteration for the integration (IJ = 0).

The algorithm shown in Equation 18 gives a linearized approxi­

mation to the incremental equilibrium. Equation 17. and. therefore.
the total stresses accumulated from stress increments will not. in

general. be quite correct. The technique adopted to reduce this error

and to avoid using an iterative process in the solution. is as follows:
a set of residual or out-of-balance forces ljI"'] are determined for

time n + I from the relation in Equation 19. These residual forces

are then added to the applied force increment at the next time step:

where

(19)
1jJ'" I = fiB'" I r' IT'" ] d!! + f'" I!!

After each load pulse is applied and values of deviatoric shear strain

obtained. a loop in the program is made to the material file where.

for the design temperatures. all the material properties are updated
to be consistent with the second deviatoric strain invariant and the

temperature. Thus. the model is considered to introduce nonlinear

viscoelasticity into the material behavior (strain hardening) with

successive load applications.

Experience has shown that real materials cannot be characterized

by simple models as shown in Figure 3 but. in fact. require more

complex models to explain their behavior. A method of obtaining

more realistic material response. in the context of FE modeling. is

to build up a composite action by using a number of different "over­

lays" of simpler materials. each with different characteristics. The

material to be analyzed is assumed to be composed of several lay­

ers. each of which undergoes the same deformation (strain compat­

ihility). The total stress field in the material is then obtained by a

summation to which each part of the overlay contributes in propor­

tion to the fractional weighting allocated in the total material. In a

two-dimensional situation. the total thickness is taken to be unity

and the weighting for each material simply equals its thickness in

the overlay (4-6). This concept is illustrated in Figure 4.

This technique has been implemented to obtain a model that

will allow input of parameters associated with a generaked

M{uwell model (Figure 5). The initial version of the software uses

properties associated with a two-element Maxwell model with strain

hardening for permanent deformation calculations and a four­

element Maxwell lI10del for fatigue life calculations. With two

elements. a reasonable description of the material is obtained but jf
4 to 10 clements arc used. an excellent tit results over a wider time

range (7).

(8)

(9)

(II)

( 13)

( 14)

(10)

( 12)

( 15)

Equation 2 can be expressed in incremental form as

where

where

C" = IJtJ.f"H"

where

(a . )"
H" = --?: == H" (IT'')

dlT

D.En = Bn D.dn

Equation 4 can be expressed as a linearized series as

The total strain increment is expressed in terms of the displacement

increment as shown in Equation 13 and by substituting for tJ.E:',.

from Equation 10. the stress increment becomes

The general expression. Equation 7. for the strain increment results in

where tJ.fn represents the increment of loading. assumed nonzero

only at the start of time stepping during a load increment.

To obtain a set of global equations in these circumstances. the

conditions of equilibrium are next considered. Using Equations 10

and 14, the displacement increment during a time step is obtained

from the following:

tJ.d" = r K7'J ]~ \I"

where

~V" = f IB"I'L)nE:~pM'dn + tJ.f"II

The parameter K'! is a tangential stiffness matrix defined by

( 16)

(17)

K'; = f IBnITL)nB"dflII
( 18)

Unit thickness overlay composed of 4 materials, 2-D situation

FIGURE 4 Overlay model.
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FIGURE 5 Generalized Maxwell model.

Temperature (degrees Celsius)

FIGURE 6 Typical calculated temperature depth relationship.

Thus, the default value used in the FE heat flow calculations for dif­

fusivity is 6.51 e -7 m2/s. Typical examples for computed temperature

depth profiles are given in Figure 6. These are then used to determine

temperature and damage weighted material properties for design. The

weighting methods are discussed with the performance models.

(20)
Ke

(p X Cp)

KEY:

o Sunrise + 0 hours
x Sunrise + 5 hours
o Sunrise + 10 hours

Sunrise + 15 hours

'" Sunrise + 20 hours

remaining surface heat transfer, using a heat transfer coefficient of
23 W/m2/°C.

The heat flow calculation is done iteratively, employing the previ­

ously mentioned FE method. Typical thermal properties are assumed

for the asphaltic mixture as follows: conductivity (Ke) 1.5 W/moK,

mass density (p) 2 400 kg/m'. specific heat (Cp) 960 J/kgOK.

K=

Those properties are used to obtain diffusivity:
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Climatic factors playa dominating role in asphalt pavement design

procedures since they affect both permanent deformation and

fatigue cracking, as well as other modes of pavement distress. To

enable a rigorous analysis of climatic effects to be introduced, an

FE heat flow model HiRoad was used to generate 24 temperature­

depth profiles, one for each hour of the day. The calculations are

repeated for 12 periods corresponding to each of the 12 months of

the year. The model uses an energy balance calculation with bound­

ary conditions that consist of a heat transfer coefficient used in con­

junction with air temperature, together with a radiation flux, at the

upper surface and a fixed temperature at a l-m depth, equal to the

average monthly air temperature. The computation is started at

dawn, assuming a constant temperature with depth for simplicity.

The heat flow equations are integrated by an explicit time-stepping

procedure, while simultaneously, the heat transfer conditions at the

surface are varied with time according to the predetermined patterns

of air temperature together with direct and diffuse radiation. After

24 hr, dawn is again reached. The temperature-depth variation

found at this time is treated as a new estimate of the starting condi­

tions, and the time-stepping process is repeated for another 24 hr.

[n this way, successive approximations of the initial boundary con­
ditions are obtained. When the initial and final states of the 24-hr

period match closely, the desired solution for the period has been
determined. The radiation at the surface is obtained as follows:

CLIMATE

• Day-a mean value of solar constant of 1,362 W/m2 is

assumed, that is, the radiation intensity normal to the sun's direc­

tion above the earth's atmosphere. This is taken to vary seasonally

by :!: 3.5 percent due to the varying radius of the earth's orbit.

Generally accepted published information on the proportion of the

radiation reaching the ground is assumed, dependent on the eleva­

tion of the sun, the height above sea level, and cloud cover. An

absorptivity of 0.9 is taken for the asphaltic materials.

• Night-A constant reradiation of 120 W 1m2 to space is

assumed. This is developed and terminated linearly during the first

hour and last hour of darkness, to give a pattern continuous with the

daytime radiation input.

An approximate daily variation of air temperature for each month

is constructed from average daily maximum and minimum temper­

atures, with an allowance of plus and minus a number of standard

deviations to cover the required proportion of the extremes, varying

linearly with maximum and minimum temperature over the year.

Together with the computed surface temperature, this defines the




