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Modelling of low-temperature behaviour of cracks in asphalt pavement structures
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This paper examines the transient stress analysis of a multilayer pavement structure subjected to heat conduction and asso-
ciated thermoelastic effects by the cooling of its surface. In particular, the layered structure contains a transverse crack which
can be created either during the construction of the pavement or during its service life. The numerical treatment of the tran-
sient stress analysis is achieved using a finite element scheme, which models the heat conduction and thermoelasticity of each
component in the layered system and the singular stress field at the extremities of a crack. The numerical scheme is applied
to examine the manner in which the propagation of an existing crack is influenced by the thermoelastic mismatch between
the layers adjacent to the crack location. The analysis also illustrates the influence of the thermoelastic mismatch between
a cracked pavement and an overlay, in the suppression of crack propagation.

Key words: fracture mechanics, pavement structures, low-temperature fracture, transient thermal effects, finite element
modelling, stress intensity factors.

Le présent article traite d’une analyse des contraintes transitoires d’une chaussée multicouche qui a été soumise  la conduc-
tion de chaleur et a subi les effets therrnoélastiques associés au refroidissement de sa surface. De fagon plus précise, le sys-
teme en couches comporte une fissure transversale créée soit durant la construction de la chaussée, soit durant sa durée de
vie utile. Le traitement numérique de I’analyse des contraintes transitoires est réalisé par la méthode des éléments finis qui
permet de modéliser la conduction de chaleur et la thermoélasticité de chaque composante d’une systéme en couches, ainsi
gue le champ des contraintes aux extrémités d’une fissure. Le processus numérique est utilisé pour examiner comment les
conditions de propagation d’une fissure existante sont influencées par le déséquilibre thermoélastique entre les couches adja-
centes a la fissure. L’analyse démontre également I’effet du déséquilibre thermoélastique entre une chaussée fissurée et un
recouvrement, dans 1’élimination de la propagation des fissures.

Mots clés : mécanique des fissures, chaussées, fissure de température basse, effets thermiques transitoires, méthode des

éléments finis, facteurs de I’intensité des contraintes.
Can. J. Civ. Eng. 17, 844858 (1990)

1. Introduction

The evaluation and prediction of the performance of asphalt
pavement structures subjected to low-temperature effects is of
fundamental importance to efficient pavement design. In this
regard, the subject of low-temperature cracking of asphalt
pavements has received concerted attention over the past three
decades (Humphreys and Martin 1963; Haas and Topper
1968; McLeod 1970; Haas 1970; Shahin and McCullough
1972; Carpenter et al. 1975; Carpenter 1976; Carpenter and
Lytton 1978). Recent initiatives in terms of a comprehensive
assessment of factors influencing low-temperature-induced
transverse cracking are summarized in an Asphalt Institute
research report (Asphalt Institute 1981). The international
conferences on paving in cold areas (PICA 1982, 1984, 1987,
1990) also document recent advances in the modelling, design,
field investigation, and laboratory observations pertaining to
the initiation and propagation of low-temperature-induced
transverse cracking of asphalt pavements. Since the above
references contain extensive accounts of literature pertaining
to the subject, no attempt will be made to provide a compre-
hensive bibliography.

Note: Written discussion of this paper is welcomed and will be
received by the Editor until February 28, 1991 (address inside front
cover).
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fTraduit par la revue]

When an asphalt pavement surface is subjected to sudden
cooling, thermal stresses develop in the asphalt layers. The
degree to which such stresses manifest depends on the degree
of restraint offered by the various components of the pavement
structure and their relative thermal and elastic properties. The
thermal stresses induced within a pavement structure diminish
with time in situations where the asphalt exhibits stress relaxa-
tion phenomena. In the low-temperature range, however, the
temperature-induced stresses, in general, do not diminish sig-
nificantly with time. The physical condition and the thermo-
mechanical properties of the asphalt layer, therefore, govern
the development of low-temperature cracking of the layer
(Sugawara et al. 1982). The low-temperature performance of
a pavement structure is influenced by a variety of factors.
Some of the factors that exert an influence on either the pro-
cess of transverse crack initiation or its subsequent propaga-
tion are classified as follows:

(a) the initial condition of the pavement, defined in terms of
density, porosity, permeability achieved in the in situ com-
pacted state, and degree of damage, in terms of micro-cracks,
that may be induced during the compaction process;

(b) the thermomechanical properties of the separate phases
(i.e., asphalt and aggregates) constituting the asphalt mixture,
defined in terms of thermal expansion and contraction proper-
ties, heat conduction characteristics, temperature-dependent
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elasticity, viscoelasticity, creep, and strength characteristics
of the separate phases;

(c) the thermomechanical properties of the subgrade mate-
rials, defined in terms of heat transfer, moisture transfer, and
temperature-dependent deformability characteristics of the
subgrade materials;

(d) the thermomechanical properties of the asphalt compo-
site, defined in terms of thermal expansion and contraction prop-
erties, heat conduction characteristics, temperature-dependent
elasticity, viscoelasticity, creep, and strength characteristics
of the compacted asphalt;

(e) the thermomechanical properties of the interfaces, defined
in terms of elasticity, creep, and frictional and delamination
strength characteristics of the various interfaces encountered
in the pavement structure;

() transient thermal effects, defined in terms of daily or
seasonal variations (especially rates of change) in the surface
temperature of the pavement structure;

(g) transient loading effects, defined in terms of loading
patterns consistent with traffic-induced static and dynamic
loads;

(h) degradation phenomena, defined in terms of cracking in
the asphalt pavement structure, delamination at the asphalt
layer and sub-base interface, embrittlement of the asphalt, etc.

A rigorous treatment of all of the above factors, with a view
to predicting the time- and temperature-dependent occurrence
and propagation of transverse cracking in an asphalt layer, is
an extremely difficuit task. Even if the mathematical model-
ling of the process involved can be accomplished, the deter-
mination of specific material functions, which are required for
engineering use of such models, presents a complicated exer-
cise in materials testing. Prior to considering such comprehen-
sive and all-encompassing models that attempt to predict
transverse cracking phenomena, it is instructive to identify
certain plausible elementary models which contain salient
features about the propagation of existing flaws in a damaged
asphalt layer.

This paper focuses on the transient stress analysis of a pave-
ment structure subjected to heat conduction and associated
thermoelastic effects. The thermoelastic modelling of asphalt
pavements is, of course, a relatively elementary model of the
thermomechanical behaviour of asphalt materials subjected to
the range of temperatures encountered in a pavement struc-
ture, especially to that leading to the low-temperature environ-
ment. It is meant to serve as a preliminary study which will
be extended, in future investigations, to accommodate com-
plete thermoviscoelastic or thermoviscoplastic constitutive
responses. The numerical analysis of the transient thermo-
elastic effects is performed using the finite element method.
Transient effects occur by virtue of time-dependent tempera-
ture fluctuations at the surface of the pavement structure. In
modelling damaged pavements, account is taken of surface
cracks that are already present in the surface asphalt layer and
(or) within a newly placed overlay. The numerical analysis of
damaged pavements focuses on the evaluation of time-
dependent stress intensity factor(s) at the crack tips. This is a
measure of the energy released while propagating the crack
further. The fracture criterion for the propagation of the crack
can be assessed in relation to a critical stress intensity factor,
which may be derived experimentally. At critical conditions,
the stress intensity factor is a measure of the fracture tough-
ness of the material. It should be noted that the paper addresses
the problem related to the mechanics of a crack that is present

in the layer during thermal loading. The actual process of initi-
ation of such cracks in intact pavement structures is important

-and is relegated to further studies.

2. Fundamental equations

We consider the class of classical coupled-thermoelastic
problems, which have been treated quite extensively in the
literature in solid mechanics (see, for example, Kovalenko
(1969) and Carlson (1972)). The displacement equations of
equilibrium governing the thermoelastic problem for a region
D are given by

1 ™+ wuy +puy—BT; =pid;  x €D

where \ and p are the isothermal values of Lamé’s constants,
B is the thermoelastic coefficient, p is the mass density, and
¥; and T are respectively the unknown displacement and tem-
perature fields which are functions of position, x;, and time,
t. The subscripts indicate directions x, y, z (1, 2, 3), and
repeated indices are summed over the range of subscripts. The
dot indicates a time derivative and a comma indicates a partial
derivative with respect to the spatial variables. The general
heat conduction equation, which includes the heat source (or
sink) term due to mechanical effect, can be written as

2] (T),~pcT —(T-T)Bey+Q=0;, x €D

where k is the coefficient of thermal conductivity, ¢ is the
specific heat, Q is the heat source term other than that due to
mechanical effect, and Tj is the initial temperature distribu-
tion when the medium is unstrained. The linearized strain
tensor is defined by

Bl = %(ui,j +u)

and the linear thermoelastic stress—strain relationship takes
the form:

[41 oy = Cyuen — B(T — Tp)d;

where §;; is Kronecker’s delta function. It may be noted that
for an isotropic elastic material, Cyy = (N0 + pd;dy +
1dy0;). In situations where mechanical deformations induce
little change in the temperature of the body, the thermoelastic
term in [2] is O, that is, (T — T)B¢; = 0. We shall also
restrict our attention to the class of quasi-static thermoelastic
problem in which the inertia term in [1] can be neglected, that
iS, pli; = 0.

The reduced forms of the governing differential equations
[1] and [2] are subjected to the following boundary and initial
conditions. The boundary conditions for the heat conduction
problem are

51 T=T, x€S§
6] k=3 «xe€s
an

where 7 is the temperature on the surface S;, 7 is the rate of
heat loss at the boundary S;, » is the outward unit normal to
Sy, and §; U §, corresponds to the surface S of D.

For the elastic problem, the boundary conditions are

M w=w x €S8
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where 7; corresponds to the boundary displacement on S3, P,
are the boundary tractions on Sy, and $3 U S; corresponds to
the surface S of D. The initial temperature in the body is set
equal to 7. Also, the parameter 3 can be expressed in terms
of the isotropic elastic constants, A and g, and the coefficient
of thermal expansion, «, as follows:

91 8=0N+2pa

3. Finite element modelling

The solution of the equations of transient thermoelasticity
described in Sect. 2 can be approached in many ways. These
include analytical methods based on integral transform tech-
niques and numerical methods based on finite difference, finite
element, and boundary integral equation techniques. In view
of the finite geometries associated with the modelling of the
pavement structures and the crack regions present in such
regions, it is convenient to adopt a numerical method of stress
analysis based on a finite element formulation. In particular,
a Galerkin finite element technique is adopted in the develop-
ment of the numerical procedures.

3.1. The Galerkin formulation

In the quasi-static thermoelastic problem, the thermal and
the elastic problems can be considered independently. There-
fore, 6T and 6u; can be considered as the variation functions,
for the problem defined in the previous section, and the cor-
responding Galerkin expressions can be written as

_ N T .
oy | sriary, —pet1 o = jsz 6T<ka—n - q) ds
and

(11§, sutoy; by a0 = | u(P, — P) ds

respectively. Integrating by parts once the first term of [10]
and [11], we obtain

21 | (k7.1 + pestt) b - | , 3Tq dD =0
and
(131§ [oegoy + bub) dD 554 5u P, dS = 0
Equation [13] can be written as
[14] | [66yCymeim + Sty + 86;8(T — T3] dD
- 554 su;P, dS = 0

Equations [12] and [14] are the required variational expres-
sions for the finite element discretization. Consequently, they
can be written in a discretized form as

sy I {jF 8T.T; + pcdTT] dD

and

(6] X {jF [8€;Cimerm + Sub; + de,8(T — T)5;] dD

- SFeﬂSI‘ ﬁuiﬁi dS} =0

respectively, where F, is an element such that

[17] D= );Fe

For two-dimensional problems, one can use the following
representations:

[18] T=[N{T};

u, N, O u|"
[19] =
| uy 0 N, u |

aT Ny

91 OlNT By,
ox ox
[20] 5 = ) {r}:= {T}:
T Ny
g2 =T Br,
| 9y dy &
and
¥ n —
%& 0 B, 0]
n n
€ u U,
211 ley| = |0 @l |7 = |0 B,
€y dy u, . u, .
% ,‘?I_Vz B. B
| oy x| L T

Equations [15] and [16] can be written as
[22] 2 (8T} UK HTY: + Mrrle{T Y — (Pr}1 = 0

and
ou, -
31 || gl + IKEALTY: — {To)e)
Y 4

- {P u} Z] =0
respectively. Also, { }* indicates the transpose of the matrix.
After summation and considering the variations, we obtain

(241 KpH{T} + M){T} = {Pr}

and

251 [K.J{U} + [K{T} = {P.}

where the global matrices are

[26] [[K7r); [Kul; IMrr); [Kurls {Pr}; {Pu}]

= z;[[KeTT]; [Ke,1; M47); [Ker)s {Pry% {P.}M
The element matrices and vectors are

27) [Ksl =, kiB* [B;] dD
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FiG. 1. Flaw opening and flaw shearing fracture modes.

L8l (ke = |, 1B1*IC1 B, D
291 (M57l = §, pelNpl* (N7l dD
(301 (Kepl = |, BUB,I* N aD

Bl (Ps} = |, s N7 a5

and

B2 (P} =, g NI* Py s - |, NI (b} D

where

33] [B,]=
B,

This completes the formal finite element development of the
coupled matrix equations governing the temperature and dis-
placement fields within a finite element domain.

4. Time integration and iterative schemes

To obtain the recurrence relations for the time domain of
[24], we can apply the scheme proposed by Zienkiewicz
(1977):

[34] {T} = [{T,,} — {T}1/At
and
B351 {T}=(-NAT}+f {T.,}

where Az is a time step and f is the weighting factor such that
0 < f < 1. Therefore, [24] can be expressed as

[36] [[Myp] + fAt [Kppd] {T, 3 = {P,} At
— [IM7] + (1 = HAt [K, 11 {T}

The general expression for the equilibrium equation can be
written as

[37] [Kuu] {ur+At}i+l = {Pu} - [KuT] {7:+At}l

where { is the iteration number. An example for the need for
iterating [37] is the possibility of separation at the interface of
two different materials.

5. Failure and fracture concepts

The transient thermoelastic stress analysis technique and the
associated numerical developments presented earlier can be
used to examine the performance of a defect such as a crack
located in the asphalt layers of a composite pavement struc-
ture. Attention is restricted to the two-dimensional configura-
tion of the pavement which exhibits a state of generalized
plane strain. When flaws are present in the asphalt pavement,
the conditions that cause such flaws to propagate, in a brittle
fashion, can be determined by linear thermoelastic fracture
mechanics. Fracture mechanics concept introduces, by analyti-
cal considerations, the magnitude and distribution of the
stresses around the crack tip of an idealized crack, as a func-
tion of the crack size, the elastic properties of the material, and
a parameter referred to as stress intensity factor. The stress
intensity factor accounts for the manner in which the crack
affects the state of stress at the crack tip. The magnitude of the
stress intensity factor reflects the state of stress associated with
the mode of loading of the crack. For a state of plane strain,
two modes of fracture can be identified: the flaw opening
mode (K;) and the in-plane flaw shearing mode (Kyy) (Fig. 1).
The criteria for the propagation of the crack can be assigned
by considering experimentally derived critical values of the
stress intensity factors (K{ and K{)) individually or in a mixed
mode. The critical values of the stress intensity factors are
directly related to the fracture toughness of the material in the
respective modes.

As shown by Sih and Liebowitz (1965}, the classical solu-
tion for the elastic displacement field in the vicinity of a crack
tip, as shown in Fig. 2, can be expressed as
[38] —_yu =K, {cos ¢ [y — 1) cos 6/2 — cos 36/2]

NG
—sin ¢ [(2y + 1) sin 8/2 — sin 36/2]}

+ Kj; {cos ¢ [(2y + 3) sin /2 + sin 36/2]

+ sin ¢ [(2y — 3) cos 6/2 + cos 36/2]}
[39] —#_y =K, {sin¢ [y — 1) cos /2 — cos 36/2]
14 T

+ cos ¢ [(2y + 1) sin 6/2 — sin 36/2]}
+ Ky {sin ¢ [(2y + 3) sin 6/2 + sin 36/2]

—cos ¢ [(2y — 3) cos 8/2 + cos 36/2]}

where (r, 8) are the polar coordinates centered at the crack tip
and ¢ is the inclination of the crack to the x axis. The
parameter <y is defined as

_ 3 —4v
[40] v = {(3 - /(1 +7)

(plane strain)
(plane stress)

Chan er al. (1970) applied the conventional finite element
technique to determine the stress intensity factors at crack tips.
However, a very substantial refinement of the finite element
mesh around the crack tip was required. An accurate value of
the stress intensity factor can be obtained by the quarter-point
element such as that given by Henshell and Shaw (1975) and
Barsoum (1976). The special enriched element with the values
of K| and K7 included in the solution was first formulated by
Benzley (1974) and then extended by Gifford and Hiiton
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(1978). Another group of researchers, for example, Tong
et al. (1973), Atluri et al. (1975), and Lin and Mar (1976),
applied the hybrid element approach to obtain the stress
intensity factors.

In this study, the quarter-point element (QPE) is applied to
determine the stress intensity factors. The QPE can reproduce
the «/r type displacement variation in the vicinity of a crack
tip (as given by [38] or [39]). This is achieved by placing the
mid-nodes adjacent to the crack-tip node at the quarter posi-
tions as shown in Fig. 3. In this case, the correct order of
stress singularity can be reproduced. Also, the full con-
vergence and conformity of the elements are preserved. To
use QPEs efficiently, the following considerations should be
observed: (i) the size of the QPE relative to the crack length
(15% —25%), (i) the number of QPEs enclosing the crack tip
should be at least 5, and (ii7) the use of proper transition ele-
ment’s size.

Murti and Valliappan (1986) provide further guidelines to
the considerations (i) —(iii). Numerical values obtained by an
efficient use of QPE should be within an error bound of 5%.

Using the QPEs, the stress intensity factors can be evaluated
by the nodal displacements along rays emanating from the
crack tip and by equating the coefficients of +/r in [38] or [39].
For ¢ = 0°,

2y — 1) cos /2 — cos 360/2
@11 K {(27 + 1) sin 6/2 — sin 30/2 }

= 4"‘ {4ux2 - ux3 - 3ux] }
2% 4uy2 — Uy — 3uy1

and

—(2v + 3) sin 8/2 — sin 38/2
[42] Ky {(27 — 3) cos 6/2 + cos 36/2
_ 4u {4ux2 T Uy T 3uxl}
A /Ziz X g 4uy2 - u_,v3 —3u

with [; = I; or I/, defined in Fig. 2. When 6 = 0° or 180°,
stress intensity factors must be evaluated by the nonzero com-
ponent from either [41] or [42].

6. Modelling of low-temperature behaviour of a cracked
pavement structure

The finite element technique presented in the previous sec-
tion is applied to study the low-temperature performance of a
variety of pavement structures which contain overlay and rein-
forcement features. The basic pavement structure considered
in the investigation consists of an asphalt layer underlain
sequentially by a compacted base and a subgrade. The asphalt
layer contains a crack of finite length. The lateral extent of the
pavement structure is considered to be infinite. For the
purposes of numerical modelling, however, the pavement
structure is assigned a finite lateral dimension. (The lateral
dimension L = 32h,, where h, is the thickness of the asphalt
layer.) The entire pavement structure is provided with a lateral
restraint (Fig. 4). The provision of a lateral restraint, in
general, results in the development of the most adverse condi-
tions for the propagation of the crack. When the constraint is
remote from the crack location, the far-field stress state
induced at the constrained boundary corresponds to that
induced in an intact pavement structure, which is biaxially
constrained and subjected to thermal loading. Alternatively,
the provision of frictionless constraints results in a cracked
pavement where cracks occur with a periodicity of L/h,. For
purposes of numerical computations, it is, of course, neces-
sary to assign specific values for the thickness of the asphalt
layer, the compacted base, etc. In this paper the thickness
ratios have been assigned by selecting a typical pavenient con-
figuration. Certain mechanical and thermomechanical proper-
ties of the asphalt layer, the compacted base, and the soil
subgrade have also been assigned typical values reported in the
literature (see, for example, Kallas and Shook (1977) and
PICA (1982, 1984, 1987, 1990)). These results are summar-
ized in Table 1.

In certain types of the problems examined in the paper, we
shall consider the influence of an asphalt overlay on the ther-
mally induced fracture mechanics of the asphalt layer. To treat
this category of problems, it is convenient to specify the thick-
ness of the overlay in relation to the thickness of the asphalt
layer. Here again, a typical thickness ratio is investigated. The
elastic modulus and the coefficient of thermal contraction of
the overlay material are considered to be variables. The paper
also treats certain problems in which a reinforcing layer is
incorporated between the asphalt overlay and the asphalt layer
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FiG. 4. The pavement model.
TaBLE 1. Material parameters utilized in numerical modelling
Parameter Asphalt Asphalt Compacted Soil
(Units) overlay layer base subgrade
G; (N/m?) Variable 2.25 x 107 1.12 x 107 0.45 x 107
v, 0.3 0.3 0.3 0.3
pic; 3/(m? - °C)) 1.5 x 10° 1.5 x 108 4 x 10% 5 x 10°
k: (J/(m-s- °C)) 1.1 1.1 1.2 1.5
o (°O)! Variable 2 x 107 2 x 107¢ 2 x 107

849

at the location of the crack. Also, in this case, the elastic stiff-
ness of the reinforcing layer and its thermal contraction
properties are considered to be variables in the problem.

Problem I: thermal loading of the cracked asphalt layer
We first examine the case of a cracked asphalt layer of thick-
ness h,;, which is underlain by a compacted base of thickness
h; and a deep soil stratum. The surface crack has a length ;.
Perfect bond conditions are assumed to exist between the inter-
faces of the layered pavement structure. The surface of the
cracked asphalt layer is subjected to a temperature reduction,
which has a specified time history. The temperature at the
entire surface of the asphalt layer is assumed to vary with
time. Three specific types of variations are considered. In the
first category, the temperature at the surface is subjected to a

rapid reduction in the form of a step function of time, that is,

the surface temperature variation, Ty(?), is given by
(0 = T; t<0

[ 43] s 0
I,(H) = Ty t>0

In the second example, the surface temperature of the asphalt
layer is gradually varied from an initial value of Tj to a final
value of T;. In particular, the surface temperature is varied in
an exponential fashion, that is,

I(t) = T; t<0
(=T~ (I — T)(1 — e™'/"); t>0

where 7 is a characteristic time. For example, in the numerical
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F1G. 5. The finite element discretization of the pavement structure.

computations, the value of 7 is chosen such that, for all prac-
tical purposes, the final surface temperature, 7;, is reached
within 16 h. In the third category, the surface temperature is
assumed to vary in a sinusoidal fashion, that is,

T = Ty r<0

45

T ) = - @ - T sl 1> 0

where t* is a characteristic time factor. Here again, in the
numerical computations the time factor is chosen so that the
surface temperature, 7%, is reached within 24 h. In all cases,
the surfaces of the crack are also assigned the variations
described by [43]—[45]. In the numerical investigation, the
surfaces of the crack are assigned a zero heat flux condition,
corresponding to the state of symmetry. In effect, this bound-
ary condition assumes that the ambient temperatures at the sur-
face of the asphalt layer are not experienced directly by the
surfaces of the crack.

The transient finite element analysis can now be performed
to evaluate the time-dependent temperature, displacement, and
stress fields within the pavement structure. The finite element
mesh configuration used in the analysis is shown in Fig. 5.
The elements themselves are of the eight-noded quadrilateral
type and the special element described in the previous section
is incorporated at the crack tip. The results of primary interest
to the fracture studies concerns the time-dependent flaw open-
ing mode stress intensity factor at the crack tip. The time-
dependent variations of the flaw opening mode stress intensity

factor at the crack tip, derived for the three variations of sur-
face temperature described by {43], [44], and [45], are shown
in Fig. 6. The stress intensity factor is an indicator of the pro-
pensity for the propagation of the crack. The higher the value
of the stress intensity factor the greater the susceptibility for
crack propagation. The following observations can be made
with regard to the above results. When the surface of the
asphalt layer is subjected to a time-dependent variation in
the surface temperature, the stress amplification, as indicated
by the flaw opening mode stress intensity factor, exhibits a
corresponding time-dependent response. Owing to the heat
conduction process in the pavement system, the stress ampli-
fication exhibits a time lag. The magnitude of the time lag
depends on the thermal conductivity parameters of the various
components of the pavement structure. Approximately the
same maximum value of the stress intensity factor at the crack
tip is attained for all three variations in the surface temperature
of the asphalt layer prescribed by [43] —[45]. This observation
suggests that the maximum value of the stress intensity factor
at the crack tip can be obtained by specifying the surface tem-
perature reduction simply as a step function of time. Therefore
in all subsequent problems, the influence of a temperature
reduction at the surface of the asphalt layer is accounted for
by specifying a step function type variation, in which T} is
assumed to be the minimum surface temperature encountered
in a temperature history. The flaw opening mode stress inten-
sity factor at the tip of the crack located in the asphalt layer,
K@, (without the modifying influence of an overlay or rein-
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FiG. 6. (a) Time-dependent variation of temperature at the surface
of the pavement structure (A — sinusoidal variation of temperature
with time, B — exponential variation of temperature with time, and
C — step function variation of temperature with time); (b) time-
dependent variation of the flaw opening mode stress intensity factor
at the crack tip.

forcement) is the parameter of primary interest. The manner
in which K{ is influenced by the crack dimension hL/h; is
illustrated in Fig. 7.

Problem II: influence of an uncracked overlay

As the second example, we consider the problem of an
asphalt pavement structure with a surface crack of depth 4,.
An asphalt overlay is constructed on the cracked pavement
structure. The newly constructed overlay exhibits complete
continuity at the interface of the overlay and the cracked
asphalt layer. It is further assumed that during the construction
of the new asphalt overlay there is no extension of the existing
crack. Finally, we consider the situation where the asphalt
overlay remains intact (no fracture or delaminations) during
any thermal loading of the pavement system. As established in
the previous example, the effect of a reduction in the surface
temperature of the pavement structure on the fracture
behaviour of the asphalt layer can be established by consider-
ing the extreme situation where temperature is varied in the
form of a step function. Following this observation, we con-
sider the situation where the surface of the asphalt overlay is
subjected to the temperature reduction defined by [43].

Figure 8 shows the manner in which the maximum value of
the flaw opening mode stress intensity factor at the tip of the
crack located in the asphalt layer is influenced by the depth of
the crack (/;) and the thermoelastic properties of the asphait
layer—overlay system. These results are normalized with
respect to the equivalent stress intensity factor for the situation
where the asphalt overlay is absent. These results indicate that
the presence of the overlay tends to attenuate the stress intensity
factor at the crack tip. This effect, which occurs irrespective
of the thermoelastic mismatch between the asphalt layer and
the overlay, is in essence an insulation effect due to the
presence of the overlay. Figure 9 illustrates a normalized plot
of the stress intensity factor at the crack tip in the asphalt layer
and its variation with the elasticity mismatch between the over-
lay and the asphalt layer and the depth of the crack. It is noted
that for the pavement geometry examined in the paper, the
stress intensity factor appears to be relatively insensitive to the
mismatch in the thermal expansion properties between the
overlay and the asphalt layer (i.e., 1072 < (/o) < 10?).

Problem HI: influence of a cracked overlay

In the previous example, we have assumed that the initial
crack in the asphalt layer does not extend itself to the newly
placed overlay during its construction. We now examine the
situation where cracking exists both in the asphalt layer and in
the newly placed overlay (Fig. 10). The surface of the overlay
is again subjected to the temperature reduction defined by
[43]. In this instance, the flaw opening mode stress intensity
factors need to be determined for crack tips located both
within the overlay (K{") and within the asphalt layer (K{?).
Figures 11 and 12 illustrate the manner in which the normal-
ized stress intensity factor, K{®/K{®, at the crack tip in the
asphalt layer is influenced by (/) the mismatch in the elastic
shear modulus and the coefficient of thermal contraction
between the asphalt layer and the overlay and (i) the relative
crack lengths in the overlay and the asphalt layer. Similar
results can also be developed for the normalized flaw opening
mode stress intensity factor at crack tips located in the overlay.
It is, however, more appropriate to identify the relative
influences of the nondimensional parameters G,/G;, ai/a,
li/hy, and L/h, on the magnitudes of the flaw opening mode
stress intensity factors, K{1 and K{?. Figure 13 illustrates the
relative combinations of the material and geometric param-
eters for which either K{¥ > K{ or K{V < K. It is evident
that the potential for the propagation of the crack either into
the overlay or into the asphalt layer is significantly influenced
by mismatch in the thermal and stiffness properties between
the asphalt layer and the overlay.

Problem IV: influence of a reinforcing layer and uncracked
overlay

In recent years, several investigators have advocated the use
of advanced synthetic reinforcing materials for the purposes of
suppressing crack propagation in both the pavement structure
and in a newly placed overlay. The reinforcing layer, which
is usually a geogrid structure, is placed at the interface
between the cracked asphalt pavement and the overlay. In this
section we examine the manner in which the crack extension
can be suppressed by the presence of a reinforcing layer. As
the basic model, we consider the influence of a layer of rein-
forcement that is completely bonded to both the asphalt layer
and the overlay. The reinforcement is modelled as a plane
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extensional element which possesses effective elastic stiffness
characterized by an elastic modulus, E*, and a cross-sectional
area, A. Accordingly, no account is made for possible three-
dimensional effects that may be present in an actual geogrid

factor at the crack tip: influence of an overlay.

reinforcing layer. The coefficient of linear contraction is
defined by o*. The modelling considers the situation where a
crack exists only in the asphalt layer and the overlay is intact.
The interface between the asphalt layer and the overlay is fully
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bonded and maintains continuity with the reinforcement. The
numerical scheme is applied to examine the influence of the
reinforcement in attenuating the flaw opening mode stress
intensity factor at the crack tip. Figures 14— 16 illustrate the
variation of the normalized stress intensity factor, K{?/K{),
at the crack tip for various choices of the reinforcing layer —
asphalt pavement relative stiffness parameter, 18E*A/G2h2,
and the reinforcement —pavement thermal contraction ratio,
a*/ay. 1t is evident that for a*/c, in the range 1072—1.0 and

for aj/a, in the range 10~2~103, the reinforcement has only
a marginal effect in decreasing the stress intensity factor at the
crack tip located in the asphalt layer.

7. Conclusions

This paper presents the modelling of the low-temperature
thermomechanical performance of a pavement structure by
transient thermoelastic stress analysis. The linear thermoelas-
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FiG. 17. A comparison of the influence of the overlay and a reinforcing layer on the flaw opening mode stress intensity factor at the crack tip.

tic modelling of the pavement response is intended to provide
a first approximation to the more complicated time- and
temperature-dependent mechanical and thermal behaviour of
asphalt pavement materials. The finite element modelling can
be used quite successfully to examine the behaviour of flaws,
which are present at the surface of the asphalt layer. In particu-
lar, transient thermoelastic finite element analysis can be com-
bined with a crack model to examine the manner in which
low-temperature effects accentuate the flaw opening mode
stress intensity factor at the crack tip. The theoretical develop-
ments and the associated numerical schemes are used to exa-
mine the low-temperature-induced enhancement of fracture
potential of surface flaws. For purposes of illustration, the
numerical results have been developed for a pavement struc-
ture in which the thicknesses of the layers are assigned typical
proportions. The results are nevertheless indicative of the
responses that can be displayed by typical pavement struc-
tures. The basic observations of the investigation are summar-
ized as follows:

() In general, pavement structures can be subjected to low
temperatures exhibiting time-dependent variations. The over-
all effects of such time-dependent variations can be assessed
by subjecting the surface of the pavement structure to a step-
function temperature reduction. The magnitude of the tempera-
ture reduction is set equal to the minimum surface temperature
encountered in the time-dependent variation.

(ii) The tendency for propagation of an existing flaw in an
asphalt pavement is characterized by the amplification of the
flaw opening mode stress intensity factor at the crack tip. It is
found that in the case of a pavement structure in which the
asphalt layer contains a surface crack, the flaw opening mode

stress intensity factor is influenced by a number of parameters,
including the crack size, the temperature reduction, and the
thermomechanical properties of the asphalt layer.

(iii) The introduction of an asphalt overlay has basically two
beneficial effects in terms of attenuating the stress intensity
factor at the crack tip in the asphalt layer. First, the overlay
acts as an insulating layer, which decreases the low-tempera-
ture-induced deformations of the asphalt layer and which in
turn reduces the magnitude of the stress intensity factor. This
insulating influence is borne out by the fact that even for over-
lays with relatively low elastic modulus, the maximum stress
intensity factor at the crack tip is reduced by nearly 100%. A
further reduction occurs owing to the bridging action of the
overlay at the existing flaw.

(iv) In the instance where a reinforcing layer is incorporated
at the interface between the asphalt layer and the asphalt over-
lay, additional bridging action is provided by the reinforce-
ment. This in turn results in the reduction of the stress
intensity factor at the crack tip within the asphalt layer. The
efficiency of the reinforcing layer depends invariably on a
number of factors, including the relative thermoelastic and
stiffness mismatch between both the asphalt layer —asphalt
overlay system and the asphalt layer —reinforcing layer sys-
tem. The analytical modelling of the problem assumes that the
reinforcing layer is in an extended configuration and is capable
of providing the bridging action across the crack region during
a temperature reduction. The relative contributions of the
asphalt overlay and the reinforcing layer to the attenuation of
the flaw opening mode stress intensity factor at the crack tip
located in the asphalt layer are illustrated in Fig. 17.

(v) In the instance where the crack extends or reflects to the
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asphalt overlay, two stress intensity factors are encountered;
one corresponding to the crack tip located in the asphalt layer
and the other corresponding to the crack tip located in the
overlay. The tendency for the extension of the crack either into
the overlay or into the asphalt layer will be governed by the
relative magnitudes of the stress intensity factors at the two
locations. In general, however, the conditions for crack
propagation depend upon the magnitudes of K{)/K{), where
i = 1 corresponds to the overlay and i = 2 corresponds to the
asphalt layer and K{) are the critical fracture toughness
measures for the respective materials. Some insight into the
mode of crack extension can be gained by comparing the rela-
tive magnitudes of K{). It is found that the direction of
propagation of the crack is governed by the mismatch in the
thermal contraction properties and the shear moduli between
the asphalt layer and the overlay.
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