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Fatigue cracking estimation model of
asphalt pavement based on fractal

method

Bo YANG!

Abstract. In order to improve accuracy of fatigue cracking estimation model of asphalt pave-
ment, this paper proposes a kind of fatigue cracking estimation model of asphalt pavement based
on fractal method. Firstly, Al method is adopted in this paper to construct basic form of asphalt
pavement fatigue cracking model to effectively predict pavement cracking. Secondly, based on frac-
tional Brownian random field, a kind of new asphalt pavement fatigue cracking estimation feature
measurement is proposed through fractal parameters design, and adaptive threshold is calculated
according to fractal features of edge to improve estimation accuracy. Finally, the effectiveness of
algorithm is verified through simulation experiment.
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1. Introduction

Working environment of asphalt pavement structure mainly includes traffic load
environment and natural environment. In recent years, road traffic load and traf-
fic flow have increased day by day, and traffic load environment is characterized
by large traffic volume and heavy axle load. The effect of natural environment on
road structure is that road structure parameters change with humidity and temper-
ature change. Under combined action of load environment and natural environment,
asphalt pavement usability has been damped sharply, and its service life has been
reduced substantially, which seriously affects use function and service quality of road
structure, and fatigue cracking has become one of main diseases of asphalt pavement.

At present, researchers from each country have conducted related research on
effect of environment on asphalt pavement fatigue life and asphalt mixture fatigue
performance. In literature [3], the effect of overload on asphalt pavement service
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life was researched when taking flexural-tensile stress of asphalt layer and semi-rigid
base bottom as design index; in literature [4], the influence coefficient (function) of
natural environmental factors of asphalt pavement field fatigue equation was sug-
gested, which provided possibility when effect of different natural environment areas
was considered in pavement fatigue analysis, but the shortcoming of the research
lied in that environment coefficient of Beijing was assumed as 1, and calculation was
made based on it, which made the calculation result have relatively strong regional
limitation; literature [5] adopted theoretical analysis and field measurement method
to research effect of load environment on asphalt pavement service life, but the re-
search adopted flexible base pavement structure as research object, which greatly
differed with semi-rigid base asphalt pavement structure widely adopted in highway
of China at current stage. Chinese scholars have developed a great deal of research
on asphalt mixture fatigue performance, but because fatigue test is made by adopt-
ing indoor small material test piece, its test environment and condition are not in
accord with actual road condition, which causes great difference between indoor
fatigue life result and fatigue life of road during actual operation period.

Referring to research experience of each country, this paper analyzes effect of
environmental factor on asphalt pavement fatigue life, constructs fatigue cracking
estimation model of asphalt pavement considering environmental factor, and makes
verification by combining with project case, which provides theoretical basis to rea-
sonably evaluate asphalt pavement structure service life and improve asphalt pave-
ment management level.

2. Establishment of fatigue cracking estimation model
2.1. Fatigue cracking criterion

Base section disease mainly includes track, pit slot and transverse crack, most
cracks are poured promptly, and few pit slot and longitudinal crack exist in indi-
vidual section. According to survey to maintenance department and maintenance
record, pavement patching is mainly aimed at pit slot. Pit slot of Shanghai-Nanjing
Expressway is maintained and repaired quite promptly, and pit slot disease is gener-
ally repaired at the next day, so the Expressway has good surface repair condition,
which is specifically as shown in Fig.1.

To effectively predict pavement cracking, this paper adopts Al method fatigue
model recommended in NCHRP 1-37A as basic form of fatigue cracking, which is as
shown in formula (1).

v, 13291 0.854
N =184 x 1031 (%57 ~099) 0 00432 () (g) . (1)
Et

Where, N is the number of times of load action under fatigue rupture; €; is tensile
strain value of asphalt layer bottom; F is dynamic resilient modulus of asphalt
material; [ is coefficient predicate = 0.006 89476; V, is asphalt mixture voidage;
V, is effective asphalt volume fraction. On the one hand, because Chinese current
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Fig. 1. Pavement cracking

asphalt pavement design specification specifies that static resilient modulus shall be
adopted as pavement design parameters, and on the other hand, test method and
standard for dynamic resilient modulus of asphalt mixture have not been introduced
in China yet, so in consideration of above reasons, this paper adopts static resilient
modulus as parameters in fatigue cracking criterion, and mean value ratio of dynamic
and static resilient modulus is 3.14, asphalt mixture voidage is assumed as 5% and
effective asphalt volume fraction is 11%. Substitute above parameter values into
formula (1), to obtain fatigue cracking criterion determined in this paper, which is
as shown in formula (2):

1 3.291 /8 0.854
N = 0.0004272 <—) (E) . (2)

€t

Where, E’ is dynamic resilient modulus of asphalt material.
2.2. FEstimation model form

Because flexural-tensile strain of asphalt layer bottom is adopted as key parame-
ter of asphalt pavement fatigue cracking, any factor affecting flexural-tensile strain of
asphalt layer bottom will affect asphalt pavement fatigue performance. This paper
adopts asphalt layer condition parameter, base condition parameter, subgrade con-
dition parameter, and load matrix parameter as core estimation variables of fatigue
cracking estimation model of asphalt pavement considering environmental factor,
and then fatigue cracking estimation model is:

Ny = [ (Fy, Fo, By, N (L)) . 3)

In the formula, Ny is fatigue cracking estimation model considering environmen-
tal factor; Fy is asphalt layer condition parameter, related to asphalt layer modulus;
F5 is base condition parameter, related to base modulus; F3 is subgrade condition
parameter, related to subgrade modulus; N (L) is load matrix parameter, related to
load L.

According to mechanical response calculation result of asphalt pavement struc-
ture, axle load increase and asphalt layer modulus increase will cause increase of
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strain level of asphalt layer bottom, thus lowering asphalt pavement fatigue life,
which shows that asphalt pavement fatigue life has negative correlation with axle
load and asphalt layer modulus. With the increase of base modulus and subgrade
modulus, flexural-tensile strain of asphalt layer bottom will be lowered, to improve
asphalt pavement fatigue life, which shows that asphalt pavement fatigue life has
positive correlation with base modulus and subgrade modulus. Fatigue performance
estimation model constructed in this paper shall meet constraint condition listed in
formula (4), i.e.

ON; _, 0N

ON; 0N,
9Fac = 0 >0, <

OER ar, < )

>0,

3. Fractional Brownian random field and fractal feature
extraction of asphalt pavement fatigue cracking estimation

3.1. Fractional Brownian random field

Mandelbrot firstly proposed to describe a kind of random process phenomenon
having statistics self-similarity through fractional Brownian motion, and use frac-
tional Brownian motion to describe random field of spatial distribution to obtain
fractional Brownian random field (FBRF) [20]. Related concepts are simply de-
scribed as follows:

Definition 1 Assumed that H meets 0 < H < 1, and b0 is any real number, if
random function meets:

BH(O, (.d) :bo 5

0
Bu(t,w) =[1/A(H + 0.5)]{ /_ [(t— $)H05 _ (—g)T-03)4B(s, w)

! _ g)H-05 s w
+/0 (t—1s) dB(s,w)}.

Then BH (t) is called as fractional Brownian motion (FBM), where H is Hurst
index, b0 is initial value, w is sample space €2, and it is general Brownian motion
when H = 1/2.

Definition 2 Assumed that BH (t) is a Gaussian random field, and for 0< H <1,
if any ¢ and At meet:

Pr((Bu(t+ At) — Bu()/ |At]" < y) = F(y). ()

Then BH (t) is called as isotropous FBRF, where F(y) is distribution function of
zero-mean Gaussian random variable, Pr(-) is probability measure and ||-|| represents
norm. Fractional Brownian random field BH (¢) has following properties:

E|By(t+At) — By(t)| = E|By(t+1) — Bu(t)] | At]|",

E|By(t+ At) — Bg(t)|* = E|Bu(t+1) — Bu ()] || At)*" . ©
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According to above properties, first-order and second-order absolute moment of
FBRF increment are isotropous. According to formula (5) and (6), Hurst index
decides a fractional Brownian motion, and fractal dimension of asphalt pavement
fatigue cracking surface can be obtained as follows according to Hurst index:

D=Dr+1-H. (7)

In the formula, D7 is topology dimension of asphalt pavement fatigue cracking
surface. Dimension is an important characteristic quantity of geometric object, be-
ing amount of independent coordinate required by position of a point in geometric
object. Dimension can be fraction in fractal theory, and we can describe and mea-
sure fractal characteristic through fractal dimension. In reality, Richardson law is
generally used to estimate fractal dimension:

Ae) = Ke?= P, (8)

In the formula, e = 1,2,3... is scale factor, A(e) is measured characteristic value
under dimension ¢, D is fractal dimension, d is topology dimension and K is fractal
coeflicient. For ideal uniform asphalt pavement fatigue cracking of 2-dimensional
gray level, A(e) is superficial area measure of asphalt pavement fatigue cracking,
and topology dimension is 2, and then:

Ae) = Ke*P (9)

People pay much attention to fractal dimension, and point out that fractal dimension
is a kind of measurement on irregularity degree of asphalt pavement fatigue cracking
surface, and reflects roughness of asphalt pavement fatigue cracking gray surface.
But because fractal dimension cannot be calculated easily in direct mode, another
fractal dimension will be discussed based on above existing formula to obtain new
fractal feature.

3.2. PFractal feature extraction of asphalt pavement fatigue
cracking estimation

Consider coefficient K in formula (3-5). For an ideal flat fractal surface, its
fractal dimension D is 2, and coefficient K is superficial area of gray surface. Give
an ideal fractal surface, K is a constant, and if asphalt pavement fatigue cracking
consists of surfaces with different texture, or if non-fractal object is implanted to
fractal surface, such as manmade object existing in natural scene, K will not be a
constant again, but function of dimension e, which reflects change of surface area
under dimension change; take different dimensions, and according to formula (3-5):

K = [Aler) = Ale2)]/ (577 = &377). (10)

In the formula, €1 ande2 are different dimensions, which shows that value K
reflects spatial change rate of superficial area of asphalt pavement fatigue cracking
with dimension change. Take the logarithm of both ends of formula (3-5), followings
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can be obtained:
log A(e) = (2 — D)loge + log K . (11)

Formula (11) represents a straight line under logA(e)—loge coordinate system,
logK is intercept of the straight line in y-axis logA(e), and K is equal to gray
surface area under the dimension. It can be seen that coefficient K actually is a
fractal parameter similar to area, called as area measurement. For smooth surface,
area measurement is relatively small, and fluctuant surface has relatively great area
measurement. Therefore, similar to fractal dimension, area measurement reflects
roughness of asphalt pavement fatigue cracking surface, i.e. “fluctuating quantity”
of asphalt pavement fatigue cracking gray surface. Experiment shows that area
measurement can embody characteristics of different surfaces better in many aspects.
For 2-dimensional digital asphalt pavement fatigue cracking, fractal dimension 2<
D <3, and value range of area measurement K is positive real number, so it has
better distinction degree to surfaces with different properties.

The rougher the asphalt pavement fatigue cracking gray surface is, the stronger
the gray change will be, and the greater the area measurement will be. What is note-
worthy is that at junction of different smooth surfaces, as previously mentioned, i.e.
between gray surfaces with different textures, relative to asphalt pavement fatigue
cracking of any kind of texture, gray fluctuation is more obvious, area measurement
is larger correspondingly, and these texture junctions are the places where boundary
of asphalt pavement fatigue cracking is located, so area measurement can be used
to detect edge. As a kind of estimated feature of asphalt pavement fatigue cracking,
area measurement is called as estimated fractal feature of asphalt pavement fatigue
cracking by us. To calculate estimated fractal feature of asphalt pavement fatigue
cracking, “asphalt pavement covering method” is adopted to estimate gray superficial
area measure A(e) of asphalt pavement fatigue cracking. Pixel gray value of asphalt
pavement fatigue cracking constitutes a digital texture surface in depth direction
of 2-dimensional asphalt pavement fatigue cracking space, and A(e) is the surface
area under dimension ¢. Considering all pixel points being ¢ away from surface, it
is obvious that points above gray surface constitute a upper surface U (i,j,¢), while
points below it constitute a lower surface B(i, j, £). In this way, gray surface is
seemingly covered by a “asphalt pavement” with thickness of 2e. Upper and lower
surfaces of asphalt pavement are defined as follows:

U(i,4,0) = B(i,5,0) = f(i,])

U(iaja 5) = maX{U(i7j36 - 1) + la max [U(ma n,e— 1)}}
(m,n)Ea (12)

B(i,j,e) = min{B(i,j,e —1) — 1, min [U(m,n,e —1)]}

(m,n)Ea
In the formula, f(i,5) (¢ = 0,1,2...X; 57 = 0,1,2...Y) is gray function of
asphalt pavement fatigue cracking, X is line number of asphalt pavement fatigue
cracking, and Y is column number of asphalt pavement fatigue cracking. o =

{(m,n)/DISTANCE](m,n), (i,5)] < d}, and when d = 1, it represents 4-neighbo-
rhood; when d = 2, it represents 8-neighborhood. Therefore, volume of asphalt pave-
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ment is V(i,j,e) = E(i’j)eR [U(i,j,e) — B(i, j,e)], where R is a valuing rectangular
region centering around (7, j) in asphalt pavement fatigue cracking, so gray surface
area is:

A(iajag) - V(i,j,é‘)/Zé‘. (13)

Calculate A(i, j,¢) under different dimensions, utilize dot pair [log A(i, j,¢), loge],
and fit straight line represented by formula (3-7) through least square method, to
obtain estimated fractal feature K of asphalt pavement fatigue cracking of point
(i,4). Calculate estimated fractal feature K of asphalt pavement fatigue cracking of
each point of asphalt pavement fatigue cracking for original asphalt pavement fatigue
cracking in figure 3-2(a), to obtain featured asphalt pavement fatigue cracking of K,
and its 3-dimensional expression is as shown in figure 3-2(d). It can be seen that
value of estimated fractal feature of asphalt pavement fatigue cracking at asphalt
pavement fatigue cracking edge is obviously greater than value of non-edge position.

3.3. Computer simulation realization

Computer simulation steps are as follows:

(1) For a pair of N x Nasphalt pavement fatigue cracking, following line-by-line
and column-by-column scanning sequence, and taking rectangular window R(M x
M) as disposal area, we calculate estimated fractal feature K (i, j) of asphalt pave-
ment fatigue cracking of central pixel of rectangular window, so as to obtain asphalt
pavement fatigue cracking of estimated fractal feature of asphalt pavement fatigue
cracking;

(2) Calculate adaptive threshold T', make binarization processing to asphalt pave-
ment fatigue cracking, and detect edge. There are several noteworthy problems in
above algorithm:

@ Ideal fractal picture has scale invariance, and fractal parameters meet self-
similarity in all dimensions. But in reality, there is no true fractal; asphalt pavement
fatigue cracking only presents fractal self-similarity in a small-dimension scope, so
in the process of calculating estimated fractal feature of asphalt pavement fatigue
cracking, dimension ¢ is valued as 1<e<9;

@ Dimension of local disposal area R is closely concerned with accuracy and
speed of asphalt pavement fatigue cracking estimation. The larger the area selected
is, the lower the detection edge accuracy will be, and the lower the speed will be.
Therefore, in algorithm realization process, relatively small local disposal area shall
be selected. For different asphalt pavement fatigue cracking, value range of estimated
fractal feature of asphalt pavement fatigue cracking is different, so when binariza-
tion processing is made to asphalt pavement fatigue cracking to extract edge, fixed
threshold cannot be adopted, and this paper adopts following formula to calculate
required threshold:

T =min K(i,7) + a * [max K (¢,7) — min K (¢, 5)] . (14)

Where, a is constant, 0 < a < 1, and generally speaking, relatively ideal effect can
be achieved when value of a is between 0.75 and 0.85. For more accurate threshold,
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numerous asphalt pavement fatigue cracking obtained with different thresholds shall
be compared visually to select the one with the best effect.

4. Experimental analysis

This paper selects pavement fatigue cracking of Suzhou Section and Wuxi Section
of Shanghai-Nanjing Expressway to make evaluation analysis, and adopts repeated
loading permanent deformation test (flow number) to evaluate related performance
of current Shanghai-Nanjing Expressway pavement asphalt mixture. 69kpa confining
pressure, 1200KPa axial pressure and 55°C test temperature are adopted in test.
Summary result on FN test of track section and non-track section is as shown in
following Table 1 and Fig.2-3. It is clear that value of Flow Number obtained by
section having track is lower than the value obtained by non-track section, which
describes applicability of adopting repeated loading permanent deformation test to
evaluate capability of pavement core sample to resist track in a certain degree.
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Fig. 2. Summary figure on repeated loading permanent deformation test result of
suzhou section
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Fig. 3. Summary figure on repeated loading permanent deformation test result of
wuxi section
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Table 1. Repeated loading permanent deformation test result

Does it be FN value/ the

Section track section? number of times Average Remarks
Yes 7362
Yes 3349 5364
Wuxi Yes 5381 Individual track section has
Section large test piece deformation,
No 9464 the number of times on
No 9653 9438 deformation of data flow
No 9198 cannot be read by program,
Yes 9964 and its test result is
Yes 3412 7764 summarized jointly, which is
Suzhou Yes 9916 as shown in figure.
Section No 6640
No 9976 8770
No 9694

According to the figure, when the number of times of repeated loading action
is lower than or equal to 6000, track deformation of different degree will appear
in pavement. Therefore, it is suggested that F),, of repeated loading permanent
deformation test can be set to be greater than or equal to 6000 preliminarily as
auxiliary verification index to evaluate high-temperature performance of asphalt
mixture.

Fig.4-5 gives deflection response of pavement structure 1 and 2 under 0.7MPa,
0.84MPa and 1.0MPa load effect respectively. The figure gives deflection value cal-
culated according to the 20°C of compressive resilient modulus. It can be seen that
with the increase of load, pavement deflection will increase greatly. Dynamic mod-
ulus calculation result shows that pavement deflection presents periodical change
with time. Under different load effect, deflection at 6 or 7 o’clock in the morning is
relatively small, but deflection at 3 or 4 o’clock in the afternoon is relatively great.
Deflection response of pavement structure 1 and 2 is relatively close.
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0.095 d?\
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o R MMN x  0.81NPa
E . o 1.0KPa
£ 0075 0. THPa
= — = =0.81KPa
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Fig. 4. Pavement deflection of structure 1
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Fig. 5. Pavement deflection of structure 2

5. Conclusion

This paper proposes a kind of fatigue cracking estimation model of asphalt pave-
ment based on fractal method, presents the new asphalt pavement fatigue crack-
ing estimation feature measurement through fractal parameters design adopting Al
method to construct basic form of asphalt pavement fatigue cracking model, based
on fractional Brownian random field, and calculates adaptive threshold according
to fractal features of edge to improve estimation accuracy. Finally, the effectiveness
of algorithm is analyzed and verified through experiment in evaluation to pavement
fatigue cracking of Suzhou Section and Wuxi Section of Shanghai-Nanjing Express-
way.
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