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The fatigue mechanism of an asphalt pavement is a complex phe-
nonwenon due o its matensls” behavior, loading conditions, envi-
ronment factors, ete. In the paper under discussion. some
regression equations tor bottom-up fatigue cracking {FC) were
presented using long-tenmn pavement performance (LTPP) data-
base. Rajbongshi and Das (2009} also developed the ficld latigue
equation systematically using the LTPP database, and validated its
goudness of fit. The paper also studied the goodness of fit of
different FC models, | have some observations in context of this
paper, and given in the following paragraphs. Variables are used
as defined in the paper.

While comparing the goodness of fit of various FC models. the
existing models [Eqs. (43 and (5) of the paper] were shown in
Figs. 2(a) and 2(b). and the proposed models [Fygs. (6) or (7) and
(12} of the paper] were shown in Figs. 210} und 2(d). The data
points used for Figs. 2(c) and 2(d) were the same data considered
while developing the respective regression model. whereas this
was not the case for Figs. 2¢a) and 2(b). This may be the cause for
significant difference of goodness of it between the existing mod-
cls and proposed models. Further. from Eq. (5) one can caleulate
FC=0.046% for D=1, FC=0.772% for D=10, or FC = (L8% for
any value of D, These FC values are excessively small or even
impussible, as presented along the v-axis of Fig. 2(a). Thus, Fig.
2 provides biased information and may confuse readers. FC pro-
gression in asphalt pavement being complex. there is a need to
validate the performances ol observation-based regression equa-
tions [Egs. (71 (12) of the paper] using another set of data.

Eqs. (7)-(12) of the paper accommodate various parameters as
independent variables. namely age. kesal. epsiloni precip, temp,
ft. ete. Some of them are varied within the pavement section and
some are varied from section to section. Tt is not clear whether
epsiton.t of the pavement section is the mitial strain value. or the
strain s considered to vary with load repetitions/age Lo, vary
within the sectiont) due o material degradation. Also, the param-
eter Kesal {ie., mean yearly load repetitions in KESAL) is equal
the total Joad repetitions applied divided by the age (in years).
Hence, the condition of independency among age. kesal, and ep-
silon.t of the section becomes questionable while developing the
FC maodels. In case they are dependent, it is necessary to consider
their dependency (or covariance) to justity the FC predictions,
Further, it is vonfusing why the FC 1s independent of load repeti-
tions (or kesal} as given in Egs. (9) and 110) of the paper. Eq. (10}
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does not anclude the parameter age also. b fact, FC s caused by
dccumulated iraffic loads with pavement age.

Bottom-up FC as percentage of fane arca ohserved at the pave-
ment surface in the form of alligator cracks. After certain Joad
repetitions. cracks initaie at the bottom of the asphalt Lever and
subsequently propagate toward the surface. That 15 why the ten-
sile strain at the bhottom of asphalt layer (e, £, or epsilonet) is
considered to be the primary cause of O, The progression of the
bottom-up FC has been presented in Fig. 1.1t may be mentioned
here that the FC m %) value will be zero until the cracks reach
the top of the asphalt Layer. Theretore, FC=0% (11 does not pro-
vide any meaningful information about the load repetitions passed
(or damage tactor Dy and (1) 1s not of interest for evaluation of
pavement fatlure or fatigue hte (V). As such. the data points with
FC=0"% shall be ignored while expressing the FC as tunction of
toad repetition and/or pavement age. However, itis seen that most
of the data points used in the paper represent 0% FC value trefer
to Figs. T and 2 of the paper). At the same time, it s also seen that
the developed equations [ Egs. (7)-(12) of the paper] do nat exist
at FC=0%., A better correlation could have been established i 04
FC data would not have been included. This can be observed from
Figs. 2(¢) and 2{d) of the paper, where it s seen that the deved-
oped regression equations (with 820,50 underestimate the FC
value above 0% FC (for almost all data points considered during
development). Also, to justify the performance of any regression
equation with many parameters as independent vaciable [say. Ly,
(12) of the paper]. considerably large data size is necessary o
consider while developing the equation. Moreover. very few num-
bers of field data can be seen from Fig. 1 or 2 of the paper with
FC = 0% Insufficient feld data and complex FU progression with
age are the primary reasons for which a tteld fatigue equation at a
pre-specific level of FC is obtained through calibration of labora-
tory equation, as well as with less number(s) of indepemdent sari-
able, Also, the parameter € in Eq. (3) of the paper is defined as
the laboratory to field adjustment {actor. In fact, C iy the correc-
tion factor for asphalt nux volumetric, which was introduced by
the Asphalt Institute. irrespective of laboratory or lield fatigue
eyuation.

The developed models, as presented in the paper, may confuse
readers/pavement designers. Let us consider Eq. (7y of the paper
with R =0.33, For a known value of input parameters for a given
pavement section, it may be written as

FC =) e (1)

where

hRY

= TS0 O0TEN - hesal s RO = procipalh D3N tempes 2310 S s epglon fe LR g
| =

This eguation indicates that FC of e panvement section vares
with age. [t could have been better it FC of the section would
have been expressed as a function of total load repetitions instead
of age. which could take into account waffic growth/variation

FOoPe Fi" 0% FC,

I .| Cracks untibted |.| l('nckarupagt(rdl |. M Crackspobscived T’
“ / ] i,

—

Increasing load repetitions (or pavement age)

Fig. 1. Progression of bottam-up FC in asphalt pavement
§ I i |
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With age The vear-wise traflic repelitions for variols sections (in
KESAL) are available from the TTPP dutabase. Further, from g
C0 s seen that 1C = 0% even if age =6 vears. In fact, i s
believed tha most ol the pavement age (or load repetitions) of an
Im-service pavement would pass before the bottom-up cracks re-
flect at the surfuce (e FO=07% )

As a whole, this work s a good attempt to handle the nonlin-
ear futigue damage progression of ditferent asphalt pavements
with time. However. the performances of the developed faticne
cracking models are questionable for evaluation of pavernent fail-
ure. There is a need o incorporate certain conceptual issues that
can predict the futigue cracking more aceurately. Further, the
paper requires certun clarifications w avoid confusion 10 the

readers.
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Indeed, fatigue mechanism of asphalt pavement is o very complt-
cated phenomenon. Every effort has been made to preserve as
miny observations from the LTPP database as possible. With the
help of graphical representation, fatigue cracking data were plot-
ted against surveyed years for cach section in the database with
additional information displayed. For example. a plot as shown in
Fig. | was used to examine the distress trends to identify possible
data errors. The upper left-hand-corner plot labeled as “37/ 10)28.
hl =4 cm, temp=1I6, kesal=172 4, trfopen=1982" indicated th
a pavement ocated i North Caroling ivtate code=37). SHRP
identitication number {(SHRP i) = 1028, thickness of AC layer
th1)=9 cin, mean annual  wemperature {temp)=16"C. mean
yearly ESAL tkesal}=172.4 (thousands), and traftic open vear
=1982, respectively. Each section was carefully examined. Two
additional codes were assigned o each section (© mdicate the
findings of the examination: that is, whether the tatigue cracking
15 reasonable according o the distress history, or which yvear of

data are guestonable and could be deleted it necessary. Data cor-
rectzon and preparation were made ina way that could he easily
triwced hack. By domg so, difterent subsets of the final database
providmg mare reliable data might be analyzed for differcnt pur-
poses. A1 the [R5 observations (40 sections), 9 data points were
klenutied as possibly having some maintenance or rehabilitation
activities although not recorded in the dutabase. Thus, the remain-
ing 176 data points were used in the subsequent analysis,

Some husic deseniptive stitistics regarding the data range, s
varation. and the number of missing values for each individual
variable are given in Table 1, where age stands for pavement age
{vearst; cesal is the cumulative ESALs tmillions): kesal is the
yeatly ESALs (thousands): bl and b2 are the thickness of the AC
surface fayer and base layer (cm), respectively; el is the stiffness
of the AC Layer (IMPa); epsilonit (g,) is critical tensile strain: fi is
yearly freeze thaw cycle: temp is mean aminual temperature ('CT);
prectp s mean annual precipitation tmm): act.fe is actual fatigue
cracking (% A hestogram only displays a rough and cnade shape
of the distribution of data. To have g smoother loak. a continuows
curve of the nonparametric estimate ol the probability density
ety also be obtained. A nermal probability plot or a quantile-
quantile plot can be used o have a guick visual check on the
assumption: of normal distribution. It the distribution is close 1o
normal. the plot will show approximately a straight-line relation-
ship (Venables and Ripley 2002; Insightful 2003). As shown tn
Fig, 2. the soetual fatigue cracking (act.1o) has a relatively shewed
distribution.

A correlation matrix of these variables is given in Table 2. in
addition, trimumed correlation matrices show the variable correla-
tions after & certain portion of influential data points or possible
outliers are eliminated such that more reliable indices of the cor-
relations are obtained. For example, it 3% of the data were elimi-
nated and the resulting trimmed correlation mateix is obtained. the
relationships of actual fatigue cracking versus cesal and kesal
change from negutively comrelated {or no correlation) to positively
correlted as shown in Table 3. The effeet of the thickness of the
AC surfuce layer (h1) changes from negatively correlated {—0.12)
W negligible (~0.029). Pavement age, critical tensile strain. and
mean annual precipitation sl remain positively correlated with
the actual Tatigue cracking. Since the difference between the re-
sulting rraditionat! correlation matrix and rimmed correlation ma-
rix was noticeable, special attentions were needed in analyzing
this set of data. A scatter plot matrix can graphicaily represent
their relutionships and scatters. Applying a data smoothing tech-
nigue (lowess) on the sume scatter plot matrix. the pairwise rela-
tionships as shown in Fig. 3 may become clearer and possible
data errors may also be wdentified (Venables and Ripley 2002
Insightful 2003).

Of the 176 data points {containing GPS-1 and GPS-2 data),
only LTPP GGPS-1 data was shown in Fig. 2(a) in the original
paper. However: only 31 LTPP sectivns containing 140 data
points were used in preparing Fig. 2(b) in the original paper while
investigating the gooditess of fit of the MEPDG muodels (Wu
2006, pp. 133-1343 The FC predictions of the other 36 dat
points could not he ohtained due to nussing values of the addi-
tional required variables. The entire set of data was used in Fig.
2te) and Fig. 2¢d) in the original paper. Furthermore. using Eqy. (5)
for fatigue cracking prediction might result in excessive small FC
(%) values as shown in Fig. 2a) in the original paper. Perhaps By
{3} was not intended for such analysis,

To esttmate the critical tensile strain (e,) of the AC surface
layer. & systematic approach was used and implemented in a Vi
sual Basic software package to autematically read in the pave-

JOURNAL OF TRANSPORTATION ENGINEERING @ ASCE /MARCH 2010/ 277



Table 1. Univariate Statistivs

Niame N MUEAN STh.DEV SN MIN MAX
age 176 144317 5688 254E+03 40321 $.2627
vesal 176 1 88007 A7 LAk +02 (1481 AVA RRD
kesal 176 127.2544 1874683 22004 132143 L35U2.8800
hi 176 122130 6H.6022 RERIEERTR 353560 RIVERIS]]
h? 170 235700 14.30070 OIS+ 03 (.00 374120
el 176 35650727 2130808 YR +105 FARY 9T 112373004
epsilon.t 176 042 (Lo ! AA7l-02 000K 00083
f1 176 N8| I8.2i64 b+ 04 REV R 1560522
lemp 176 12,9434 58603 228403 3820 227558
precipy 176 817.3577 4409770 i A44E+05 7266 LA26.0435
act.f 176 443500 (XN T8I +02 LA 03 3549
Table 2. Corrclation Mauix
Nume age cesal kesal Il h2 el cpsilont I lemp precip acti
age 1.00 0.23 (L4 014 —0.20 {02 -2 —0.20 0.00 (.40 011
vesal 0n.23 £.00 090 (.33 —{L12 ~0. 14 =, 16 =220 0.25 —(r07 —(L0
Kesal 044 .96 [REY .35 =0.10 01! =024 —0.27 (20 ~ 04 =004
hi 014 0.33 0.35 1.00) -0.2] ~0s —4).55 ~0.04 -0.12 0.21 =012
h2 =420 ~(n12 =010 -2 i.00 (L5 0.00 0.11] 043 -2 —0. 17
el 0.02 —0. 14 —AL1T ~(LI8 0.03 1.0 =013 =42 .45 0.15 -0 13
epsilon.t —.n2 =16 -0.24 —0),53 AKX} =0.13 {.04) 0.12 0.01 —(1.0Y .30
1 -0.20 =326 -0.27 —0.04 0.1l =042 012 140 ~(1.84 -0.33 -0 11
leimp 0.00 .25 .29 —nl2 (L3 0.da 0.0 -84 1%} 0.37 014
precip 0.1¢} 047 =004 0.21 -2z 013 (.09 —{1.53 (.37 1.6 {LA3
act.dv 1 —L0] —(rLid =12 =017 -5 .30 —0.11 {1110 .33 .t
Table 3. Trimimwed Correlation Marix (Deleted 3, ol 1he D)

age cenal hesal hli li2 el epsiton.t ft lenp precip HUAS
age .40 03X -t 0. —(h1s 0.1 —n.a? -0 v =({H N1 o7
vesal 0.3% .00 Y {Ls0 —(L0)] N2 EURT}] =022 nls .24 03z
kesal =001 0917 .00 .40 10H - IS (34 —t}3() o2y [P I 27
I} s (.50 046 1.0 -0 15 EUA IR -6T -011 -2 0.2 —0,03
h2 -0.15 —.01 .0 1S 1.t%) 12 —{) 0 0403 .00 —(LIN =11, 14
cl 0.1 —1,22 -8 A a2 (el -0 —{.46 0.5] .03 =0 16
epsilennl =02 —0.30 —1).30 —{07 =0 06 —41.2] .00 012 .01 -2 nu
1 -0 1Y -0.22 =130 =1 003 —).46 ]2 1440 ~(LR0O —0.063 -1
lemp -0 (.15 0,24 ~0.12 i .51 iy —(). 86 1.00) 14N [SREN
precip 0.03 020 G 1% 0.2l — 1R {LOA -1y -0.63 04 (s (.37
actly 0.17 0.27 —(LO3 0,14

.32

-{0LiY

=116
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Fig. 1. Sample Tutigue cracking history of the database
mient imventory data from the summary table, generate the BISAR of HYKN (9,000 Ths) with a tire pressure of 0.482 MPa {70 psi)
input tiles, conduct the batch runs. as well as summarize the re- were used for the analysis. Special effonts have been made to keep
sults (Wu 2006}, The static (or laboratory tested clustic muodulus as many dominating vartables with reasonable physical meunings
dati recorded in the IMS testing module and a single wheel load in the preliminary and proposed statistical mexlels [ic.. Eys. (6)
{1.2}]. Based one the available data. the load repetition (or kesalt or
pavenrent age has to be chiminated from Eqs. (91 and (100 due to
signiticant andfor inappropriate parumeters (Wu 20061, 1t is not
g uncommen that statistical regression modeds do not always agree
with eagincering expectations using limited field dat.
- The writers do not agree with the argument that FC=0¢% does
_ 97 not provide any meaningful intormation and/or is not of interest
= A £
§ Tor evaluation of pavement failure. Due 10 the data collection
g | patare of faligue cracking. lfatigue crackimg could be treated as
rate dati or as @ continuous variahle. There is no reason (0 manu-
ally ehnnaze such important information that knowing fatigue
. : - — cracking is sUll invisible under certain conditions. Elimination of
o 20 49 60 FC=0% dat from the analysis will result in tremendous hias 1o
act fe the research findings fie. overestimation). In facl preserving as
many Leld ohservations as possible has been adopled as o com-
thi (T - B TS men practice tor the performance analysis for decades (ARA
° 3
“ o 200- Appendic -1 Lee 19930 Simpson ot al. 1993
5 Lz summiary. this paper intends to investigage the goodness of
o T o e of the existing muodels for fwtigue cracking predicton. An al-
2 3 termative systematic statisgcal and engineering approach wis used
g mthe subsequent analysis. After many trials in ¢liminating Msig-
o nificant and inappropriate parameters, entative prediction models
. R _‘ were proposed. The proposed models appeared (o reasonably
[e=] RRARERSSTh e . o _ . . ) N
T ' agree with the available ditas although Turther enhancements are
2 1 0 1 . . . . .
/ possible and recommended. In addition, having some hasic statis-
Quantiles of Standant Nemal tival knowledge on regression wmalysis and hypothesis testing

Fig. 2. Distribuiion of fattgue craching: @i o histogram: (b a ozl may help o case the: misundersianding and confusions as men-

probahility plot Honed in the discussion,
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Fig. 3. Using scatter plat smoother (owess) on the scatter plot matrix
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