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ABSTRACT: Lives of Superpave pavements with mixXest tare out-of-specifications for in-
place density and design air voids can be estimaésed on the Hamburg Wheel-Tracking
Device (HWTD) test results. HWTD has gained poptyaior testing rutting and stripping
potential of asphalt mixes. However, a typical HWE3t takes about six to six and one-half
hours to complete. This study focused on reducésg duration by developing accelerated
mix testing models based on statistical analysistafrter-duration test results. Five fine-
graded Superpave mixtures with 12.5-mm Nominal Maxn Aggregate Size (NMAS) were
selected for this study with design air voids of,48nulated in-place density of 93%, two
test temperature, and three load levels. Six-ineld fcores from three projects were also
tested in HWTD at two temperature and three loaeléefor model development for field
mixes. The average number of wheel passes to 20undepth in the HWTD tests was used
in the statistical analysis to build accelerated testing models. The results show that good
consistency between the predicted and the obsdestdresults is obtained when higher
temperature and standard load levels are used.t@3teduration of HWTD can thus be
reduced to two hours or less. This is expecteadoease the use of HWTD as an effective
tool for the quality control and quality assuraf@€/QA) of Superpave mixtures.

KEY WORDS: Superpave pavements, Hamburg wheeldtngcklevice, hot-mix asphalt,
accelerated mix testing models, moisture damage.

1 INTRODUCTION

The Kansas Department of Transportation (KDOTh@easingly using Superpave mixtures
that may be susceptible to moisture damage. Thetoreisusceptibility is currently evaluated
by the Kansas standard test method, KT-56 whicketyofollows American Association of
State Highway and Transportation Officials (AASHT@st method AASHTO T 283,
Resistance of Compacted Bituminous Mixture to Moistinduced Damage. Currently
specified sampling and testing frequency chart BICR for bituminous construction items
for the Quality Control/Quality Assurance (QC/QApjects requires that one KT-56 test be
performed by the contractor on the first lot, ahdrnt one test per week or 10,000 tons (Mg).



KDOT specifications also require that the bitumisanixture shall have a minimum Tensile
Strength Ratio (TSR) of 80%. Since this test isetioonsuming, it often happens that the
contractor already has paved a substantial ar¢laeogpavement that might have the mixture
that does not satisfy this criterion. As of nowerhis no “rapid” test method available to find
out mixtures that are susceptible to moisture damatamburg Wheel-Tracking Device
(HWTD) has the potential to characterize moistuesgivity of asphalt mixes and to predict
field performance (Hicks 1991, Lai 1989, Aschenlkreh995, Buchanan 1997). The HWTD
test was found to be sensitive to aggregate quagyhalt cement stiffness, short-term aging
duration, asphalt source or refining process, t@imEng treatments, and compaction
temperature (Pan and White 1999, lzzo and Tahmofd€89). The test is also gaining
popularity for testing rutting and stripping pot@htof hot-mix asphalt (HMA) mixes.
However, a single HWTD test takes about six toasid one-half hours. If the test duration
can be reduced significantly, HWTD will be an effee tool for QC/QA of HMA.

2 OBJECTIVES

The objective of this project was to develop aaedézl mix testing models using Hamburg
Wheel-Tracking Device (HWTD) test results. It was@amed that two predominant distresses
that would occur due to non-conforming mixturessirgping and rutting.

3 ACCELERATED LIFE MODELING

Overstress testing consists of running a produchigher than normal levels of some
accelerating stress(es) to shorten product lifetcoodegrade product performance faster.
Typical accelerating stresses on asphalt pavenrenhigher service temperature or traffic
loads. Accelerated degradation testing involvesrsixess testing. Instead of life, product
performance is observed as it degrades over timmodel for performance degradation is
fitted to such performance data and used to exaspperformance and time of the failure.
Thus the failure and the life can be predicted teefmy specimens fails (Nelson 1990).

3.1 Survival Analysis

Survival analysis generally refers to statisticaltinods for analyzing survival or time-to-event
data. The data can be generated from diverse figlath as medicine, biology, public health,
epidemiology, engineering, economics and demogréidlemn and Moeschberger 1997). For
example, let X be the time until some specified nevelhis event may be death, the
development of some disease, equipment breakddwnX és usually taken as a non-negative
random variable from a homogeneous population. kmations characterize the distribution
of X: (1) Survival functionwhich is the probability of survival, beyond time (2) Hazard
rate (function)which is the chance an individual of age x expergs the event in the next
instant; (3)Probability density functionwhich is the unconditional probability of the ate
occurring at time x; and (4lean residual probability lifat time x, which is the mean time to
the event of interest, given that the event hasonotrrred at x. If any of these parameters is
known, then the other three can be uniquely detexch{Klein and Moeschberger 1997).



3.2 Weibull Distribution

The Weibull family distribution is a very flexiblmodel for survival analysis. ltsurvival
function shown in Figure 1, for Weibull distribution isvgh by S(x) = exp (- x*). The
hazard rateis expressed as* (x) = Lox“>. When the log transform of time is taken, the
univariate survival function for Y = In X can beprssed as in Equation 1.

Sy(y) = el @)

If we redefine the parametersias= exp (t/c) ando = 1/, then,Y follows the form of a log
linear model as given in Equation 2.
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Figure 1: Weibull survival functions far = 0.5,A = 0.26328 ¢ %=10A=0.1
P ); a = 3.0,A =0.00208 (--------- ) (Klein and Moeschberger 1997
Y=InX=u+oW (2)

where W is the extreme value distribution wpttobability density function,

fw(w) = el*") 3)

and survival function,



suw) =el') 4)

As will be shown later, one of the survival funciso(exponential) shown in Figure 1 can be
used to analyze the HWTD test results.

4. EXPERIMENTAL DESIGN

Five fine-graded Superpave mixtures with 12.5-mmmi@l Maximum Aggregate Size
(NMAS) were selected for this study. Four mixtumgsre sampled from four different
projects, each located in one KDOT administratiistritt and done by one contractor. One
mixture was selected from the pavements of thelaated pavement testing (APT) program
at the Civil Infrastructure Systems Laboratory (DI8f Kansas State University. Replicate
test specimens were prepared at design asphakntofair void of 4% @ Nsign gyrations).
The Superpave Gyratory compactor-compacted samipdes 7 £ 1% air voids at the
completion of compaction. Samples were tested inTEMat two temperature levels (8D
and 60C) and five load levels (705, 750, 795, 840, an® 8§. Thus, the experiment
involved a total of 50 sets (5 projects x 2 temperlevels x 5 load levels) of samples.
However, load levels of 840 and 885 N were addedhim experimental design after
preliminary test results were obtained. Thus nbtraktures were tested under these load
levels.

Table 1 shows the characteristics of the mixtuneder this study. The binder grade for
four mixtures was PG 64-22 and one mixture had B@& The asphalt contents of the base
design mixtures (4% air voids @uddgy varied from 4.9% to 5.4%. The mixture properties
reported in Table 1, were obtained from the desigta. All properties satisfied Superpave
and current KDOT criteria.

Table 1: Properties of the Superpave mixes

Air

Design PG |Asphall . Dust-

Route ESALS |Ngesign Binder |Conten Eé/(:;d;[ V(I;Qg\ \g(;ﬁ‘ Binder ﬁ?\?m Zzﬁ:m

(millions) Grade | (%) Nojoe Ratio " ax
K-4 0.4 75 | PG 64-22 4.9 436 | 139 68 0.7 88.8 96,6
us-24 0.7 75 | PG 64-22 5.0 3.62 14.1 74 0.9 904 971
UsS-50 4.5 100 | PG 64-22 5.4 4.10 146/ 70 0.6 88.4 969
usS-83 2.2 75 | PG 64-22 4.9 4.38 139 68 1.1 89.Y 964
CISL 2.9 75 | PG 64-28 4.9 4.36 14.00 69 0.7 88.8 96,6

Figure 2 shows the aggregate gradations of thesnised in this study. It is observed that
only one mixture (US-24, District 1ll) had a mudhdr gradation compared to others.
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Figure 2: Aggregate gradation charts for the megur

5 HAMBURG WHEEL-TRACKING DEVICE (HWTD) TESTING
5.1 Test Specimens Preparation

For each mix, replicate specimens of HWTD test wemmpacted at Z 1% air voids. The
theoretical maximum specific gravity (&) of the loose mixtures and bulk specific gravity
(Gmp) of the compacted samples were also determinedKBtandard test methods KT-39
(AASHTO T209) and KT-15 (AASHTO T166) Procedure Were used to determinen
and Gy, respectively. The air voids in the compacted spec were calculated using
Equation (5):

100x (Gmm— Gmt) (5)
Gmm

% AirVoids=

5.2 Test Equipment

HWTD used in this study is capable of testing a jpdisamples simultaneously. Figure 3
shows the Hamburg wheel tester at Kansas Statectsity. These samples were extensively
used by Izzo and Tahmoressi for studying Texasurest and in the development of Texas
test method Tex-242 (Izzo and Tahmoressi 1999)thia study, this test method was
followed. The samples were submerged under wate’&t or 60C.

The wheel of HWTD is made of steel and is 47 mmewiThe wheel applied a load of 705
N and made 52 passes per minute. Each sample a@deaddor 20,000 passes or until 20-mm
vertical deformation (rut depth) occurred at anyjnpon the sample. The maximum velocity
of the wheel reached was 340 mm/sec, which occatréite center of the sample. Around six
to six and one-half hours were required for a st maximum of 20,000 passes. Rut depth
or deformation was measured at 11 different poahdsg the length of each sample with a
Linear Variable Differential Transformer (LVDT).

An acceptable mix was considered to have less2Banm rut depth after 20,000 passes at
50°C following Colorado DOT practice (Aschenbrener 3p9n this study, the number of
wheel passes to 20-mm rut depth was used in aatetetest modeling.



Figure 3: Hamburg Wheel-Tracking Device at KansaseSUniversity.

5.3 HWTD Test Results

Table 2 shows the Hamburg wheel tester resultsrmg of the average number of passes and

average wheel passes.

Table 2: Summary of HWTD test results (Average nendf wheel passes)

Tem Wheel Wheel Wheel Wheel Wheel
Route (oC)p Passes at Passes at Passes at Passes at Passes at
705 N 750 N 795 N 840 N 885 N
s 50 13,700 18,7300 15,950 N/A N/A
60 7,230 4,075 3,005 | N/A N/A
US-24 50 17,625 17,390 16,650 11,210 13,395
60 3,635 2,565 3,180 3,335 1,400
US-50 50 20,000 20,000 20,000 8,420 7,450
60 5,355 9,150 4,295 2.640 2,170
US.83 50 20,000 20,000 20,000 11,260 15,770
60 7.145 3,970 7.025 3,500 2,845
cisL 50 20,000 18,070 15,055 N/A N/A
60 5,390 4,020 4625| N/A N/A

Notes: Failure Criteria: 20 mm maximum rut deptf20,000 passes whichever comes first;
A liquid anti-stripping agent (0.5%) wased only in District VI; N/A — not available.

6 STATISTICAL ANALYSIS
6.1 Influence of Temperature, Load, and Air Voids

The effect of temperature, load levels, and aidgdevels on the HWTD test results was
studied using LIFEREG procedure in SAS software §34ser's Guide 1982, SAS Online
Document 2008). LIFEREG procedure was performedeeelop accelerated testing model
using HWTD test data by fitting with a Weibull distution and to test the effect of different



factors on the dependent (response) variable. PRIBEREG procedure fits parametric
accelerated failure time models to the survivahdhat may be left, right, or interval censored
(SAS Online Document 2008). The LIFEREG procedustim@ates the parameters by
maximum likelihood method using a Newton-Raphsogoddhm (SAS Online Document

2008).

As mentioned earlier, the response variable tetbdied was the number of wheel passes
to reach a maximum 20-mm rut depth. The model uséde LIFEREG procedure is shown

in Equation (6):

Ln(wheelpass® = S, + B Temperatue+ S,Load + S,AirVoids+ og

where Temperature Temperature effect;

Load = Load effect;

(6)

Air Voids = Air voids effect; o = Shape factor (1 for exponential case);
€ = Error term; and Bo, B1, B2, B3 = Coefficients.
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Figure 4: HWTD test results.



Figure 4 illustrates the comparison of the numiewheel passes to reach 20-mm rut
depth at different temperatures and load levelg. Steeper slope of the plot at’60indicates
that temperature change has more pronounced effietie number of wheel passes to 20-mm
rut depth than the load change.

The air void was added as a mixture charactet&aause it varied from 6% to 8% and its
effect on the HWTD test results is well known farglace pavements (Gogula et al. 2003).
HWTD test results are called right censored ifwilieeel passes reached 20,000 before 20-mm
rut depth is obtained. Two projects had 30% cemsal@a and one project had 17% of
censored data and other two projects did not hayecansored data. The Weibull residual
analysis plots with SAS indicated that there issignificant difference between the models
with interaction of temperature and load levels aratlel without the interaction term. Thus,
no interaction term was included in the model.

Table 3 presents the summary of accelerated retingemodels developed for all projects.
The results show that for almost all mixtures terapge, load level and air void are all
significant.

Table 3: Summary of accelerated mix testing models

_ Models
Route District Parameter Estimate p-value Significant
Intercept 19.1588 < 0.0001 *
K4 | Temp. fC) -0.1200 | <0.0001 *
Load (N) - 0.0040 0.0562 *
Air Voids (%) - 0.0504 0.8084
Interc%pt 19.9521 < 0.0001 *
Temp. (C) -0.1618 < 0.0001% *
Us-24 . Load (N) - 0.0021 0.0180 *
Air Voids (%) - 0.0836 0.4941
Interc%pt 28.8328 < 0.0001 *
Temp. (C) - 0.1560 < 0.0001 *
US-50 v Load (N) -0.0120 | <0.0001 *
Air Voids (%) - 0.1995 0.4941
Interc%pt 24.2580 < 0.0001 *
Temp. (C) - 0.1643 < 0.0001% *
US-83 Vi Load (N) - 0.0060 0.0023 *
Air Voids (%) -0.1675 0.4409
Intercept 33.8756 0.0005 *
CISL Temp. fC) -0.1406 | <0.0001 *
Load (N) - 0.0122 0.0246 *
Air Voids (%) - 1.0209 0.1076 **
Interc%pt 21.1644 < 0.000 *
: Temp. (C) -0.1472 < 0.0001 *
All Projects Load (N) 20.0050 | <0.0001 x
Air Voids (%) 0.0058 0.9324

Notes: * Significant at 5% level of significac* Significant at 10% level of significance.

The analysis was done individually for each pebgence the mixture materials (except the
binder for four out of five projects) varied fromopect to project. An example exponential
accelerated life model (a special case of Weibstridhution), given in Equation (7), has been



fitted to the HWTD test data from the K-4 proje&ince these models are nonlinear,
traditional means of examining “goodness” of linearodel like the coefficient of
determination (B is not applicable. Thus a residual plot analysis done. The “goodness of
fit” was confirmed by the predicted and observellies falling around the 4%ine.

WP = e(19.1588— 012T-0.004L-0.0504A)

(7)
whereWP = wheel passes; T = temperaturé@) L = load in N; and A = air voids in %.

For all mixtures, about 7,000 repetitions weredegkefor failure at 6&C temperature and
705 N load levels. This would translate into sligldver two hours of testing time (about 2
hours 15 minutes) in the HWTD test.

7. FIELD SAMPLE TESTING

For verification of this methodology for field satap, 150-mm diameter cores were collected
from three pavements in three different KDOT adstnaitive districts (District I, 111, and VI).
These projects also had fine graded, 12.5-mm NdnMiaximum Aggregate Size (NMAS)
Superpave mixtures (SM-12.5A) with PG 64-22 bindeiVTD tests were conducted at two
temperature levels (8C and 60C) and three load levels (705, 750 and 795 N). dihgoids

of the samples were calculated from the theoretiwakimum specific gravity () of the
loose mixtures (obtained by softening cores) anét bpecific gravity (Gy) of the HWTD
samples prepared from the cores.

LIFEREG procedure in SAS was performed for devielppaccelerated testing models
using HWTD test data and to test the effect ofedéht factors on the dependent (response)
variable. Not all factors were significant for pllojects presumably due to lower number of
data points (or lesser degrees of freedom in thgsstal process). Test temperature was
significant for all projects and load for one (K-4However, the model, shown in Equation
(7), was used in accelerated test data modelingdbaa the engineering judgment that all
three factors (test temperature, load levels, @mdpte air voids) affect HWTD test results.
Table 4 tabulates the number of wheel passes tardQut depth predicted by the models and
those obtained from the HWTD tests of field cores.

Table 4: Comparison of HWTD test results and mautetlicted wheel passes for field cores

Temp. | Load K-4 K-258 US-83
(OC) (N) Pred. | Obs. % Pred. | Obs. % Pred. | Obs. %
WP WP | Diff. | WP WP | Diff. | WP WP | Diff.
50 705 | 19,053 17,290, 9.3 | 16,667 14,270| 14.4| 29,400 15,210| 48.3
50 750 | 16,157 18,015| -12 | 16,624 15,420 7.2 | 28,375 18,525| 34.7
50 795 | 13,563 15,130| -12 | 14,385 10,745| 25.3 | 19,920 15,065| 24.4
60 705 | 5,797, 4,855 16,2 3,563 2,8Y0 1B.5 5,686 53,144.7
60 750 | 4,842 4585 53 2675 3,685 -B8 5580 3,340.7
60 795| 4,004f 3,655 8.7 2602 2445 6.0 3,426 2,/26.8

Notes: WP — wheel passes; Pred. — predictesd; -©bbserved; % Diff. — percent difference.

In most cases, the number of wheel passes at éetaperature of 6C is less than or
equal to 5,000 which will translate into a testatiom of two hours or less.



8 CONCLUSIONS

Based on this study the following conclusions canmmade:

1. Hamburg Wheel-Tracking Device (HWTD) test resuh laboratory-compacted and core
samples show that the test duration can be redt@wexbout two hours when higher test
temperature and standard load levels are used.

2. A Weibull model for survival analysis was sucfa8y fitted to the HWTD test results.

3. Good consistency between the accelerated teg8tagistical) model-predicted and
observed test results were obtained for the stanat load (705 N) and higher temperature
(60°C) for both laboratory-compacted samples and fieles.
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