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Synopsis:

This Technical Memorandum is the proceedings of the 4th workshop on “Paving in Cold
Areas”, held in Sapporo, September 4-6, 1990. There are 16 Japanese papers and 16 Cana-
dian papers. The topics. of the workshop are as follows;

— Paving Material for Cold Areas

- Low Temperature Cracking

— Development Testing Method for Paving Material and Performance in Cold Areas

— Deterioration of Pavement in Cold Areas and its Rrehabilitation 4

— Concrete Pavement

— Evaluation of Pavement Structure Using Non-Destructive Method

— Management and Maintenance of Pavement
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Foreword

The workshop on “Paving in Cold Areas”, which is one of the important activity of the 4th Canada/
Japan Science and Technology Agreement, will be held on September 4-6 in 1990. 16 Japanese
papers and 16 Canadian papers were submitted to the Workshop. This Technical Memorandum
is a proceedings, includes 15 papers which are to be presented in the top haif of the Workshop.
There are a lot of useful information for designing and studying not only pavement in cold areas

but also pavement in other areas.
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EVALUATION OF SOME
POLYMER MODIFIED ASPHALTS IN ALBERTA

by
K.O. Anderson, Professor of Civil Engineering
University of Alberta, Edmonton
and
S.R. Hussain, (former Graduate Student)
EBA Engineering Consultants Ltd., Edmonton

ABSTRACT

Low temperature transverse cracking and permanent deformation
at high temperatures are serious and costly distress modes in

asphalt pavements experiencing cold climates and relatively

high traffic loadings during summer periods. In recent years

there has been a great deal of interest in the use of various
additives to improve the behaviour of the binder properties

to increase both resistance to rutting and low temperature

cracking. Several types of polymer modified asphalt cements

have been used in Alberta in anticipation of such benefits.

Laboratory evaluation of conventional and polymer modified

asphalt cements has been accomplished by conducting tests on

compacted mixture specimens. Indirect tensile tests at low

temperatures ranging from 0 C to -30 C, together with

repeated load triaxial tests at 25 C to 45 C,
primary test methods.

have been the
Observations have shown that the
polymer modified mixes generally exhibit higher failure

stresses, higher failure strains and lower failure

stiffnesses compared with conventional asphalt cements. At
higher temperatures up to 45 C the polymer modified mixes

manifest considerably less permanent deformation.
characteristics

These
indicate that pavements constructed with

polymer modified binders should be more resistant to

thermally induced stresses at low temperatures and permanent

deformation due to traffic loading at high temperatures.



1.INTRODUCTION
1.1 Background

Low temperature transverse cracking is a very serious and
costly pavement distress mode found in many locations with
relatively cold climates, and has been a major topic of
interest at our PICA Workshops since their inception in 1982.
A review of the three PICA Proceedings would enable a state-
of-the-art to be synthesized concerning this problem in
Canada and Japan particularly. Since effective solutions to
the low temperature cracking problem cannot be developed
without consideration of the behaviour of the pavement at
high summer temperatures, the thrust of our recent research
effort has been to develop test methods to evaluate asphalt
paving mixtures under both extremes of service temperatures.
As an example, air temperature extremes for a a 20—yéar

period in Edmonton range from 35 C to —-48 C.

At low temperatures, transverse cracking of the pavement
occurs when the induced tensile stresses due to thermal
contraction exceed the breaking strength of the asphalt
concrete mix. At the initial stége, the cracking does nét
have any sighificant effect on the pavements, but withAtime,
these cracks open and necessitate premature rehabilitatidn of
the pavements. For over twenty years, ongding_réSearch has
been conducted at the University of Alberta, to.éVéluate the
characteristics of laboratory compacted and core specimeﬁs at

low temperatures.

Permanent deformation is also a common mode of pavement
distress; repeated load applications, causing consolidation
and lateral movement to occur, result ‘in longitudinal
depressions in the wheel-paths.  The occurrence of permanent:
deformation is the primary factor influencing the
serviceability of the pavements, including riding quality and
safety. *Low  serviceability results  in premature:



rehabilitation of the asphalt concrete pavements. It is
therefore very important for engineers to understand the
influence of different mix properties on permanent
deformatlon and low temperature transverse cracklng, to

minimize premature rehabllltatlon needs.

In order to alleviate the problem of permanent deformation
and low temperature transverse cracking, the asphalt industry
has shown a great deal of interest concerning engineered or
polymer modified asphalts. Recently, various types of
polymers have been used as additives to alter the asphalt
binder and mix properties, thus improving their performance
against both permanent deformation and low temperature

transverse cracking.

Because of this interest in polymer modification, a‘research
program was 1n1t1ated to evaluate various types of polymers,
added to conventlonal paving grade asphalt cementsAln order
to provide comparative data under botn high and lom seryice
temperatures common to Western Canada. In order to predict_
the performance of the polymer modlfled asphalts, empha31s;
was placed on the methods used for evaluatlon of low and high
temperature characterlstlcs of asphalt concrete Evaluatlonsi
were conducted on both polymer modified asphalts comparable

conventional asphalt cements.
1.2 Objectives of the Investigation (Hussain, 1990) were:

1. To determine the rheological properties ~and
temperature susceptibility of conventional ~“and
polymer modified asphalt cements. R

2. To evaluate the low temperature performance 1n the
laboratory of conventlonal and. polymer modlfled
asphalt ‘cements. ' a SR

3. To evaluate and compare the low temperature tensile

characteristics of conventional and polymer modified



asphalt concrete mixtures, utilizing the indirect

tensile test method.

4. To evaluate and compare the permanent deformation
characteristics of conventional and polymer modified
asphalt concrete mixtures, utilizing a repeated load

triaxial test method.

5. To present practical recommendations for application
of asphalt concrete mixtures with conventional and
polymer modified asphalts, to minimize low

temperature cracking and permanent deformation.
1.3 Research Approach

The research program was divided into two parts, the first
being a review of literature discussing asphalt additives
used to improve performance of pavements in Canada and, more
specifically, Alberta. The second part consisted of
laboratory testing of selected conventional and polymer
modified asphalts in order to determine their low temperature
tensile and permanent - deformation characteristics.
Portions of tﬁis'study have recently been repbtted {Anderson
and Hussain, 1989).

Samples of conventional and polymer modified asphalts were
obtained from Husky O©0il Ltd. and Imperial O0il Ltd
respectively. Convéntioﬁal‘physical tests were conducted on
asphalt cement samples to define rheological properties and
temperature susceptibility pérameters of the binders. These
properties were then utilized in evaluéting the 1low

temperature characteristics of these asphalt cements.

In addition, the fbllowing tests were conducted to evaluate
the characteristics of conventional and polymer modified

asphalt mixes at both low and high temperatures:
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1.4.1 Indirect Tensile Test (Anderson and Leung, 1987)

Indirect tensile tests were utilized to evaluate the low
temperature tensile characteristics of the mixes. Twenty-—
four specimens, having a nominal height of 64 mm and
diameter of 102mm were fabricated using each asphalt cement,
according to the procedure given in Asphalt Institute Manual
Series MS-2, A California Kneading Compactor was used.-
This enabled a replication of six specimens for each test
temperature of 0 ¢, -10 C, -20 C, and -30 C. These tensile
properties obtained in these tests were utilized in
evaluating the low temperature behavior of these asphalt

concrete mixtures.
1.4.2 Repeated Load Triaxial Test

Repeated load triaxial tests method (Hadipour and Anderson/
1988), were performed at temperatures of 25 C, 35 C, and 45 C
in order to evaluate permanent deformation characteristics of
asphalt concrete mixtures at high temperatures 'Eighteen
cyllndrlcal spec1mens having 204 mm height and 102 mm
diameter, were fabricated from each asphalt cement sample,
using the California Kneading Compactor. The resulting data
was used in evaluating the high temperature behavior of these

asphalt concrete mixtures.
2.  EXPERIMENTAL PROGRAM AND MATERIALS

The primary objective of the testing:program involved in this
investigation was to evaluate and compare the behaviour of a
conventional asphalt cement and a polymer modlfied asphalt

under both low and high temperatures
2.1 City of Lethbridge Project Materials

In 1987 a comprehens1ve program to determine the cause of
premature pavement . rutting and to 1dent1fy measures that
could be 1mplemented to mltlgate thlS distress was undertaken:
by the City of Lethbrldge, in conjunction with Alberta



Transportation and Utilities (Hogeweide and MacDonald, 1988) .
In  addition to conventional Marshall and Hveem type mix
deSign'tests, creep and repeated load triaxial tests were
performed on ten mixes with various coarse and fine aggregate
characteristics and different bituminous binders. The
repeated load tests were performed at the University of
Alberta, ﬁsihg a simplified‘procedure of only one temperature
of 40 C and 60 000 repetitions of load to compare the

performance of each mix.

Following this initial study and recommendations, a series of
test sections were constructed in the City of Lethbridge in
June of 1988 in order to verify the anticipated improved
performance of mixes with respect to instability rutting.
One of these sections had a polymer modified asphalt cement
designated as PMA 2 for use with virgin aggregate and another
had a‘softer material, designated PMA 4 and incorporated into
a mix containing 30 percent reclaimed asphalt pavement (RAP).
A paper summarlzlng the design and construction of these test
sections together with 1n1t1al findings and recommendations

has been recently presented (Dawley et al.,1990).

The constructlon of these test sections provided an
opportunlty ‘to undertake addltlonal independent laboratory
testing on materials that are representatlve of those used in
the fleld ,_Although not a part of the prev1ously described
study, 1t is anticipated that future performance information
will assist in- assessing the usefulness of this laboratory

investigation.

For this ioGestigation the aggregate processed for test
sections constructed in Lethbridge'durihg the summer of 1988
was used. Four different plant separated fractions of
aggregates were processed, namely two sizes of crushed coarse
aggregate, processed fine aggregate contalnlng natural pit
fines and nmnufactured fines and crushed fine aggregate

prooucea’by'rEddcing”overSiZed,rOCk'pregiously‘screenedéoﬁtf
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Several different gradations for the test sections were used
{Dawley et al.,1990).

Mix Code C had PMA 2, with Code B a 150-200 asphalt cement as
the binder type. The gradation used for spe01men preparation
is given in Table 1. Comparable data for the EBA mix de51gn”
and average values for the constructed test section for Mix C
are also given. While some minor differences are noted the
gradation used for specimen preparation is con31dered ‘to be

reasonably close to the as—-constructed section.

The supplier of the asphalt cement and polymer modified-
binder on the project was Husky Oil Operations Ltd. - ‘They
provided the 150/200 penetration grade asphalt cement and
PMA 2 sampled from their Lloydminster refinery‘in'early 19@9
for use in this investigation Conventional bhysical tests
were conducted to evaluate the con31stency properties of
these ‘two binders. Table 2 gives the phy31cal test
properties obtained, with compaiable values reported by other
laboratories. With the exception of absolute v1sc051ty at‘
60 C for the PMA 2 binder, the test values are “within ASTM
limits for multilaboratory precision for acceptable range of
two results Problems associated’ w1th the' use of
conventional viscoSity tests on polymer modlfied binders,f
such as shear susceptibility, have been discussed by Zanzotto
et al., (1987) and may have contributed to;”thisi-large;

difference of 27 percent of the mean value.

A direct comparison of the penetration values at 25 C would
indicate that the PMA 2'is'slightly'harder, but is softer'at
4 C. The PMA 2 is con31derably more v1scous at’ 60 C ‘and at'
135 C. One could 1nfer ‘from this data that ‘the PMA 2 should
be more resistant to cracking at low”temperatures andﬁmore
resistant to permanent deformation ‘at> high seruice
temperatures. It also can be seen that the higher viscosity
at 135 C, would require mixing temperatures to be

correspondlngly higher for the PMA 2 binder.‘ ‘This” is”



consistent with results previously reported and experience

during construction.
2.2 Alberta Secondary Highway 794 Materials

In theMeummer of 1989 Alberta Transportation and Utilities
(AT&U) conetructed a sevetal kilometer long test site on a
secondary highway northwest of Edmonton. This highway
carries heavily loaded aggregate hauling trucks and provided
an opportunity to obeerve the behaviour of another type of
polymer modified asphalt cement, designated as Imperial PMA.
For convenience the physical test properties were presented
in Table 2.

Table 3 p:esents the temperature susceptibility parameters,
PUN (25-60), PVN (25-135), PI (R&B), and PI (dPen/dT). These
parameters have been calculated by using the data from Table
2 and conventional methods (Leung, 1986). The 150/200A is
the most temperature susceptible according to the PI (dPen/dT)
method. The PI (R&B) for the 150/200 appears to be erroneous
despite being based on a minimum of 4 replicateAR&B tests.
The use 6f these parameters for polymer modified ésphalts is
questionable, however, they are reportedlto shoﬁ how they may

be affected by using conventional tests and methods.

The test eeetions were constructed using either 25 or 30
percent manufactured fines. Table 4 gives the design
gradation using 30 perceht‘manufactured fines and the actual
test section gradatlon with 25 percent manufactured fines.

The gradatlon used for the specimen fabrication is seen to be
qu1te close to the test sectlon gradatlon on SH 794, and 1s

qulte_31mllar to the Clty:qf_Lethbrldge Mix C.

273tSpeeimen Ptepafétion V:

2.3.1 Indirect Tensile Test Specimens

A(total of 48'spe01mens hetlng nomlnal dlmen31ons of‘64 mm'

thickness and 102 mm dlameter were compacted in a Callfornla



kneading compactor using the procedure given in MS-2 of the
Asphalt Institute., This enabled a replication of 6 specimens
for each of the test temperatures of 0 C, -10 C, —-20 C and
=30 C, for the low temperature indirect tensile test method.

Twenty-four specimens were compacted for each mix.

For the City of Lethbridge project the specimens were mixed
at a binder content of 6.0% by mass of dry agéregate (5.67%
by mass of mix). This slightly higher binder content than
that used in the test sections (5.67% versus 4.70% for mix B
and 4.90% for mix C), was selected on the basis of
preliminary mix designs run in our laboratory, which may have
been influenced by marginally higher amounts passing the 0.16

mm and 0.08 mm sieve sizes.

The 150/200 penetration grade samples were compacted by
kneading compaction at a temperature of 135 C and achieved a
mean density of 2358 kg/m3, having a calculated air void
content of 3.1%. The PMA 2 samples were compacted at 165 C
to an average density of 2359 kg/m3 and the same air void

content.

For the SH 794 project the 150/200A specimens were mixed at a
binder content of 5.80% by mass of dry aggregate. Compaction
was at 135 C and achieved a mean density of 2339 kg/m3/
giving a calculated air void content of 3.3 percent. The
Imperial PMA mlxes were compacted to a mean density of 2340
kg/m3 at the same temperature, yleldlng the ~same air v01d

content.
2.3.2 Repeated Load Triaxial Test Speciméhs

A total of 36 specimens of nominal size 102 mm diameter and
204 mm height wvere also compacted with the kneading compactor
but using split molds . for fabrication. Several trials were
required to determine a procedure for producing a fairly
uniform density throughout the sample to the same target.



A total -of 4200 g of mix for each specimen was divided into
three: portions and compaction was carried out at the

following pressures set on the kneading compactor:

1st 1lift - 1.73 Mpa (250 psi) - 20 tamps
2nd lift - 2.07 MPa (300 psi) -~ 175 tamps
3rd 1ift - 3.45 MPa (500 psi) - 75 tamps

As ‘each 1lift was compacted the mix was slowly added in order
to-assist in obtaining uniform density. Six blows with a

hand Marshall hammer were finally applied to the specimens.

Thek150/200 samples achieved average densities of 2359 kg/m3
and the PMA 2 specimens had slightly lower densities of 2355
kg/m3. Replicate specimens of 6 were prepared for testing at
temperatures of 25 C, 35 C and 45 C under repeated triaxial
loadlng

2 4 Testlng Condltlons

%he“ihdirect'tensile testing was conducted as described
previously (Anderson and Leung, 1987) at the specified
temperatures The loading rate was kept constant at a
nomlnal .rate of 1.5 mm/min resulting in failure in the order

of 1 to 3 mlnutes

The repeated load triaxial testlng was also conducted as
descrlbed prev1ously (Mchllan and Anderson, 1988) A
conflnlng pressure of 35 kPa and a repeated axial compre351ve
stress of 350 kPa was applied through pneumatic cylinders
controlled by electric solenoids. The signal to the
solenoids was provided as a square wave (0.5 s on/off),
resulting-in a build-up of ‘stress in 0.2 s and a dwell of
0.3 s.” The permanent deformation was observed and analyzed
at various intervals up to 99 000 cumulative repetitions.
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3. LOW TEMPERATURE TEST RESULTS
3.1. Low Temperature Tensile Characteristics-— Lethbridge

Table 5 summarizes the averaée stresses, strains, and
stiffness moduli of the test speciméns at failure, for the
Lethbridge series. A major problem with undertaking tests of
this type is the scatter of results, particularly at very low
temperatures. It has been the practice in the past to test
five Speeimens at each temperature, and tﬁ) present the
results based on the average values determined for the. valid
tests (Leung, 1986). - Generally, strain values were rejeeted
when they exeeeded the coefficient of variation of 30 percent
for temperature of 0 C and -10 C, and 40 percent for -20 C

and -30 C. New averages were calculated in such instances.

Flgures 1 tx> 3 present plots of fallure stress, faiiure
strain, and fallure stiffness, versus temperature for 150/200
and‘,Husky PMA 2 asphalt cements, for dlrect v1sual
eomparison. Examlnatlon of these tabulated and pﬂotted
results leads to the following observation, for comparable

temperatures and using 150/200 mixes as reference:"

1. Husky PMA 2 exhibits higher failure stresses,
.observed at temperatures of -10 C and 30 C f‘hThe
greatest change in the failure stress occurs when
the temperature changed from -20 C to -30 C. 1In
general, the failure stress increases as the test

temperature decreases. .

2.: Husky  ‘PMA 2 exhibits:. higher failure . strains;
observed. at' temperatures of- 0 -C.and '-10 C. ' At
temperatures of =20 C  and. colder  the strains

experlenced by both mlxes are nearly the same. When

" 'the temperature changes from —10 c to,—20 C, the'

wtstraln decreases very rapldly _ In general 1t 1s'
observed  that the"straln ‘deGreasas as ‘fﬁé'

temperature decreases.



3. Husky PMA 2 exhibits lower  failure stiffness,
especially observed at temperature of -20 C and
colder, There is a very rapid change in the
stiffness as the temperature decreases from —-10 C
and colder. In generai'it is observed that as the
temperature decreases the failure stiffness

increases.

These results support the statement of Arand, as reported by
King et al.(1988) that polymers provide the asphalt concretes
with higher tensile strength at low temperatures, in order to
resist thermal and load-related stresses, with the additional
advantage of ‘being able to withstand greater strains without

cracking.

Figures 4 to 6 present the average stress—-strain curves for
the test specimens fabricated with 150/200 and Husky PMA 2
asphalt cements at different test temperatures. The points
on the graph are average of 6 samples tested at each

temperature.

Generally, for the Husky PMA 2 asphalt, the average failure
stress is higher than that for 150/200 Pen grade asphalt
cement, except at O C where the failure stress is
approximately the same for both mixes. However, the average
failure strain is markedly higher for Husky PMA 2 at 0 C and
-10 C. ‘ '

3.2 Low Temperature Tensile Characteristics for SH 794

Table 6 summarizes the average failure stresses, strains, and
stiffnesses for specimens fabricated with Secondary Highway
794 aggregate two asphalts 150/200A and Imperial- PMA.

Figdfes 7 to 9 present the failure stress, failure'strain and
failure stiffness versus temperature for .150/200A and
Imperial PMA asphalt cement mixes for direct visual

comparison.
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Examination of these tabulated and plotted results leads to
the following observations, for comparable temperatures and
using 150/200A mix as reference:

l. Imperial PMA exhibits lower failure stresses at
temperatures of 0 C and -10 C, but at -20 C and
colder temperatures,: this trend reverses and an

opposite trend is observed.

2, Imperiél PMA ekhibits higher failure strains. The
difference is qﬁite significant ét all testing
temperatures. The greatest decrease in the strain
occurs when the temperature changes from -10 C to
—-20 C. Thus, Imperial PMA follows the same trend as
previously reported in that, with a decrease in

température, the failure strain decreases.

3. Imperiai PMA exhibits lower failure stiffness. The
stiffness at -20 C and colder temperature for
150/200A asphalt cement is very high as ¢ompared to
Imperial PMA; thus, Imperial PMA shows a great
improvement - with respect to the factors that

influence resistance to low temperature cracking.

Figures 10 to 13 present the average stress-strain curves of
the test specimens fabricated with 150/200A ‘and Imperial PMA
asphalts, at different test temperatures. The failure stress
for 150/200A is higher at temperatures of 0 C.

3.3 Low Temperature Evaluation of Polymer Modified Asphalt

Cements

The indirect tensile tests demonstrate that PMA asphalt
mixtures sustain larger strains- at ‘failure; this is an
important property to resist thermally induced cracking.
Furthermore, -the lower tensile stiffness of the polymer
modified asphalt concrete mixtures implies that the induced

tensile stresses, due to changing temperatures, will be



smaller for these mixtures. - Thus, 'the chance of thermal
cracking is reduced. Also the toughness of both polymer
modified asphalt cement is higher than conventional asphalt

cement.

On the basis of the trends observed from laboratory testing
to determine the characteristics of conventional and polymer
modified asphalt concrete mixes, all point to the polymer
modified mixes as being more resistant to thermally induced
stresses at low temperatures and should show superior

performance under these conditions.

The Lethbridge and Secondary Highway 794 aggregate series
cannot be compared directly, due to the différence in the
base asphalt cements. One important conclusion which can be
drawn from the testing is that, in mixtures - -with.different
aggregates, both of these polymer modified asphalts exhibit
higher fajilure strains and lower failure sfiffﬁésses and
therefore are expected to perform better than(bbﬁventional

asphalt cements.
4. HIGH TEMPERATURE TEST RESULTS::
4.1 Repeated Load Triaxial Tests

The repeated load triaxial tests measﬁres_;thé pe:cént
permanent Strain for each sample, at varioué.?epefitibns:pf
the axial load. Results for each individuéi épécimep‘weﬁé
recorded, but for convenience, average ét%aih‘véiués are
reported at . selected repetitions of: 10,::50, 100, -1.000,
5 000, 10 000 and in increments of 10 000 up to 99 000

repetitions or failure.

As discussed previously, two different types- of aggregates.
were used in the fabrication of ‘specimens, ‘so:the results: for

both  series of test specimens will be discussed separately. -



4.1.1 High Temperature Permanent Deformation Characteristics

Lethbridge Aggregate

Tables 7 and 8 summarize the percent permanent strain at each
temperature for the two types of binder using Lethbridge
aggregate. Permanent strain values for the individual
specimen tested were tabulated for a selected number of
repetitions, ‘i.e 10, 50, 100, 1 000, 5 000, and increments of
10 000 to failure or 99 000 repetitions. Average values for
permanent strain are reported for convenience. Specimens
which exhihited unusually large strains, for no apparent

reason were removed prior to calculating the average.

Figures 14 and 15 present: the permanent deformation curves
for 150/200 pen grade mix, and Husky PMA 2 for three
temperatures. Figures 16 to 18 present the two mixes side-
by- 51de, for comparlson at each test temperature of 25 c, 35
C, and 45 C.

Examlnatlons of the data and plots 1lead to the followlng
observatlons, for comparable temperatures, u31ng 1150/200 mix

as a reference ’

1.'!At: 25 C, the strain for Husky PMA 2 is 1 percent
compared to 150/200 pen grade asphalt which has a
straln of about 2.8 percent at 99 000 repetltlons

"under the same condltlons

- 2...At 35 C, the strain for Husky PMA 2 was‘®1.3 percent
:compared to 150/200 mix which has strain of about
6 8 percent at 80 000 repetltlons under the same

’ condltlons

3. At 45 C the strain for Husky PMA 2 was 1. 9 percent
’.qarcompared to 150/200 m1x, whlch has straln of ‘about
;9 7 percent, 40 000 repetltlons, under “the same

testing conditions.

—17 -



An overview of the results for the above mixes, shows that
the strain increases as the temperature increases. This is
due to the fact that, as the temperature increases, the
pinder stiffness decreases, making the mixes to be less

resistant to permanent deformation.

In addition, from Figure 18, it can be observed that the
Husky PMA 2, at 45 C, had a strain of 3.2 percent after 90
000 repetitions, whereas the control mix (150/200) had a
strain of about 10 percent after only 40 000 repetitions.

The data and plots incicate that the polymer modified ﬁixee
tested show ‘improved resistance to permanent deformation
under repeated loading and thus could be expected -to
demonstrate superior performance under traffic loadings at

high temperatures.

4,1.2 High Temperature Permanent Deformation Characteristics
SH 794 Aggregate |

Tahles 9 and 10 summarizes the percent strains at each test
temperature, for the two types of binders using the SH 794
aggregate. Average values for the tested specimens at each
temperature are reported, with those having unusually large

strain values - for no apparent reason being removed.

Figures 19 and 20 present the the permanent deformatlon
curves for both the 150/200A and Imperlal PMA, at the three
test temperatures. .‘Figures 21 to 23 compare the two mixes
side-by-side, at test temperatures of 25 C, 35 C and 45 C.

Examlnatlon of the data and flgures leads to the follow1ng

observations, using the 150/200A mix as a reference

1. At 25 C, the straln for Imperlal PMA 1s O 8 percent
. compared to 2 6 percent at 99 000 repetltlons
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2. At 35 C, the strain for the Imperial PMA is 0.99
percent compared to 5.7 percent at 99 - 000
repetitions.

3. At 45 C, the strain for the Imperiai PMA is 1.4
percent compared to 7.8 percent at 80 000

repetitions.

Again, the data indicates that the polymer modified mixes, as
compared to conventional mixes show improved resistance to
permanent deformation under repeated loading conditions, and
thus could be expected to demonstrate superior performance

under traffic loading, especially at high temperatures.

4.2 High Temperature Performance of Conventional and Polymer
Modified Asphalt Cements

Accordlng to the observed behavior of both conventlonal and
polymer modlfled asphalt cements during repeated 1load
triaxial testing, it is noted that, in general, polymer
modified asphalt cement mixes perform better than the
conventional asphalt cement mixes, especially at high
temperatures, where the conventional mixes were seen to

undergo large strains.

Although . the types of aggregate used to fabricate the test
specimens were different for the Husky PMA 2 and Imperial PMA
mixes, it is observed from the data and the plotted results
that both polymer modified asphalt cement mixes performed
better than the mixes made with the conventional type of
asphalt cements. The Imperlal PMA showed better performance
in terms of 1ower percent permanent strain,’ as’ compared to
the Husky PMA 2. This may be” due to the presence "of higher
amount of manufactured flnes‘ln ‘the” Secondary nghway 794
aggregate;t Figures 24°and 25° compare ‘the’ permanent strain at
25 ¢, 35 C, and 45 C for conventional and polymer modified
asphalt cements, For comparable strain of 8 percent and

conventional asphalt cements the Lethbridge aggregate reached



this load at 30 000 repetitions. whereas the ‘Secondary
Highway 794 aggregate sustained 60 000 repetitions at 45 C.
The effect of different types of aggregates on the
characterlstlcs of conventlonal and polymer modified asphalt

cements is evldent
5. CONCLUSIONS

Base on the laboratory test data for the conventional 150/200
penetration grade asphalt cements and the two types ‘of
polymer modified asphalts cements, the following conclusions

may be drawn:

1.‘ The iﬁdirect tensile strength test results shew the
that both polymer modified mixes exhibit "higher
failure stresses, higher failure strains, and lower’
fallure stiffness values in the temperature range
from 0 C to -30 C. Accordlng to these results, the

. PMA mixes are expected to be more resistant to

thermally induced stresses at low temperatures.

-+ 2., For all mixes tensile failure stresses :increase,
failure strains decrease and failure 'stiffnesses

increase with a decrease in temperature.

3. The repeated load triaxial test results®show that
the polymer modified mixes exhibit . less  permanent
strain' than the conventional mixes, demonstrating
‘that .they: are more resistant -to :@permanent.

* deformation at high temperatures.

, 4,_»Frem the trends observed at the high and low
.temperature ranges,;the polymer modified asphalt

RN

permanent\deformatlon and low_temperatqre crecklng,w
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Table 1. Lethbridge Aggregate Gradation

Sieve 16.0 12.5 10.0 5.0 2.5 1.25 0.063 0.315 0.160 ' 0.080
(mm)
Percent Passing

U of A :

Lab. 100 97.0 83.0 60.3 43.8 30.9 21.7 13.7 8.2 5.6

Spec.

EBA

Mix C 100 95.7 85.2 58.4 49.2 37.6 26.8 15.4 8.9 5.1

Design

Test

Sec C 100 94.7 81.7 57.7 45.0 32.0 22.7 13.3 7.9 4.7

EBA

Mix B 100 94.0 80.0 59.0 47.0 34.0 26.0 16.0 10.0 6.6
besign

Test

Sec B 100 94.3 77.3 54.17 44.7 32.0 23.0 13.3 8.0 4.9
Lethbridge
Table 2. Physical Properties of Asphalt Cement Samples

Properties : 150/200 Husky PMA 2 150/200A Imperial PMA

Penetration , ‘ e
g 25 C (dmm) 146 (153)* 136 (133)* | 158 96 (95)**
Penetration ' ' ' R
¢4 C (dmm) 15 23 . 13 24 (20)
Absolute Vis : , R
@ 60 C, Pa.s | 89.0 (96.0) 259 (340) 88 449 (713.9)
Kinematic Vis o \ o A,
@ 135 C mm2/s | 270 (271) 774 (848) 261 1079 (1133)
R & B Soft S R o L LT Ty :
Point (C) 38.0 59.5 " 43.0 ...63.0

‘* from Table NO.

2, EBA, 1989

#* from Alberta Transportation Lab Report




Table 3. Temperature Susceptibility Parameters
. Parameters 150/200 Husky PMA 2 150/200A Imperial PMA
PI(dPen/dT) -1.05 0.57 -1.62 2.33
PI (R&B) -2.19 4.18 0.15 3.57
PVR(25-60) -0.26 0.86 -0.13 1.25
PVN(25-135) ~-0.39 1.24 -0.35 0.78

Table 4. Aggregate Gradations Secondary Highway 794 Project

16.0

12.5

0.63

0.135 0.160

Sieve 10.0 5.0 1.25 0.080
Size (mm)
R E Percent Passing
AT & U ‘
Grad.’ 100 90.0 80.0 55.0 30.0 25.0 19.0 - 11.5 5.9 -
708 C 30%'H.F. o
Test L
Section 100 94.0 ~ 83.0 58.0 34.0 29.0 22.0 14.2 7.2
75% C 25% M.F. . , ‘ R o
U of A : ' . : 4
Grad. - 100 98.0 85.0  54.0 30.0 25.0 18.0  11.0 6.9
75% C 25% M.F, ' o _ o TR
C = Coarse
¥.FP = Manufactured fines




Table 5. Average Stress, Strain, and Stiffness Values for

Lethbridge Aggregate

Type of Test Failure Failure Failure
Binder Temperature| Stress Strain Stiffness
. (€) {XPa) (0.0001) (MPa)
150/200 -0 1120 96.0 . 210
Husky : 0 ) 1 130 160.0 . 120
PMA 2
150/200 - 10 2 050 - 60.0 930
Husky - 10 -2 790 95.0 420
PMA 2 ' . ,
150/200 - 20 3880 | 18.0 4 710
Husky - 20 -3 940 22.0 3 630
PMA 2 _ v
150/200 - 30 4 090 4.0 17 700
Husky - 30 -4 650 - 7.0 | 12 o000
PMA 2

Table 6. Average Stress, Strain and Stiffness Values for
Secondary Highway 794 Aggregate

Type of Test Failure. Failure Failure

Binder Temperature Stress Strain Stiffness
(cy . (KPa) - (0.0001) | (MPa)
150/200A o - 1 400 110.0 210
Imperial | 0 "1 060 127.0 | 140
PMA- . A o
150/200A - 10 3 455 " 50.0 1 260
Imperial | - 10 2 755 " 80.0 600
PMA . R . L B S
150/200A | - 20 | 4200 | s.0 153 50
Imperial —20 | 4415 | i14.0 58 35
PMA Sl ‘ I e LEo L .
1507200 | -30° " [“433 | 2.5 | 23 980
mperial [ -30 | so03 | 7.25 | 11 os0
_PMA‘ o 4' . .P..'_ ::",‘i,'-f - .




Table 7. Percent Permanent Strain for 150/200

No of Temperature (C)
Repet (M) 25 3s 45
o 1o . (0.000){ 0 . "(0.000)} O (0.000)
10 0.152 (0.093) 0.217 (0.027)| 0.386 (0.323)
50 0.278 (0.168)| 0.394 (0.039)| 0.629 (0.378)
'100 : '0.453 (0.132)] 0.489 (0.042)| 0.659 (0.420)
1 000 0.614 (0.308)| 0.983 (0.031)} 1.594 (0.676)
s 000 1.188 (0.300) 1.776 (o.i44) 4.015 (1.066)
710 000 ¢ | 1.211 (0.263)] 2.331 (0.318)] 4.761 (1.434)
20 boo ~ ] 1.391 (0.240)| 2.917 (0.544)| 7.081 (1.527)
30 000 1.560 (0.222)] 3.579 (0.551)] 7.975 (0.476)
40 000 .1 1.698 (0.146)] 4.183 (0.439)] 9.661 (0.305)
50 boo 1.811 (0.165)| 4.970 (0.534)
60 000 | 1.914 (0.247)] 5.846 (0.716)
70 000 2.037 (0.414)| 6.106 (0.484)
80 000 2.419 (0.693)] 6.782 (0.241)
90 000 2.779 (1.119)
99 000

( ) are standard deviations for the average strain values

Table 8. Percent Permanent Strain for Husky PMA 2

Ho of o Temperature (C)
Rept. (N) 25 . 35 45
0 {0 (0.000)] o (0.000)| ©
10 | 0,180 (0.085)| 0.203 (0.024)} 0.177 (0.020)
:;59 : .y 0.290 (0.0915 0.24§v(o.oza) 6,292 (0.028)
1100 ! 0.339 (0.094) 0.292 (0.028)| 0.347 (0.013)
1 000 | 0.480 (0.105)| 0.477 (0.058)| 0.576 (0.059)
5 000 | 0.582 (0.131)] 0.653 (0.072)| 0.803 (0.144)
‘10000 | 0.63¢ (0.117)} 0.775 (0.092) 1.039 (0.211)
20 000 ~ {.0.699 (0.128)] 0.923 (0.113) 1.432 (0.340)
30 000 0.745 (0.141) 1.021 (0.133)| 1.674 (0.403)
0 000 6.78§ (0.141)] 1.093 (0.147)| 1.853 (0.450)
50 000 . 10.820 (0.158) 1.152 (0.159)| 2.045 (0.489)
60 000 0.855 (0.173) 1.194 (0.166) 2.19i (0.525)
70 000 | 0.838 (0.213) 1.237 (0.177) 2.519 (0.740)
‘£ .| 80 oo jo.93( (0.238) ’}.27? (0.185)] 2.594 (0.663)
P ’9§ 000 ‘0.97( (0.2{3) ;.30} (o.ieﬁ) 2.865 (0.749)
‘99 600 o 1.01{ (0.325) 1.325 (0.192)] 3.145 (0.837)

" ) are standard deviations for the average strain values
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Table 9. Percent Permanent Strain for 150/200A

No of Tenperature (C)
Repet. (N) 25 35 45
0 0 (0.006)] 0 (0.000)| 0 (o.oob)
10 0.234 (0.099)1 0.445 (0.403)! 0.221 (o.xsb)
50 0.408 (0.154)] 0.572 (0.407)| 0.458 (0.1{0)
100 0.492 (0.196)}1 0.634 (0.408)| 0.538 (0.160)
1 000 0.825 (0.438)| 0.923 (0.402)f 1.075 (0.247)
S 000 1.138 (0.733)] 1.332 (0.347)| 2.222 (0.486) ]
10 000 1.322 (0.924)] 1.678 (0.261)] 3.185 (0.712)
20 000 1.564 (1.168)] 2.315 (0.202)| 4.615 (1.0{5)
30 000 1.748 (1.397){ 2.891 (0.512)| S5.688 (1.156)
40 000 1.904 (1.519)] 3.539 (0.995)| 6.364 (0.950)
50 000 2.044 (1.666)| 4.303 (1.646)] 6.744 (o.7ie)
60 000 2.172 (1.802)] 4.894 (2.065)} 6.888 (0.550)
70 000 2.292 (1.926)| 5.108 (1.540)| 7.144 (0.542)
80 000 2.406 (2.037) 5.325 (1.806)] 7.782 (0.640)
90 000 2.533 (2.137)] 5.546 (1.672)
99 000 2.628 (2.234)] 5.742 (1.559)

( ) are standard deviations for the average strain values

Table 10. Percent Permanent Strain for Imperial PMA

No of Temperature (C) . B .
Repet. (N) 25 35 " 45
0 0 (0.000)] © (0.000)| © (0.0@0)
10 0.133 (0.062)| 0.307 (0.159)| 0.142 (o.ois) +
50 0.292 (0.085)| 0.408 (0.163)| 0.225 (o.oie)
100 0.340 (0.091)] 0.449 (0.165)] 0.263 (0.160)-
1 000 0.357 fo,oss) 0.593 (0.195)] 0.425 (0.055)
5 000 0.418 (o;iog) 0.728 (0.253)| 0.626 (o.1§i)
10 000 0.452 }o.go&) 0.795 (0.291)] 0.750 (0.111)
20 000 0.495 (0.089) 0.862 (0.330)] 0.911 (o.lély‘
30 000 0.575 (0.120)| 0.890 (0.341)] 1.023 (0.1@4)
40 000 0.608 (0.126) 0.§12j(6:34§) L1.115 (0.151;
50 000 6.642Jib.170) 6,5297(0.353) C1.194 (0.113)
60 000 0.678 (0.175)| 0.944 (0.357)| 1.268 (0.039)
70 000 0.707 (6.195)] 0.9£17(0.366)| 1.346 (0.082)
80 000 0.734 (0.216)] 0.970 (0.366)| 1.431 (0.057)
90 000 - 10.760°(0.240) | 0.985 (0.370)| 1.534 (0.019)
99 000 0.783, (0.256) |: 0.996 (0.373)] 1.635 (0.058)
( ) are standard deviations for the average strain values
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ABSTRACT

Recent years, pavement distresses as rutting caused by viscous flow of asphalt
mixture or abrasion by spiked tires have become serious in Japan according to
the growth of the number of the vehicle wheels and their magnitude. The na-
tional and local road administrators have been obliged to expend enormously
every year for maintenance and rchabilitation programs of the road networks
they manage. Various kinds of modified asphalt cements, which are considered
to have higher resistance for these distresses, have been developed actively
by many manufacturers, although it still remains unknown what kind of modi-
fiers is the ﬁbst effective and acceptable for these distresses.
The authors gathered information by questionnaires from the manufacturers of
modified asphalt cements and their distributors in Japan to grasp the actual
state of the productions and their physical properties. It was found that
a) more than 90 percent of asphalt cements contain rubber or resin,
b) Around 130,000 tons of modified asphalts are produced every year in Japan,
¢) they are applied mainly against viscous flow or abrasion by spiked tires,
d) though the prices of modified asphalts are from 1.8 to 3.1 times as high as
that of straight ones, those of mixes are 1.2 through 1.5 times as high,
¢) the kinematic viscosities at 60° C of modified asphalt cements are 2 through
7 times as high as that of straight one,
f) the dynamic stabilitics of modified asphalt mixtures obtained by the labo-

ratory wheel tracking test are 3 through 10 times as high as that of straight
onc, ctc.
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AN INVESTIGATIVE STUDY ON PRODUCTION OF MODIFIED ASPHALTS IN JAPAN
by
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Associate Professor, Hokkaido University
Hiroyuki SAKAMOTO
Research Engineer, Public Works Research Institute
and -
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Sectional Chief, Ministry of Construction

1/ INTRODUCTIONS

Recent years, pavement distresses as rutting caused by viscous flow of asphalt
mixture or abrasion by spiked tires have become serious in Japan according to
the growth of the number of the vehicle wheels and their magnitude. The na-
tional and local road administratofS-have been obligéd to expénd enormously
every year for maintenance and rehabilitation programs of the road networks
they manage. Various kinds of modified asphalt cements, which are considered
to have higher resistance for thesc distresses, have been developed actively
by many manufacturers, although it still remains unknown what kind of modifi-
ers is the most effective and acceptable for these distresses.

The éuthors gathered information by questionnaires from the ménufacturers of
modified asphalt cements their distributors in Japan to grasp the actual state
of the productions and their entire physical properties.

2/ METIODS OF INVESTIGATION

The investigation was made by questionnaires for the period from July to Sep-
tember, 1986, to the following manufacturers: of asphalts. ‘

1) manufacturers of modified asphalts,

2) manufacturers of modified asphalt additives,. .

3) manufacturers of asphalts, . ..;:

4) asphalt pavement contfactors;ﬁ*

and : |

5) other organizations concerned. ;

The types of modified asphalts investigated in this study arc



:1) rubberized asphalts,

2) polymer-added asphalts,

3) rubberized and polymer-added asphalts,
and

4) scmi-blown asphalts.

3/ RESULTS OF SURVEY

From one association and twenty five firms, forty five replies were collected
for different modified asphalt products by the questionnaires. The replies
have been classified by types of modified asphalts and by mixing process, as
shown in Fig.1. The results of investigation are described for cach item.

(Type of Additives) (Mixing Type) (Number of
Products)
Modified — Rubberized [ Plant-Mixed —— 1
Asphalts Pre-Mixed —_—
— Polymer—Added Thermoplastic '1: Plant-Mixed — 4
' ' —[ Pre-Mixed — 1
Termosetting — Plant-Mixed — §
"I Rubberized & - C Plant-Mixed —— %
., Polymer—-Added : Pre-Mixed — 10
— ‘Semi-blown - 2
— Natural Ai _ |
L chers} o i |

Fig.1 Classification of Modified Asphalts (45 Products)

3.1/ Production of Medificd Asphalts
3.1.1/ Number of Products of Each by Type of Binder

Number of the modified asphalt products, which are almost all the products
available at that time in Japan, is forty five. The percentages in the number
of rubberized asphalt, polymer~added (including rubberized and polymer added)
asphalts and others are thirty six percent, fifty six percent and eight per-
cent respectively, as shown in Fig.2. The polymer-addéd asphalts are found to
be the most popular. '



Others (4) 8.9% Pre-Mixed (9) -

3.1.2/ Amount of Productions
Around 110,000 through 130,000 metric

Rubberized and.
tons of modified asphalts are being Polymer-Added

Plant-Mixed (5)
_Rubberized

35.6%
produced every year. The production 13.3% A Plant-Mixed (7)
index is 1.05 in FY82, 1.12 in 83,
1.16 in 84, 1.24 in 85, provided that
it is 1.0 in FY81. Amount of the pro-
ductions has increased by twenty five _ A
percent in the last five years. In Fig-2 Numbers of Products Regarding Binder Types (N-=45)
FY85, 3.5 percent of all the asphalts |
used for the pavements, amounted to

Pre-Mixed (10) re-Mixed (‘l>)

Polymer-Added

Plant-Mixed (9) 22.2%

thousand ton

£ 100 - :
3,730,000 metric tons, were modified S ol Rubberized
o
asphalts. , & g _\//-/
Amount of rubberized asphalts produced § 70 |- ‘
c T ;
_ Rubberized and Polymer-.
every year ranges from 85,000 to < 3 ‘_’/;Lfe\i_\”mer_l\_‘_jded
. ° 2} . _— T
90,000 metric tons, whereas that of 2 -
: ' 3 10 - Polymer-Aqded ..........
polymer-added including rubberized and E o , . .
81 132 83 '84 185

polymer-added does between 23,000 and

: Financial Year
38,000 metric tons, as shown in Fig.3. ’ _

, Fig.3 Change in Amount of Products

The former increased at growth rate of Regarding Binder Types
1.07, and the latter at 1.6. It is
found that polymer-added asphalt in-
cluding rubberized and

i - " Rubberized and
polymer-added asphalts Total 107,877 (ton) g0 "0 =50 Jed ~ Total 128,341 (ton)

Plant-Mixed

increased remarkably. The Plant-Mixed

. 16.1%
proportion of rubberized Rubberized and

. Polymer-Added
asphalt in FY81 was Pre-
7o Mixed
eighty percent, though it Plan\t-

Mixed?
Plant-Mixed

was sevenly percent in Polymer-
~ . SRR Added

FY85, as shown in Fig.4.

The primary purpose of

the modified asphalts

replied in the quves‘_ti_on—.

Plant-Mixed

Rubberized 70.6%

Rubberized

naires was resisting . . e . ) )

e o e " Fig.4 Rate of ‘Amount of Products Regarding Binder Types
viscous flow and wearing, ¢ L
dominating with 55.6 percent of all the replies, whercas the bridge surface
pavement was _lifste_(_i as-an additi_yo_n\al pqrplqse.,_in.lne_arly. forty percent of',the ,
replies of . the qucstik)nnaire_s. _a's shown in Fig.5.



3.1.3/ Prices
Prices of modified asphalts vary with

13.3% 17.8%

Reslsting\|

their quality and properties. Unit Viscous Flow

price of binder in the month of June ResIsting

[-74
Wearing 13.3%

88 (converted price is used for plant

Resisting Viscous Flow

mixed asphalts) ranged between 60,000
and Wearing

and 106,000 yen per metric ton, except 6%
for special quality products. The

price of rubberized asphalt is 1.8

times higher than that of straight as- Fig.5 Numbers of Products Regarding Usages (N=45)
phalt, though rubberized and polymer- '

added is 3.1 times higher.

The price of dense graded asphalt mix using fubbcri7cd asphalt is found to
range from 1.2 to 1.45 Limes higher than those of straight aqphalt mixes and
the rubberized and polymer-added mix ranges from 1.35 to 1.5 tlme% higher, by

a trial calculation based on the unit prices for the binders. On the other
hand, the cost of pavement overlay with rubberized mixes ranges between 1.1
and 1.2 times higher than that of straight asphalt. and that with rubberized
and polymer-added ranges between 1.2 and 1.3 times higher. The difference
between the binders does not reflect largely upon the prices of the mixes or

finished pavements.
3.2/ Properties of Modified Asphalts

The relationships betwecen the various properties of modified asphalt ccments
and mixes have becen examined, based on the replies in the qucstlonnalres
Also, soﬁe discussion will be made with reference to the papers by formal
resecarch workersl)_B). ‘

‘The items to be noted will be listed below.

1) The analyses were based on the test results performed independently by the
various manufacturers. Hence, the types of asphalt cements and their mixture
conditions with additives are not identical. ' '

2) The regression analyses and corrclation calculations were made based on
the all the data available, cven when some data are out of the charts. Reg-
ression lines were entered into the charts when the abso]uté'ﬁaiué of coef-
f]ClenL of coxlelatlon exceeds 0.3. ‘ ‘

3) Only the names of types of asphalt cements arc shown in the flgure al-
Lhough the plopertlos of modiflcd aspha]ts vary “idely ‘depending on Lhc in-
tended benefits. Even when a differont vac ‘of basc anhﬂlt or a dlffOlont



type of aggregate gradation was used with the identical modified asphalt
additives, it was considered to be a separate product made from different
materials. ‘
4) The term "rate of change" in the figures means a value of properties re-
garding the modified asphalt divided by that of straight asphalt.

5) The properties of binders and asphalt mixes are shown with the following

symbols.

Properties of Materials Symbols
Penetration p
Sof tening point sp
Penetration index PI
Toughness Ty

- Tenacity ' Te
Viscosity at 60°C 160
Marshall stability Mg
Dynamic stability DS
Chain abrasion loss CA
Viscosity at 180°C 1180
Ductility at 15°C D5
Temperature at mixing Ay
Temperature at compaction qc
Fraas breaking point Bf

~ Subscripts, s, m and r after a comma (,) were added after the symbols to
~denote the straight asphalt, the modified asphalt and the rate of change
respectively. For instance, softening point of straight asphalt was expressed
as SP,q, and viscosity at 180' C of modified asphalt was as 4180

6) Logarithms shown in the text and the figures are all common logarithms.

3.2.1/ Binder

1) Penetrations of Straight Asphalts VS. Those ‘of Modified Asphalts

The relationship between penctrations of stralght asphalts and those of modi-
fied asphalts is shown in Fig.6. Since the penetrations of stralght asphalts '
-used as base asphalts in SNOwy areas are approx1mately 90 and those in the
other areas is around 70, the dots in the figure scem Lo be separated into two
groups. Coefficients of correlation between the penetratlons of both asphalts
are not high however. it is found that the penetration of modlfled asphalt
cements are lower ‘than those of straight asphalts and a]so that the penetra- ‘
tion of modified asphalt cements are higher than seventy percent of those of
straight asphalts. R e ’ ’ R o
2) Softening Points of Straight Aspha]ts vs. those of ﬂodifled Aspha]ts

The relationship between softening points of stralght aspha]ts and those of
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Fig.6 Penetratlons of Straight Asphalts vs.
those of Modified Asphalts

modified asphalts is shown in Fig.7.
Correlation between both the softening
points appears very weak, since those
of straight asphalts are within the
narrow range of 44 through 55 C, and
the whole range is plotted in rectan-
gular shape. All the softening points
are located above the line of equality
and plotted within a small range. The
softening points of modified asphalts
are higher than those of straight
asphalts by 15" C at maximum, and it is
scen that those of modified asphalts
are within the range of 48 through

63" C.

Softening Polnt of Modifled As'ﬁhnl:,
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3) PIs of Straight Asphalts vs. those of Modified Asphalts
The relationship between penetration,indiccs (P1) of straight asphalts and
thosekof modificd -asphalts is shqwn in Fig.8. The PIs of straight asphalts

range bgtwéen -1.1 and 7‘0.3, and the those of modified asphalts are higher
than these, ranging from -1.1 to +3.0. Modified asphalts have lower tempera-
ture susceptibility, and correlation of the PIs between the base asphalts and -

the modified ésphalts is weak.



4) Kinematic Viscosities at 60°C of
Straight Asphalts vs. those of Modi-
fied Asphalts
The relationship between kinematic
viscosities at 60° C of straight as-
phalts and those of modified asphalts
is shown in Fig.9. The viscosities of
straight asphalts range between 1400
and 2500 Poise, and those of modified
asphalts are much higher by from 2 to
7 times.
5) PIs vs. Fraas Breaking Points of
Modified Asphalts
The relationship between PIs and the
Fraas breaking points of modified as-
phalts is not much clear, although the
calculated coefficient of correlation
is a little high, as shown in Fig.10.
This is also evident in the reference
1), where the slope in the regression
line is expressed inversely.
6) Relationship between Penetrations
and Softening Poiﬁts of Modified As-
phalts -
The relationship between penetrations
and softening points of modifjed as-
" phalts is shown in Fig.11. As shown
previously in Fig.8, the PIs of modi-
fied asphalts are plotted in a wider
range than those of straight asphalts,
therefore, this relationéhip. which
determines the PIs, is not so tight as

loe (ee.a) =1.7640.629 tor ( 7 ¢o.4) (r=0.250)
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Fig.9 Kinematic Viscositles at 60°C of Straight Asphalts vs.
those of Modified Asphalts
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in the case of straight asphalts. That is because the penetrations and the
softening points of modified asphalts are plotted in a wider range. Differ-
ences in types of modified asphalt are not so clear in this relationship as

shown in the reference 1).

7) Penctrations vs. Kinematic Viscositiés at'60°C of Modified Asphalts
The relationship between penctrations and kinematic ‘viscosities at 60°C of
modificd asphalts is not so clear as shown in Fig.12! The viscosities of modi-
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Fig.11 Penetrations vs. Softening Points
of Modified Asphalts

fied asphalts against the identical
penetrations is higher than those of
straight asphalts, since the penetra-
tions of modified asphalts are lower
and the viscosity at 60" C is higher
than those of straight ésphalts, as
~ shown in Figs.6 and 9.
In the reference 7), a regression
equation is shown between the penet-
" rations and the kinematic viscosities
at 60’ C of straight asphalts as
1og(160,)=6.49-1.73 log (P,g),

which gives lower viscosity than those

obtained in this study.
8) Kinematic Viscosities at 60°C vs.
Softening Points of Modificd Asphalts

tor { % ee.a)=4.58-0.118 « P,a(r=-0,648)
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The relationship between kinematic viscosities at 60°C and softening points of
modified asphalts is shown in Fig.13, which gives a relatively higher correla-
tion coefficient.  This is also true in the references 2), 5), 7) and 8) as
well as in the reference 6) for modified asphalts. However, the softening
points at higher kinematic viscosity at 60’ C of modified asphalts given by
former research workers tend to be higher than those of straight asphalts,
which may be because the test data at high viscosity are not available as



required, and an extreme extrapolation tor (7 vae.a)=-0.54110.719-log (7 ¢o.) (r=0.634)

might be made.
~In the references 7) and 8), the fol-
lowing regression equations are shown
log(160,4)= 1.154+0.0489 P,
log(760,,)=-0.229+0.074 P,
10g(760,é)=—0.337*0.0775 Pg.
' 9) Kinematic Viscosities at 60°C vs.
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Fig.14. This relationship should pos- Fig.14 Kinematic Viscosities at 60°C vs. Viscosities
sess a linearlity, provided that tem- at 180°C of Modified Asphalts
perature susceptibilities of all modi-
fied asphalts are equal. However, it Te.2=96.2+0.923-T.. . (r=0, 170)
is widely scattered, showing an varie- n - ! , T T
. 300 | e i
ty of temperature susceptibilities. ////

10) Toughnesses of Straight Asphalts
vs. Those of Modified Asphalts
The relationship between toughnesses
of straight asphalts and those of
modified asbhalts is shown in'Fig.l5.

" The former are concentrated between 20

g8

8

Oﬁubber, Plant
@ Rubber, Pre
A Theem.plst, Plang

of Modifled Asphalt, T.,. (kgf « em)

. 23 S0p——— o .
and 60 (kgf.cm), although the ‘latter e | _6§Rmfﬁt§§m
: ) ' : .§° i 0 E g:gg:::go;ymer, Plant
are scattered between 50 and 300 E: 0 ,{ : R RubberePolymer, Pre
(kgf.cm). ; o 020 50 1 P i
11) Tenacities'qf Straight Asphalts Toughness of Streight Asphalt , T,., (kgf + cg)

vs. those of Modified Asphalts - ;
. ig.15 Toughnesses of Streight Asphalts vs.
The relationship between tenacities of L , those of Modified Asphalts

straight asphalts and those of modi- . o } .
fied asphalts is shown in Fig.16. Since the former are concentrated between
zero and 20, although thé latter are scattered within a wider range of 20 to
250 (kgf.cm), the cocfficient of corrclation is very low? It is noted that the
tenacity can be considerably improygd by modifying the‘binder. hoquer. its
degree varics widely by type of the binder used.

12) Toughnesses vs. Tenacities of Modified Asphalts

The relationship hctween,toughnesses;_J_ .




Te.a=69.3 + 146 T, . (r=0.12D)
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Fig.16 Tenacities of Streight Asphalts vs.
those of Modified Asphalts .

and tenacities of modified asphalts is
shown in Fig.17. The correlation is
strong, as shown also in the reference
1). It is noted that the relationship
_in some plant-mixed asphalts is
slightly dispersed.

'13) Penetrations vs. Toughnesses of
Modified Asphalts . |

The relationship between penetrations
and toughnesses of modified asbhalts
is in negative correlation, aslshown
in Fig.18. |

14) Tenacities vs. Ductilities at 15 C
of Modified Asphalts

The relationship between tenacities
and ductllltles at 15 C of modified

Te.a=-30.940. 844 + To. a(r=0,943)
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Fig.17 Toughnesses of Modified Asphalts vs.
Tenacities of Modified Asphalts
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Fig.18 Penetrations of Modificd Asphalts vs. .
Toughncsses of Modlhed Asphalts

asphalts is shown in Fig. 19 It is not easy to make a proper evaluation of the
relation since almost all the ductilities of rubberized asphalts exceed 100

cm. It is conSJdered that there ex1sts no apparent relatlonshlp between the

two properties even if those data are avai]able

3.2.2/ Asphalt Mixes

1) Marshall Stabilities of Straight Asphalts vs. those of ﬂodlflod quha]tq‘"
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. : ]0 - thers
those of straight asphalt mixes with ~ -
the maximum difference of only 400 - Z‘
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L ) R ‘ <
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. 2) Mixing Temperatures and Klnematic 25
= 2
i
Viscosities at 60°C of Modified As- 8 . Y .
=S

phalts o s 150 160 170 180 190

: : " Mixing T : i '
| The relationship between the mixing ixing emperature of Modified Asphalt ., ?.., (t)

temperatures s, Kinenatic Viscositics el il Tengucruys ot Hodted st e v
at 60" C of modified asphalts is shown : . ;

in Fig.21. This 1mp1ics that the mixing temperature will have to be increased
provided that the viscositles are increased to have flow resistance. |

3) Mixing Temperatures vs. Viscosities at 180° C of Modified Asphalts

The relationship between mixing temperatures and viscosities at 180 C cf modi-
fied asphalts is shown 1n Fig. 22, giving a low ‘coefficient of correlatlon

This implies that the mixing temperature of modifled aspha]t cements are not
determined based on the temperature viscosity curves specified in Japanese '



design manual of asphalt pavements.

3.2.3/ Flow Properties at High Temperature of Asphaltl Mixes

1) Relationship between Dynanmic Stabilities of Straight Asphalt Mixes and

those of Modificd Asphalt Mixes

The relationship between dynamic stahilities of straight asphalt mixes and

those of modified asphalt nixes is shownfin Fig.23. The latter mostly cxceed

2,000 passes, which, is from three to
ten times as high as those of straight
asphalt mixes.

2) Softening Points vs. Dynamic Sta-
bilities of Modified Asphalts

Thc relationship between softening
points and dynamic stabilities of
modified asphalts is shown in Figs.24,
25. Trying to eliminate the effects of
personnel, equipment, and methods of
testing, the rates of changes are
employed in Fig.25. A positive corre-
lation is noted to a ccrtain degree,
however, the dynamic stability varies
widely.éven with small testihg errors

in a range of larger values.- Some

tog (DS..)=1.2040.812 -tor (DS..) (r=0.672)
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differences cannot be avoided because tests were performed at many different

laboratories.

In the reference 2), some regression cquations are shown as

10g(DS,¢)=1.379+0.0361 SP,
1og (DS, g)=2.175+0.0236 SP,

3) Kinematic Viscosities at 60°C of Wodlfled Asphalt Cements vs. Dynamic Sta-

bilities of Modified Asphalt Mixes
The relationships between (rate of
change of) viscosities at 60" C of
modified asphalt and (rate of change
of) dynamic stabilities of modified
asphalt mixes arc shown in Figs.26,
27, 28. Since wheel tracking tests
were performed at GO‘C as is the vis-
cosity tests, stronger relationship
was expected, although a weak positive
correlation is actually noted in both
the cases. In the reference 2), the
relationship between straight asbhalts
and modified asphalts is expressed as
log(DS,)=0.803+2.290 log h6O,
log(DS,)=0.828+1.757 log h60, .

1og (DS, ) =-0. 687+1. 06-toe (7 ca.s) (r=0.743)
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DS, »=2.39+¢0. 677 « 7 ¢s. ¢ (r=0.619) tog (0S,.)=2.96+0, 00308 + To,. (r=0.551)
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is expressed as follows

log(DS,)=3.020+0.0039 Ty, g -

log(DS.S)=3. 150+0.0358 To'm' Fig.30 Toughnesses of Modified Asphalts vs. Rate of Change
in Dynamic Stebilities of Modified Asphalt Mixes
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5) Tenacities of Modified Asphalt
Cements vs. Dynamic Stabilities of Modified Asphalt Mixes

The relationships between tenacities of modified asphalt cements and (rate of
change of) dynamic stabilitles of modified asphalt mixes are shown in Figs.31,
32. The dynamic stabilities of modified asphalt mixes range between 20 and 60
times as high as the tenacities of the binder, as 51milar1y shown in FlgS 29,
30, since the toughness and the tenacity havc a strong relation cach other as
shown in Fig.17.



6) Mixing Temperatures vs. Dynamic Stabilities of Modified Asphalt Mixes

The relationship between mixing tcmpératures and dynamic stabilitics of modi-

fied asphalt mixes is shown in Fig.33, however, no clecar correlation is found,

since the mixing temperatures are not determined only by viscosities of bind-

ers. Temperature susceptibility, which is different for each type of modified

asphalts, also becomes one of the affecting factors.
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Fig.31 Tenacities of Modified Asphalt Cements vs.
Dynamic Stabilities of Modifled Asphalt Mixes
3.2.4/ low Temperature Wear Propertics
of Asphalt Mixes
In general, different test results are
obtained for the chain abrasion loss
by each laboratory, because the test
methods are not strictly specified. In
fact, a meaningful relationship was '’
not found during the analyses except
for Fig.34, which indicates the re-
lationship between chain abrasion -
losses of straight asphalt mixes and
those of modified asphalt mixes. It is
considered necessary to consolidate
all test procedures to find low tem-
perature wear properties. It s found
that chain abrasion loss of modified '

asphalt is normally smaller than those- :

DS, =4.56+0.00971-T... (r=0.228)

1 i T T 1 L

. "

sk i

o

=

s 8 v " i
...?:‘ - o 4
=3 9
32 ° .
2 a ad E
w2 6F v o & .
Q o
=0 o

3]
£ e ®
5% 47T a ° ]
g ; o : .
S < (o] O Rubber, Plant

o @ Rubder, Pre
< 2 ¥ o A Thrm.plst, Plant -
€ o A Thrm.plst, Pee
e x . ¥ Them.sett, Plant .
O O Rubber+Polymer, Plani
- -0} M RubdersPolymer, Pre |
° X Others T
g ' (] [l 1 1 ]
o9
14 0 50 - 100 150 200 250

Tenacity of Modified Asphalt . Ta, «(kgf-ca)

Fig.32 Tenacltles of Modificd Asphalt§ vs. R:;ke of Change
of Dynamic Stabllities of Modified Asphalt Mixes

toz (DS.2)=1.35+0.0123 + 6 .. a(r=0.276)

I~ LIy T L ~ T LN
€ ;1 ORubber, Plant
8 @ Rubber, Pre Ny
- 6| A Thrim.plst, Plant A 8 L E
< A Thrm.plst, Pre
.2 S U mhemsett, Plamt I N
[ T A :
- 4t 3 Onx N
a o
(=] ™ 8 | 1}
% 3 - .. il
= L 0 ° o
- . -
G 2f LR o _
§ , A.
R4 .6
=0
- é - : ) [e)
23 1} ORubbectPolymer, Plant
V6., "L R Rubber+Polymer, Pre . |
o= . X Others o N
Eg - ) .
g © 0.7} ” : c . i
. 8 L] 1 Q ] 1
150 160 1o 180 190

Mixing Temperature . . - .
- of Modified Asphali Mix . & 4.4 (T)

. Fig.33 Mixing Temperature vs. Dynamic Stabilities of

' Modified Asphalt Mixes



of straight asphalts, reduced to between 33 and 70 percent of the original. In
other words, modification of straight asphalts will give rise to the chain
abrasion loss. However, it is not easy to compare all the different modified

asphalts with cach other, as test methods are not well standardized.
3.2.5/ Frequency Distributions of Propertics of Modified Asphalls
Statistical frequency distributions of each property of modificd asphalts are
shown compared with those of straight asphalts in Figs.35 through 46. The

followings arc observed from these

As, a=0.00833+0.549 - Ay, . (r=0.861)

figures.
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. PRPN 7
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2) Properties of modified asphalts are g
‘distributed in a wider range than 23 Lok
S el .
those of straight asphalts, and some- g§
times have unexpected distributions. £g 0.5
<
“This tendency is remarkable especially < Av. a=0.334,.,
[~}
. . . . . (o N
for penetration index, kinematic vis- o ,
] L W 1] 1 [
cosity at 60" C and viscosity at 180°C, 0 05 1.0 1.5 20 25
. . Chain Abrasion Loss
toughness, tenacity, Fraas breaking of Straight Asphalt Mix . A« (cd)

“point, dynamic stability, and chain Fig.34 Chain Abrasion Losses of Straight Asphalt Mixes vs.

. those of Modified Asphalt Mixes
abrasion loss. ; \
3) No notable difference was found in distribution of modificd asphalts and

‘straight asphalts for Marshall stability and flow value.
3.3/ Workability of Hbdificd'Aspha]ts

3.3.1/ Attentions Which Shou]d>be Paid in Usc of Modificd Asphalts
pavement construction with asphalt mixes is normally performed in a sequential
order of manufacturing, transporting, spreading and compacting.

Many replies to the questionnaires'wcrc returned regarding the attentions
which should be paid when thé pavement is constructed with modificd asphalt
mixes. The numbers of replies for cach process are shown in Fig.47. Over forty
percent of replies suggested some points to be considered, especially during
compaction. ' :

Most replies pointed out of the requirement for temperature control.
The nggestions in use of modified asphalts, are also common for straight
asphalts. No notable difference was pointed out by the type of asphalts. Sec-.
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1) Temperature control during manufac- / Manufactore &
turing, transportation and spreading % Tr;:.sl‘;"a“on
- Much attention shoyldAbe paid for /////// ‘
temperature control durihg the mixing. ,/1;:::;%%25

- Much care should be taken of tempe-

lected suggestions are shown below.

\

rature control at transportation and

its duration during low temperature

SCAasons :

- Proper temperature should be kept
. o . . _ Fig.47 Construction Processes

during spreading and compaction. . to which Attations should be paid

2) Precautions during making joints
- llot joints are more desirable than cold ones.
- Tack coat should bb spread out ‘carcfully when cold joints are to be made .

3) Timing ofﬂini&ialicdmbacéion _ .

- Initihifédﬁpbéfioﬁishﬁhld:bc médc as soon as possible, since fodified as-
phalts must be applied at higher temperature than straight asphalts.

4) Care fqr'preﬁcnfing pick-up ' i

- Water should not be spread out while compacting, since it lowers the pave-
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ment temperature and causes much pick-up. Rather, fuel oil should be applicd
over the rolling tires.

5) Compaction

- Second compaction should be made immediately after the.initial compaction.
- Tire marks at pavement surface should be avoided with extreme care during
the final cbmpaction. ;

- Hairline cracks should be avoided with careful éompaction.

6) Weather conditions :

- Much attention should be paid to temperature control during the construction
in winter time, and desirable air temperature is above 10° C.

- The pavement should be opened for traffic after the sufface temperature is
reduced under 60° C.

7) Other Notes ; ,

- Various cares to be taken of concerning aging of thermohardening resin, use
of aggregates, paving techniques around to crackings and others are suggested.
Most of them are commoh to the cases with straight asphalt mixes.

3.3.2/ Mix Temperature at Construction Recommended by Manufacturers

The ranges of mix temperatures and their averages at construction recommended

by manufacturers are shown in Figs.48, 49. Fig.48 is made regarding binder

types, whereas Fig.49 is drawn concerning the methods of mixing. The data for

straight asphalts are also shown for reference4). The followings are found.
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Fig.49 Construction Temperature Regarding Mixing Types'

1) All the modified asphalts have similar tendencies concerning the mix tem--
perature ranges, except for epoxy resin, shown as thermohardening 2 in Fig.48.
The temperatures are higher in general than those of straight asphalts. The
mixing temperatures are higher by from 13 to 19°C, and initial compaction
temperatures are higher by from 4 to 8 C. The recomnended temperatures for
resin type are higher than those of rubberized type in almost‘all the pro-
cesses. ’ T ' PRI

2) The mix1ng temperatures recommended for plant- mixed and ‘pre- -mixed are al-
most ident1ca1 as shonn in Fig. 49 however, the compactlng temperatures for
plant-mixed types are a little higher than those for ple mixed ones.

3) The mix1ng temperatures of modlfied asphalts are hlgher than those of
straight asphalts by from 14 to 16 C and the 1n1tlal conpactlng temperature
is higher by betneen 3 ‘and 8 C. : .

3.4/ Evaluation of Present Staius

Efficiency of modified'aSphalt'iS’evalUnted at’ the present time based on the
pavement surface condltlon data. Laboratory tests such as wheel tracking or
labeling are used if these data are not avallable Various opinions collected
by the questionnalres are listed below. .

1) Thirty four replies were collected out of forty five products to the ques-
tion asking the cvaluations of present status of modified asphalts. The num-



bers of the vreplies regarding cach pavement distresses are

Evaluation against viscous flow . 18

Evaluation against crack initiation : 4

Evaluation against abrasion by studded tires : 13

Evaluation of improving overall efficicency 17,

- The number of replies concerning the evaluation against cracking is fewer:than
the others, because modified asphalts have been developed mainly to achieve
higher resistance to viscous flow and abrasion by studded tires.

2) Most manufacturers acknowledged their products are effective against vis-
cous flow and abrasion by studded tires. However, their evaluation varies
much. Most replies acknowledged extended service 1life, although few of thenm
had backup data.

3) Since evaluation was done by each manufacturer, data are not sufficiently
available to make relative comparison among overall products. To obtain proper
evaluation, a comparison should be made by a laboratory or by in-situ testing
based on the same test conditions.

3.5/ Remaining Problems and Future Developments

Currently remaining problems faced to manufacturers arce classified into three:
groups, against contractors, against contracting agencies and against manufac-
turers themselves.

For contractors, the manufacturers are asking for proper temperature control
at mixing, eséecially in application of wear resistant pavement. .

For contracting agencies, they should compare efficiency of plant-mixed and
pre-mixed asphalts with each other before selecting the most suitable product.
Though the aggregate gradations are currently specified by contracting agen-
cies, the manufacturers should be consulted for suitability of modified as-
phalts instead.

For manufacturers themselves, quality assurance is required to provide proper
products at adequate prices. Some replies pointed out the shortage of kettles
in mixing plants.

.~ 4/ SUMMARY:

It is seen through the questionnaires: that various products of modified as- -
phalt cements are being manufactured by a number of firms serving local needs.
Performance of modified asphaltl . cements- are évaluated superior to straight as-
phalts in properties of binders and mixes in general, lecaving some problems



regarding temperature controls, although the quality and propertics of pro-
ducts are still being evaluated independently by each manufacturer. In order
to improve the effective use of modified asphalts in the future, it is con-
sidered to be necessary to take an objective view of the products, and estab-
lish quality standards and application procedures. -

The replies to the questionnaires are briefly summarized below.

1) Modified asphalts are classified into rubberized, polymer-added, and rub-
berized and polymer-added asphalt cements. Methods of mixing are classified .
into plant-mixed and pre-mixed, as shown in Fig.1.

2) Modified asphalts have been consumed from 110,000 to 130,000 metric tons a
year (converted to volume of binder). The consumption is being increased by
twenty five percent in five years.

3) The products are sold either as modified asphalts or as modifying addi-
tives.

4) Major purposes of use of modified asphalts-are to provide resistances
against viscous flow and abrasion by studded tires.

5) Volume of modifying additives added on asphalts varies much, but is nor-
mally from 3 to 5 percent (dry). No deleterious substance is contained in any
additives.

6) Both the binders and the mixing additives have been more improved than
straight asphalt, depending on their types and applications.

7) As mixing temperatures of modificd asphalts are higher than those of
straight asphalts by from 15 to 20°C, the temperature must be properly cont-
rolled. The application time must be carcfully coordinated for thermohardening
resin. , '

8) In accordance with the opinions collected from manufacturers, pavement
performance constructed with modified asphalts is. generally higher than that -
with straight asphalts. : ' R :

9) Prices of modified asphalts are 1.8 through 3.1 times higher than those of
straight asphalts, except for thermohardening resin.
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ABSTRACT

Results of a 1laboratory testing program designed to evaluate the

performance of two modified asphalt binders, LATEX and STYRELF 13, at low

and high temperatures (-30°C to +44°C) are presented in this paper. The
material properties evaluated were resilient modulus (M), permanent

deformation characteristics, creep modulus, indirect tensile strength, and
moisture damage.

The addition of the LATEX modifier to the conventional AC binder produced
a mixture which showed significant reductions in susceptibility of the M,
to temperature and in permanent deformation, as well as having lower creep

modulus at low temperatures than those of mixtures produced from the parent

binder. The LATEX modified mixture did not pass the moisture damage

evaluation criteria. The STYRELF 13 modified binder produced a mixture

with the highest M, for all temperatures tested, the lowest permanent
deformation, and the highest creep modulus of the mixtures tested. The
STYRELF 13 mixture also passed the moisture damage test and exhibited the

highest tensile strength at all temperature levels.



1.0 INTRODUCTION

There has been an increased interest in the use of modified asphalt binders
in the paving-industry. As a result, material researchers have been asked
to apply state-of-the- art materlal testlng methods and analyses to predict
the performance of such modified materials. A proper evaluation should
include testing over a wide temperature range in "which a pavement is
expected to perform. Thus, “the temperature susceptibility of these

asphalts could be compared.

The primary objective:of this study was to evaluate the performance of
modified asphalt binders for the purpose of reducing pavement cracking,
rutting, and moisture damage. . The laboratory testing program was designed
to examine both the stiffness and flexibility ef each modified binder

mixture at low and high temperatures.



2.0 MATERIALS

Asphalt binders for this study were IRVING asphalt and STYRELF 13. The
IRVING asphalt (AC), a conventional binder, was sent to BASF Canada for
blending with the LATEX modifier. STYRELF 13 is a premixed modified binder
designed for cold temperature conditions. The physical properties of the

binders are summarized in Table 1,

The same densely-graded, crushed stone was used in all mixtures in this
study. The gradation of the aggregate conformed to the Nova Scotia
Department of Transportation Specifications Manual (1) - for Type ‘B mix.

Table 2 shows the gradation of the aggregate used.

The 6ptimum binder content for each mixture type was determined using the
Marshall Method. An effort was made to produce specimens with the same
amount of air voids for all three types of mixes tested. A summary of mix
properties can be found in Table 3. The stability values of the two
modified binder mixtures at 60°'C were higher by 10 to 40 percent than the
stability values of the mixtures made with the conventional AC binder. The

flow values for these binders were within acceptable limits.



3.0 SPECIMEN PREPARATION

Two types of test specimens were used in this study, namely cylindrical and
briquette. The resilient modulus (M), permanent deformation, and creep
modulus testing were -performed on the cylindrical specimens. Briquette
specimens were used in low-temperature indirect tensile strength and

moisture-damage effect testing.

Cylindrical specimens of 101.0 mm in diameter and 203.2 mm in heigﬁt were
used. These were compacted in four layers and were prepaiéd'in accordance

to Asphalt Institute guidelines (2).
The briquette specimens were 101.0 mm in diameter and 63.5 mm in height.

These were prepared in accordance with the Marshall Method of mix design

specified by the Asphalt Institute (2).
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4.0 TESTING SYSTEM

An MTS Closed-loop Electro-hydraulic Testing System at the Department of

Civil Engineering, University of Saskatchewan, was used in the testing

program. The MTS system was interfaced with two micro-computers for load

control and data acquisition purposes.

An IBM XT compatible micro-computer with a two-channel digital-to-analog

conversion board was used to provide various signals to the MTS system for

application of load. This allowed load functions of various types to be

digitized and applied to the specimens.

High-speed data collection was achieved using a second IBM AT compatible

micro-computer which was equipped with a 16-channel analog-to-digital

conversion board. This was used to collect various load and response data

during testing,

An environmental chamber, capable of providing air temperatures between -

40°C and +50°C, was used to control test temperatures during the testing

of asphalt concrete specimens. The environmental chamber can accommodate

testing of both the briquette and cylindrical specimens. The experimental
set up can be found in Figure 1.



5.0 TESTING PROCEDURES

5.1 Resilient Modulus

The resilient modulus (M,) is a dynamic test response defined as the ratio
of repeated axial deviator stress divided by the recoverable strain.
Repeated haversine loading was used in all resilient modulus testing.
Haversine loading was used to prevent impact loading to test specimens.'
A ;ypical haversine lcad function can be found in Figure 2. Two load
frequencies were used. The first frequency of 1 Hz was loaded at 0.1
seconds and unloaded at 0.9 seconds. The second frequency of 0.33 Hz was
loaded at 0.25 seconds and unloaded at 2.75 seconds. Resilient modulus

values were measured at the 50th and 150th cycles.

Each of the three mixtures was tested at four temperature levels: -15°C,

0°c, 20°C, and 44°C.
5.2 Creep and Permanent Deformation

Incremental static load testing at 138 kPa was conducted on cylindrical
specimens to determine the permanent deformation and creep characteristics
of each mixture. Each mixture was tested at -15°C, 0°'C, 20'C, and 44°C.

Figure 3 shows the incremental static load function used.
The permanent strain at the end of each unloading period was calculated
from the measured deflection. The total permanent strains versus the

corresponding incremental loading times were plotted on a log-log graph.

The creep characteristic was obtained during the 1000-second loading.

Strains during various times of loading were measured.

The creep modulus at any given time, S(t), can be determined using the

following equation:
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where: © = applied stress (MPa)

E(t) = axial strain at time t
5.3 Tensile Strength

The low-temperature tensile fracture strengths of briduette-specimens were
determined using the indirect tension. The testing procedure used has been
previously reported by Anderson and Hahn (3). Due to the llmlted number
of specimens available, testing was restricted to the rate of 1. 5 mm/mlnute
and to the temperature levels of 0° C, -10°Cc, -20°C, and -30°C. These test
temperatures resulted in failure within 60 to 160 seconds.

Anderson and Epps (4) have documented indirect tensile testlng of fleld
core specimens at low and high temperature levels using three straln rates
51, ‘5.1, and 0.51 mm/minute. The results show that there was little
tensile strength dependency on the applled straln rate at low temperature
levels. Therefore, using a strain rate of 1.5 mm/mlnute in this study was

considered acceptable.
5.4 Moisture Damage Procedure

M01sture sensitivity and the effects of strlpplng are closely related
Stripping is primarily caused by water damage to the adhe51ve propertles
of the binder. Moisture damage evaluation can be accompllshed u51ng

various methods, all of which are listed in the FHWA report (5)

According to FHWA (5), the most promisingrprocedure for lohg—term testing
appears to be one described in NCHRP 246. Table 4 summarlzes the
procedures recommended by NCHRP 246 for each m01sture damage evaluatlon

This method evaluates either the retained ratio of re5111ent modulus or the.
indirect tensile strength of wet (moisture conditioned) and dry

(unconditioned) samples.



6.0 RESULTS AND ANALYSIS
6.1 Resilient Modulus

The relationships between resilient modulus values and temperature levels
for the three mixtures evaluated can be seen in Figures 4 and 5. As
expected, the M, values increased with increased loading frequency and/or
decreased test temperatures. These figures clearly show the effect of the
LATEX on the asphalt mixture modulus. At low temperatures, the LATEX
modified binder resulted in a lower M,; while at higher temperatures this
was reversed. That is, the conventional AC binder resulted in a higher M,
than the LATEX modified mixtures. The benefit of the reduction in the
temperature susceptibility of the M, due to LATEX is obvious. It reduced
the cold-temperature cracking potential, while maintaining improved
resistance to rutting in the summer. In comparison, the effect of the
LATEX on the temperature susceptibility of Penetration/Viscosity is not
that obvious. The measured values for conventional AC binder versus LATEX
mddified binder were 250/150 and 260/150, respectively, vyielding roughly

identical Penetration Viscosity Numbers (PVN), as seen in Table 1.

The effect of STYRELF 13 on M, is less obvious, mainly because the parent
asphalt binder used was not identical to the IRVING asphalt binder tested.
As mentioned earlier, the reason was that STYRELF 13 is a proprietary
product that was supplied ready-mixed. For all temperatures and loading
freqﬁenciesbtes;ed, the STYRELF 13 modified mixture showed higher M, values
than the cpnventional asphaltvmixture. This was expected given that the
STYRELF 13 modified binder had a considerably higher viscosity than the
conventionél AC binder, as referred to in Table 1. It seems, however, that
the difference in the. M, of the two mixtures became lower at increased
temperatures for both loading frequencies. No direct benefit in modifying
M, using STYRELF 13 can be seen from the M, testing performed. This points
out the need fbr testing the parent asphalt binder used for producing

STYRELF 13.

Table 5 summarizes the M, values measured for the three mixtures.



w®
=
b
x
g
=
§
¥
4
%
3
&
K
¥
&
.
kS

6.2 Permanent Deformation

The creep testing conducted allowed the evaluation of the permanent
deformation and the Creep characteristics of the three types of asphalt
mixtures. Figures 6 and 7 show the permanent deformation versus the
loading time curves obtained at 20°'C and 44'C, as well as -15°C and 0o°‘c,
respectively. As expected, permanent deformation increased in an
exponential fashion with loading time for all thé temperatures tested
(i.e., it appears 1linear in a log-strain versus log-time diagram).
Comparisons of permanent strain rates between the two modified mixtures and
the conventional mixture showed an increase for the relatlvely high
temperatures (i.e., 0°'C, 20° C, and 44°'C), while it showed ‘a dramatic
decrease at low temperatures (i.e., -15°C). Average values of the
magnitude of the  reduction in permanent deformation "effected by the
modifiers was obtained throughout the loading time period tested (i.e.,
1000 seconds). These ranged from negligible at -15°C to over one order of
magnitude at 44°C. 1In these comparisons,:the STYRELF 13’outpeifofmed:£he
LATEX modifier exhibiting consistently lower permanent deformation. This
was expected given the lower viscosity of this binder. It is concluded
that the dramatic decreases in permanent deformation were obtained by the

use of modifiers for a wide range of temperatues.

Figures 8 and 9 show the creep modulus of the mixtures tested as a function
of time for -15°C and 0°'C, as well as 20°C and 44°C, respectively. As
expected, creep moduli decreased with increased loading time and/or
temperature. It can be seen that for all tempertures tested, the STYRELF
13 modified mixture exhibited a higher creep modulus than the conventional
asphalt mixture. At low temperatures (i.e., -15°C and 0°C), the LATEX
modified binder exhibited lower creep moduli than the conventional asphalt
mixture. At higher temperatures (i.e., 20°C and 44°C), the LATEX modified
binder demonstrated marginally higher creep moduli than the conventional
AC mixtures. Thus the use of STYRELF 13 modified binder increased rutting
resistance under low-speed driving conditions for all tempertures tested;

while marginal improvement was realized by the LATEX modified binders for

high tempertures only.



6.3 Moisture Damage

Moisture damage was expressed in terms of both the retained ratio of the
M, and the retained ratio of the tensile strength for wet and dry
cqnditicns, ;espectivgly., The results are shown in Table 6. It can be
seen that the retained ratios ranged from 0.48 to 0.72 and 0.86 to 0.99,
respectively. Both modifiers seemed to improve the weathering resistance
of the mixtures compared to the conventional AC mixtures. However, when
the FHWA criteria of 70 and 80 percent were used for “"passing" a mixture

(5), only the STYRELF 13 modified mixture passed the moisture damage test.
6.4 Tensile Strength

The results of the tensile strength test are shown in Figure 10. Tensile
stress at failure was plotted versus temperature for the three mixtures
téstedgz As was expected, tensile strength decreased with temperature,
particularly for temperatures higher than -20°C. It can be seen that the
LA?EX modified binder reduced the tensile strength of the mixture for all
but the highest test temperature. On the contrary, the STYRELF 13 modified

binder demonstrated higher tensile strength than the cther two mixtures.



et B TR 0

7.0 CONCLUDING REMARKS

A series of tests were conducted on three asphalt mixtures obtained with
conventional AC binder (IRVING), LATEX modified binder (IRVING + LATEX),
and STYRELF 13 modified binder (proprietary mix). The tests included
Resilient Modulus (M,) (loading frequencies of 0.33 Hz and 1.0 Hz), creep,
and indirect tension. A range of temperatures, -30°C to +40,C, was used
for the tesing. 1In addition to these tests, the moisture damage resistance

of these mixtures was tested using an FHWA recommended practice (5).

The LATEX modified mixture exhibited reduced susceptibility of the M, to
temperature in comparison to the conventional AC binder. It also resulted
in significant reductions in permanent deformation, while its creep modulus
at low temperatures was lower than that of the conventional AC binder.
Also, its tensile strength was lower than that of the conventional mixture

and did not pass the moisture damage test according to FHWA guidelines (5).

The STYRELF 13 modified mixture exhibited higher M, than the other two
mixtures for all temperatures tested; therefore, no‘improvements in the
temperture susceptibility of its M, could be demonstrated. It exhibited
the lowest permanent deformation and the highest creep modulus of the
mixtures tested. It passed the moisture damage test as per FHWA guidelines

(5) and exhibited the highest tensile strength.

These findings should be viewed bearing in mind that the parent asphalts
used for producing the two modified binders were different. Conclusive
results for the performance of STYRELF 13 modified mixtures can be obtained

only by testing it against its parent asphalt.
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.-Table 1: Properties of Asphalt Binders

: ASPHALT BINDER
Physical LATEX
Properties STYRLF 13 IRVING AC Modified
Penetration (1/10 mm) :
at 25°C 90 250 260
Viscosity (Cst) - : :
at 135°C - 888 150 150
Specific Gravity .- 1.029 1.025 ©1.02
Softening Point (°C) - 49 49 . 52
PUN | | 0.60 -0.40 20.40
Table 2: Gradation of Aggregaéé’
Sieve ' :
Size (mm) .28 20 14 10 5 2.51 0.315 ] 0.08
% Passing | 100 [ 97.5| 70 | 70 | 50 35 | 11.5 | 5.0
QH




Table 3:

Summary of Mixture Properties

PROPERTIES

LeoranE

;- ASPHALT BINDER . : ..;

'STYRELF 13

IRVING A . LATEX

% Asphalt by
wt. of mix

[ Tt ooy

5.10 .-

IRt n s I Modified -

A

5.46 - 4.75

Mixture

Bulk S.G. of

'2.41

2.39 | 2.3

Bulk S.G. of

2f71f B

2.7 | 2.7 ¢

Aggregate
RE——

i

$ Air 'Void

15.50°
3.5

16.20 .0 |7 .14.76.""
3.6 - | i35 i

Marshall
Stability
(kN)

18.06

13.23 14.30

Flow

11

.0

12.0 11.5

Table 4: Summary of Moisture Damage Procedure

U R
KERRA

(After NCHRP 246) : j

Specimen Size:

Diameter ‘= 102 mm

.No. of,Spebimens

3wet - - - o

3'dry S I S

Air Void Range ‘

3% to 5% A Por cnnaaen

?

Vacuum Conditioning
(Wet specimens)

~ soak under' vacuum -of -660--
mm Hg for 30 min

- 30 min soaking without
vacuum

Moisture Conditioning
(Wet Specimens)

— 15 hrs freezing at -8°C

— 24 hrs static soaking at
60°C

- 3 hrs static soaking at 25°C

Damage Evaluation

- MR testing at 25°C

— Tensile strength testing at
25°C and rate of
50.8 mm/min




Table 5: Results of Resilient Modulus Testing

IRVING AC LATEX STRYLF 13
Temperature Modified
(MPa) (MPa) (MPa)
oc )
e 1 H=z .33 Hz 1 Hz .33 Hz 1 Hz .33 H=z
-15 11400 | 10400 | 10000 | 9000 13100 | 12400
0 8970 8150 8250 | 7500 11700 | 10860
20 1035 980 1500 1300 2900 2400
44 276 241 450 300 1035 900
Table 6: Results of Moisture Damage Testing
. Mr Tensile
B;;gzr (MPa) Ratio | Strength (MPa) | gpatio
Dry Het Dry - Wet
IRVING AC 1270 610 0.48 475 410 0.86
 LATEX | ‘ '
‘Modified 1500 800 0.53 610 500 0.82
STYRELF 13 | 4454, 2800 0.72 1110 1100 0.99
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ON ADHESIVE LAYER OF THIN CONCRETE BLOCK OVERLAY

by

Masao Inuzuka, Hokkaido Institute of Technology

ABSTRACT

Various means to prevent skidding in winter are to worsen the
damage and the deterioration of the asphalt pavements.
Concrete blocks which are stronger than asphalt may solve the
problems, covering the asphalt pavements. These blocks can
enhance the aesthetic value of the pavements. These are also
able to shorten the term of works at the site as well as the
closing of the road, reducing the cost depending on the
conditions. However, the conventional concrete blocks have
faults such as the difficulty to mend the surface abrasion or
the vulnerability to deformation due to the frost heave. This
report centers on the overlay method with blocks which should
be as thin as possible in given conditions. Blocks are to be
laid on the thin adhesive layer of asphalt. The thickness of a
block can be reduced with the block length shortened. The
lessened blocks become unstable and vulnerable to stripping and
moving, since the blocks are light and weak for restraining the
adjacent ones. For stabilization, these blocks have to adhere
to the asphalt road which governs the bearing capacity. The
aptness of adhesive means is a key to the success of the thin
block overlay. Mechanical conditions of the adhesive layer are
discussed under the assumption that the blocks are rigid. The
adhesion of asphalt can be obtained by heating. A good choice
for a heating method can enhance the efficiency of the work and

the serviceability of the pavement.






ON ADHESIVE LAYER OF THIN CONCRETE BLOCK OVERLAY
by

Masao Inuzuka, Hokkaido Institute of Technology

1 /INTRODUCTION

Rapid increase in automobiles in our daily life accelerates the
exacerbation of some roadproblems specific to a cold region ---
roads are subjected to damages due to metal chains or other
means to prevent 'skidding on a frozen road in ‘winter.  Roads
are affected also by the frost heave or the thermal expansion.
Being appropriate to bear the weight of automobiles anad to
distribute it underneath in such an environment, the asphalt
pavements prevails mostly in a cold region. The asphalt
pavements, however, have problems. Especially the rutting one
is urgent to be solved. This problem has various causes. Main
cause may be that the‘asphalt is subjected directly to wheels
and exposed to:the outside air.  On the other hand, there are
many kinds of concrete which are much stronger and more durable
than asphalt. The concrete is particularly: resistive to
abrasion and high temperatures, although its deformation
capacity is limited.- Therefore it is suitable to cover asphalt
for protection.: The overlay with thin blocks of  appropriate

concrete may be :a solution.

::2/THIN. CONCRETE BLOCKS ° -
‘Each -layer between the surface and the base responds to loading
differently according.to’a: combination -of physical: properties
-and geometrical conditions.: . :When a concrete slab is subjected
to wheel loading and temperature' changes, the ‘internal stresses
.can be given from the:ratio between’the maximum ‘length and- the

thickness, partiCularly,When*the~slab'is placed on a soft



ground of lower base coefficient.Ref.1)

When the objective of surface concrete is to protect the
asphalt underneath, the size of a block can be small only to
reduce the internal stress and the width of a joint between
slabs can be fine for thermal expansion. Ref.2) A concrete
block is a concrete slab whose maximum length is made as short
as possible, so far as the block functions. Blocks are
normally prefabricated in a factory. Occasionally these are
produced in the site, placing concrete and joint lines are
notched in order to avoid the adverse cracks. The surface
concrete, which has a thickness less than 60mm and is
stabilized by adhesion not by the self weight, is to be
analyzed as the thin concrete block. 1In so far as the base
condition is identical, the smaller block is stronger to damage
due to loading and temperature changes. The smaller the size ,
the stronger the block mechanically since the internal stress
is reduced. On the other hand, the conventional practice has
experienced the cost rise with the block size reduced. This is
because the size for the mechanical unit cannot be independent
from the size for the working unit. Turning over the illusion,
the thin concrete blocks become practicable. Blocks , the size
of which are reduced, can be connected to one another in order
to enlarge the working unit. There are ways such as connecting
blocks with a net and introducing notches in a block like a
chocolate bar.

A mechanical problem of small sized blocks is how to stabilize
these at initial positions. -In the conventional concrete block
practice, the sand has played the stabilizing role in joints
and on the base. Subjected to pressure and the shear stress,
the sand pushed into a joint: -can transmit the force to the
adjacent block. When a block is to be raised, other blocks
nearby are also raised in accordance, which can prevent each to
be raised independently. The conventional concrete blocks have
tendency to move because of the repetition of freeze and thaw
of water absorbed in the sand underneath.

Two main functions required to concrete blocks as the

protective layer are one to reduce the amplitude of temperature
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variation and the other to strengthen the surface.

A, ALLEVIATION TO TEMPERATURE VARIATION The maximum
amplitude of temperature variation of the naked asphalt near
the surface can get to 50 degree Celsius in one day according
to the record in Sapporo. It could be between 20 d. and 70 d.
in summer and between -15 d..and 35 d. in winter. Ref.3)
Since the highest temperatures in asphalt is found within
several millimeters from the exposed surface, the concrete
blocks can be protective against the thermal flow and the
thermal stress , alleviating the temperature variation thanks
to their reflex and high conductivity. The thicker , the more
effective.

B. SURFACE STRENGTHENING Strengthened binders and
appropriate aggregates in any concrete ,whether it is of cement
or of asphalt, can improve the abrasive resistance and other
physical properties. Prefabrication in the factories is
advantageous for strengthening binders to improve the concrete.
The concrete block overlay in which the joints are filled with
asphalt may be taken as the asphaltic concrete of special
aggregates of blocks with much less asphalt compared with the
ordinary asphalt concrete mixture. Consequently the thickness
of the overlay may be added to the the thickness of the asphalt

pavement.

3/FRACTURE AND DEFORMATION OF ADHESIVE LAYER

The progression of fracture and deformation of blocks depends

on geometric conditions of the adhesive layer, which are given

by the site conditions and the construction procedures. These
conditions are interwoven. Therefore several assumptions are
introduced ‘to simplify the conditions. . The upper limits of

stresses in the adhesive layer will be discussed with respect

to the vertical and horizontal deformations.
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3.1/VERTICAL DEFORMATION OF BLOCKS(PUSHING IN AND STRIPPING
OFF)

The adhesive layer has to be strong enough to stabilize each
block at a location. Ref.4) Blocks are by far stiffer than
asphalt for the adhesive layer. Thus the blocks are assumed  to
behave as the rigid body on the layer. The layer is assumed to
have no cavity and to be elastic at least for a period that a
wheel passes by over a block in question. If there is a cavity
in the layer under the block, the block is subjected to a
bending moment, since the block spans the cavity. Then the
block and the layer can be subjected to very high stresses to
yield.

Under the assumptions above, the stresses and deformations are
distributed in a linear equation. The upper limit of vertical
stresses, 4q: and 4z, which are under the edges of the block, is
to change as the contact stress p of a wheel passes by over the
block, which has the length L and the width b. When the tread
length a is longer than L, a diagram is shown in Figure 1 where
the distance between the rear edge of the block and the front
edge of the tread is the arbitrary .

—~00 < X < oo

When x=0 - .qy =qz =0 ()

When 0<x=L the sum of vertical forces on a block is zero.
V=Y bL (a1 +q2) — pbx=0" SR

The equilibrium equation with respect to the moment ‘at the

center of the block is

M=% (q; —qz) bL (L/2-L/3) “pbx (4L—-%x) =0 3
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Consequently the stresses at the both edges of the block are

Q. = (p/L?%) x (4L~3x),
9z == (p/L?) x (2L-3x)

, these stresses are constant.

When asxs=L+a (the stress q, is symmetrical to

qz 0<x=L

with respect tox=% (L+a)

When L+a = X , both return to zero.

qy —qe =0

The variation is shown in Figure 2.
When the block length L is longer than the tread length a , the
wheel load ap moves as the concentrated load around the block

center
asx=sl,

Thus both are in a linear equation in Figure which shows that

:the stress . in the adhesive layer changes: as a quasi-periodical

equation  for the maximum compressive stress 'to be 4/3. of the

.contact pressure p and for the maximum tensile stress to be 1/3

-of the pressure p.:
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3.2/HORIZONTAL DEFORMATION OF BLOCKS

Blocks are subjected to the horizontal force of a wheel when a
car stops or accelerates. When the surface of the overlay is
plane, the excessive horizontal stress due to the impact of a
wheel against the projection will not take place. The
horizontal force can be derived from the friction coefficient
and the wheel load. If the joints are fully filled up with
asphalt or other materials, the force can be transmitted and
dispersed to other blocks. Since the shear strength of
asphaltic material is low, the distribution is the important
function for the adhesive layer. The narrower the width of
joints, the nore effective to disperse the horizontal force,
since the joints get stiffer. The most effective joints is the
hair cracks caused after blocks are placed at the designed
location, because these are fine. Therefore it is efficacious
to arrange blocks with their sides directly contact to one
another or to have the blocks properly cracked along the
planned lines in order to disperse the horizontal force
reducing the bending moment applied to blocks. It is also
efficient to have curved joint lines for dispersing the
horizontal force. The blocks , shaped as such, are called the

interlocking blocks.

3.3/CHARACTERISTICS OF ASPHALTIC ADHESIVE LAYER

The stresses in the adhesive layer are governed by the wheel
load and the geometrical conditions of blocks. The thinner ,
the less the deformation of the adhesive layer. Besides, a long
term load, regardless of the weight, will give rise to a large
scale of deformation to thick asphalt, since asphalt is
viscositic. On the other hand, the tensile strength of asphalt
which is around 85 of needle penetration index, is over 2 kg
per sq.cm at 50 degree C for a period that a wheel passes over
a block. The shear strength is also enocugh for a short period.
Consequently the following conditions are. required for the
asphaltic adhesive layer.

(1)Space under blocks must be fully filled up leaving no cavity

- 104 -



gi
-
i
¥
:
5
%
H
2
3
13
%
£
2
H
£
£
i
H
i
4
i
g

(2)Thickness of adhesive layer must be as thin as possible

These two conditions seem to contradict to one another in the
asphalt adhesive layer on an existing road which has a rough
surface. Therefore asphalt is required to be thick enough and
soft enough to get no cavity . Especially when the preheating
is employed, thick adhesive layer is required. Otherwise the
thin layer , spread on the road, can easily cooled by air,
leaving cavity in asphalt.

4/CASE STUDIES OF ADHESIVE LAYERS

Many heating methods have been tried on the actual roads with
respect to the adhesive layer construction. Three typical
examples will be discussed in the followings. All these
methods used specific resin concrete which has been developed
by HOKKON Resin Development Engineering Co. Ltd.(Sapporo City).
The concrete is strong to bending and showed abrasion less by
10 to 20 % than asphalt concrete. The overlay was applied to
the roads which suffered from severe abrasion which was due to
the studded tires forming two troughs on the roads. The
objective of the overlay was to reduce the abrasion as well as
the closing time of the roads under construction. Both of
electrical heating used carbon fibres made of coal pitch and
covered rather small area. The generator on a car was used for
the electricity source.

4.1/HEATING BY COOKER

Hot asphalt heated by a cooker is spread on the existing road
to form the layer. Thin blocks are laid before asphalt is
cooled. This example is what is applied to a road 'in a tunnel.
Several thin blocks are connected like a chocolate bar to make
a working unit which is available as the ROAD PLATES of HOKKON
Co. Ltd. Working procedures are shown in Plate 1 to Plate
4, Asphalt is heated by a cooker (Plate 1). Hot asphalt is
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spread to form a layer which is about 30 mm thick and kept hot
by a gas burner (Plate 2). The unit of blocks are placed on
the plastic asphalt (Plate 3). Blocks are pressed by the tyre
roller (Plate 4).

4.2 /ELECTRIC HEATING

A prefabricated membrane of asphalt is spread on the existing
road as shown in Plate 5. Blocks are laid on the membrane
which has carbon fibers and the terminals made of aluminum
foil. The electric generator is connected to the terminals for
conducting electricity which flows through the terminals and
carbon fibers. Heated asphalt sticks to the blocks and the
existing surface. Time for arranging the blocks and pressing
these is more flexible in this method than in the previous.
Therefore the adhesion is more reliable. The problem is how to
economically distribute carbon fibers uniformly and make
reliable terminals. Blocks placed in this way have shown no

mechanical troubles in service for nearly a decade.
4,3/HEATING BY MAGNETRON

The asphalt membrane, similar to the previous, is prefabricated
with carbon fibers inside. Blocks are laid on the membrane.
Microwave is irradiated to asphalt through blocks, as shown in
Plate 6. Asphalt and carbon fibers are exclusively heated to
get adhesion. The frequency is 2.4 GHz, which is only one band
open to the private use in Japan. Asphalt which is heated and
molten quickly under the blocks become a layer as it cools.
Since there is no restriction on the terminals, the arbitrary
locations can be heated for both the construction and the
destruction in the same manner. The present instrument was
rather cumbersome to maneuver and put a barrier to prevent a

wave leakage.
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5/CONCLUSION

Aspnalt nas been used for ysars from many reasons in a cold
region. ‘The surface is subjected to damages, deterioration and
rutting. The temperature changes and the skid preventing means
account for the adverse. Concrete blocks are to be a
protective layer for the asphalt pavements. These are
accompanied with not only the solution as such but also the
brighter surface and the shortened construction. What 1is
proposed may seem utterly different from the conventional
pavements. However the scrutiny shows that thin blocks are on
the extension of the conventional asphalt pavements. - The
difference is the geometrical condition of aggregates. Blocks
are artificial and much bigger and more uniform than those in
asphalt concrete. On the other hand, it is also possible to
take it as a concrete slab which is fully processed with cracks
which are uniform and of a specific shape in order to pravent
the serious destruction. A larger working unit is compatible
with a smaller mechanical unit, as a chocolate bar shows it.

In order to minimize the thickness of blocks under working
conditions, the adhesion to blocks has to be employed. The
tensile strength over 2 kg per sg.cm seems more than enough.
Destruction and stripping of blocks are due to faults of the
adhesive layer. Comments concerned are as follows;

(1)The destruction of blocks is due to cavities in the adhesive
layer, followed by stripping, since the Dblocks above the
cavities are subjected to the bending moment and the punching
shear.

(2)The sizable undulation on the block surface will cause the
impact loading against the salient of a block. :Pressed asphalt
will be evacuated on account of the impact, moving to other
locations. When the undulation is accompanied with an adhesive
layer too thick or too uneven, the undulation will be enlarged
only to destruct the salient by a wheel.

(3)Block stripping takes place mostly in winter, although the
tensile strength of the adhesive asphalt is higher at colder

temperatures, The rate of stripped blocks seems higher at

- 107 -



colder temperatures. The cracks appear all the year through.
The advantages of adhesive asphalt at higher temperatures are

the larger ultimate strain and the recuperability.

There are many good points in making use of the thermal
plasticity of asphalt for the adhesive layer. The choice of
heating is closely related to the construction speed and the
strength of the products. A preheating method by a cooker and
two methods of electrical energy have been tried so far. The
cooker method needs no special instruments except a cooker, but
the skillful workers are inevitable to produce a strong
overlay. The electrical methods are able to produce a reliable
adhesion even by unskilled workers. The electrical heating is
suitable for producing the original layer, since no complicated
machines are required except a generator. The microwave method
is suitable for the maintenance, since any portion of the

adhesive layer can be heated easily.
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FIGURE 2.VARIATION OF END STRESS 'AND WHEEL LOAD
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PLATE 1.SPREADING WORK OF ASPHALT

PLATE 2.BURNER HEATING OF SPREAD ASPHALT
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PLATE 3.LAYING WORK OF BLOCKS ON ADHESIVE LAYER

PLATE 4.BLOCK PRESSING BY TYRE ROLLER
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PLATE 5.SPREADING WORK OF ASPHALT MEMBRANE FOR ELECTRIC HEATING

PLATE 6,.HEATING WORK OF MICROWAVE EMITTER
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ABSTRACT

This paper describes a study at McMaster University which addressed the
effectiveness of silane coupling agents as antistripping agents and their influence
on the fatigue properties of asphalt concrete.

The main conclusions of the study are:

1.

based on the Japanese Petroleum Institute (JPI) test, treatment of
aggregates with silanes improves the compatibility between siliceous
aggregates and asphalt cement;

based on the JPI test, surface treatment of coarse aggregates with a silane
is more effective than the use of a silane as an asphalt cement additive;
Pavebond A.P. and hydrated lime are more effective in improving
resistance to stripping than the silane coupling agents;

Pavebond A.P. and silane coupling agents reduce the tensile strength of
air-cured asphalt concrete - both antistripping agents 'appear’ to partially
inhibit the development of strong asphalt cement-aggregate bonds; and
owing to a reduction in tensile strength, an asphalt concrete containing
Pavebond A.P. or a silane coupling agent has a shorter fatigue life than an
asphalt concrete containing hydrated lime or no additive.

Since silanes appear to reduce the tensile strength of asphalt concrete, their use as
an antistripping agent is not recommended.
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SILANE COUPLING AGENTS I'0 REDUCE MOISTURE
SUSCEPTIBILITY OF ASPHALT CONCRETE

1.0 INTRODUCTION

1.1  General

Moisture damage to asphalt concrete is regarded as a serious problem"\vhich is
often responsible for the premature deterioration of asphalt pavements The
deterioration generally results in decreased servnceabllnty and fatigue life, and
increased maintenance and rehabilitation costs. A common procedure for
improving an asphalt concrete’s durability with respect to moisture damage is the
addition of an antistripping agent to the mix. This paper'deséi‘ibes a research
project, completed for the Ministry of Transportation’ of Ontario (MTO), which
evaluated the effectiveness of Si]an’etomipling agents for irr'ip'toving'the asphalt
cement-aggregate bond and reducmg the moisture susceptlblllty of asphalt
concrete [1].

There are two basic forms of moisture damage [2]: Stripping which involves a
separation of the asphalt cement from the aggregate due to the presence of water;
and softening of the asphalt cement which is responSIble for an overall loss of
asphalt concrete stability. Although emphasis in this study was on stripping, it
should be kept in mind that the moisture susceptibility tests, carried out do not
necessarily distinguish the damage caused by stripping from that due to

softening. .

1.2 Objectlves and Scope .

This study was motivated by the reported favourable performance of silane
coupling agents as antistripping agents [3,4,5,6] and experimental results which
suggest that these agents may also improve resistance to cracking (6] which is
related to fatigue failure. The Highway Materials Laboratory at McMaster
University coordinated the research program and implemented the experimental
phase. . John Emery Geotechnical Engineering Limited (JEGEL), as a sub-
consultant, completed a‘literature review [7] and provided some technical
assistance for completing the project. ORTECH International, as a subconsultant,
selected suitable silanes for the experimental phase of this study [8].  The full
reports prepared by JEGEL and ORTECH are provided in the full technical report
submitted to the MTO [1].
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The main objective of the research was to evaluate the effectiveness of silane
coupling agents for improving asphalt pavement durability against stripping and
for extending fatigue life. The study involved the following:

1. preparing a synthesis from the current practice and literature on stripping
and the use of silane coupling agents for reducing stripping (JEGEL.Y

2. selecting suitable silanes which are compatible with asphalt cement
(ORTECH);

3. evaluating the compatibility between asphalt cement and various Onlario

aggregates in the presence of antistripping agents using an immersion test;

4, evaluating retained Marshall stability of asphalt concrete mixes where
aggregate source and antistripping agent are variables;

5. evaluating fatigue performance of asphalt concrete mixes where aggregate
source and antistripping agent are variables; and

6. summarizing the study findings and making recommendations regarding
feasibility of silanes as antistripping agents for asphalt concrete
manufactured in Ontario.

2.0 LITERATURE REVIEW

2.1 General

Stripping involves complex processes which are still not fully understood. Several
factors influence the sensitivity of an asphalt concrete mix to stripping: chemical
and physical properties of the asphalt cement and aggregate; compacted mix
characteristics such as voids mineral aggregate (VMA) and air void content; type
and volume of traffic; climatic conditions; and the nature of the base [10,11,12].
For stripping to occur, free water must be present and available internally to the
asphalt mix. '

Most often stripping is related to aggregate properties. Carbonate aggregates
that have dust free surfaces tend to have a better resistance to moisture damage
than aggregates which have a high silica content [10,13]. Although emphasis is
most often placed on the stripping of coarse aggregate, the sensitivity of moisture
damage to the properties of the fine aggregate must also be considered {3]. In
Ontario the stripping problem tends to be regional with the most severe cases
reported in the Kingston and northern areas where noncarbonate aggregates such
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as granite are used [10,12]. No simple correlation between aggregate and asphalt
cement chemistries have been estahlished to date [14,15].

It is important to recognize that an asphalt mixture may still be susceptible to
moisture damage even though all mix components may be chemically and electro-
statically compatible [18]. In order to provide the most effective resistance to such
damage, good mix designs involving compatible materials, good construction
procedure and quality control, and proper drainage under the pavement structure
are required [4,13). More information on the factors influencing moisture damage
are given in the References(7,10,11,13,17].

2.2 Signs of Stripping-Related Distress

Although the moisture deterioration of a pavement structure may develop from
the top downward, stripping usually starts in the binder coarse [12,13). It has
been found that the damage usually progresses well into the pavement structure
before excessive stripping of the coarse aggregate at the bottom, where the
damage is usually the severest, is observed [12]. Since the pavement structure is
weakened, further damage due to traffic loading accelerates the pavement
deterioration. The damage often appears as flushing or bleeding, along with
rutting and shoving of the asphalt [12,18,19]. In Ontario, stripping has also been
highly correlated to random cracking [12].

2.3 Techniques for Improving Resistance to Moisture Damage

As indicated, resistance to moisture damage requires the use of good materials
and appropriate mix designs, and proper construction procedures. The VMA
should be high enough to provide sufficient binder coating of the aggregate and
the air void content should be low enough (2-5%) to ensure a dense mix which
adequately resists the penetration of moisture into the asphalt pavement. In
regions where good quality aggregates are not available, it is common to use anti-
stripping additives to help reduce stripping.

Antistripping agents are usually either applied directly to the aggregate surface
or are introduced as an additive to the asphalt cement. Direct application to the
aggregate surface has the benefit of concentrating the agent where the problem
exists. On the other hand the addition of chemical additives to asphalt cement,
which results in a dilution of the additive where it is required, tends to be more

economical.
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Many of the commercial chemical additives are based on fatty amines which are
surface active compounds [20]. Although these additives improve initial
aggregate coating, problems have been identified with some additives including:
low heat stability; tendency to promote emulsification which can accelerate
stripping at a later stage; and modification of bitumen properties yielding other
adverse effects {14,20]. It has also been suggested that the additive and the
asphalt cement may in some cases compete for the same adsorption sites on the
aggregate surface, thereby reducing the effectiveness of the strong aggregate-
attracting asphalt components (3] and, ultimately, the shear strength at the
interface (17]. ; =

The effectiveness of an antistripping agent depends on the source of aggregate and
asphalt cement'[4,18]. - The most successful antistripping agent for promoting
bonding appears to be hydrated lime [4,21]. Hydrated lime performs best when
applied in a slurry form as a surface treatment to the aggregate. Unfortunately
this application procedure tends to be uneconomical. Although hydrated lime
may also be added as a filler, it is not as effective [21). The amount of hydrated
lime required for treatment usually varies between 1-2.5% by weight of aggregate
being treated. Fine aggregates, which have greater surface areas, may require
more lime. Chemical additives, on the other hand are usually introduced at
concentrations of 0.3-1.0% by weight of asphalt cement.

2.4  Silane Coupling Agents EIE

Another class of antistripping agents, which appears to have performed well in
research laboratories, are silane coupling agents [3,4,5,6]. JEGEL [7] reported 13
patents dealing with silane coupling agents. Although positive benefits through
the use of silanes have been reported, the literature survey [7] revealed mixed
results in terms of stripping resistance. In general, it has been found that silanes
are not effective for all aggregate types. Sanderson’s study [3], for example,
demonstrated that methylchlorosilanes can have adverse effects when used with
carbonate aggregates.
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3.0 LABORATORY TESTING PROGRAMME

3.1 General

Owing to the apparent success of silane coupling agents, an experimental pro-
gram was undertaken to determine if silane coupling agents could inhibit the
stripping of asphalt concrete containing Ontario aggregates, and to confirm the
claim made by Anzaki and Ikeda [6] that silanes may improve the fatigue life of
asphalt concrete. ' ’ o : ’

The experimental program consisted of investigating:

1. bonding of asphalt cement to aggregate in the presence of a silane coupling
“agent using the Japanese Petroleum Institute (JPI) stripping test;

2. - retained strength of asphalt mixtures containing a silane coup]mg agent

' using the the Inmersion-Marshall test; and ' : -

3. = fatigue life of asphalt mixtures contammg a silane coupling agent using
; the a repeated-load 1nd1rect tensile test. o

At each stage of the experimental program the behaviour of specimens containing
a silane coupling agent was compared to that of control specimens which
contained no additive, hydrated lime or a commercially available amine-based
antistripping agent. This approach allowed the results to be interpreted within a
wider context than would have been possible if testing had been completed on the
silane-treated mixtures alone. ‘ ‘ |

3.2 Specimen Preparation

3.2.1 Raw Materials

(a) Aggregates

Since the effectiveness of an antistripping agent depends on aggregate surface
properties and mineralogy, coarse aggregates from five separate sources were
used in the testing program. This allowed taking into account the influence that
coarse aggregate mineralogy could have on the results. A list of the aggregates
used for this study is glven in Table 1. The aggregates from Sources A to D were
identified by JEGEL and: MTO as aggregates with stripping problems. The
aggregate from Source E, which was selected as a control aggregate, is a high
quality carbonate which was assumed to have a chemistry favourable for
developmg a good asphalt cement aggregate bond. ‘A standard sxeve analysns
(ASTM C-136) was performed on éach aggregate.” ‘ o
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During the testing program it was found that the fine aggregate component of the
asphalt concrete had an important effect on the retained Immersion-Marshall
stabilities. As a result, fine aggregate from two separate sources, also given in
Table 1, were used for the Immersion-Marshall phase of the testing program.
Both fine aggregates are used commercially in asphalt concrete mixes.

The combined gradation of the fine (FFA) plus coarse aggregates (65/35 proportion)
used for the tests on the compacted asphalt concrete are shown in Figure 1. Owing
to the gradation of Aggregates A and D, it was not possible to meet the HL4
gradation limits at the 12.5 mm sieve. Since the experimental program was of a
comparative nature, it was decided that the small deviation from specifications
was acceptable. It was felt that crushing the coarse aggregate to force the com-
bined gradation to meet specifications could have introduced an additional
variable into the testing program; i.e. freshly fractured surfaces may be more
susceptible to moisture damage than aged surfaces. Aggregate C was only used
for the JPI test since its gradation was not suitable for preparing Marshall
briquettes. This aggregate did not display any stripping during the Japanese
Petroleum Institute test.

Coarse aggregates A and E together with the Campbellville fine aggregate (FA)
were used for the fatigue testing program. Aggregate A was chosen since it repre-
sented an acidic aggregate for which the silanes should have been the most
effective for promoting bonding. Aggregate E was used since it represented both a
'basic' aggregate and the control aggregate.

(b) Asphalt Cement

The main asphalt cement used for this study was a nonblended ref'méry. vacuum
tower bottoms asphalt cement which was obtained from Petro-Canada. During
the Immersion-Marshall testing phase several specimens were also made using an
asphalt cement which was obtained from the storage tank of a local asphalt batch
plant. The reason for using this alternative source was to provide additional data
on the influence of the stripping agents on retained Marshall stabilities.

(¢) . Additives - -

The list of the additives used for this study and their suppliers is presented in
Table 2. Hydrated lime was chosen as a control additive because of the well-
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documented success of this additive for improving the resistance of an asphalt
mixture to stripping [7). Pavebond A.P., an amine-based, heat-stable additive,
was used in order to compare the behaviour of the silane-treated mixtures to that
of asphalt mixtures containing a commercially available, MTO approved additive.
Since there are hundreds of silanes which are commercially available, ORTECH
was contracted to provide a short list of silanes which would be suitable as
coupling agents in asphalt concrete mixtures.

Of the five silanes which were recommended, the three which were used for the
experimental program include:
(a)  Glymo, an epoxy silane which was also used in the Anzaki and Ikeda
(6] study;
(b)  Damo, a silane coupling agent containing an amine group which has
been patented as an aggregate pretreatment additive [3];
(c) Octeo, a silane coupling agent which was selected for this study on
the basis of solution compatibility with asphalt cement.

Since silanes are regarded as mild to severe eye, skin and inhalation irritants,
protective mask, gloves and clothing were worn when working with these
chemicals.

3.2.2 Proportioning and Specimen Manufacture

(a) Japanese Petroleum Institute (JPI) Test

The Japanese Petroleum Institute (JPI) test (6], was used to determine the
compatibility of the Bow river asphalt cement with the various aggregates in the
presence of the antistripping agents. This test was chosen since it was considered
to be simple and quick to perform, yet sensitive enough to provide information on
the compatibility between an asphalt cement and aggregate. All specimens for
this test consisted of 10 mm nominal size coarse aggregates which were coated
with 5.5 percent, by weight, asphalt cement. In addition to studying the effect of
the antistripping agents on the aggregates, the JPI test was also performed using
asphalt-coated glass microscope slides. The pretreated hot slides were coated with
0.05 mm of asphalt cement as described in Reference 14, '

The additives were introduced as follows:

i) Hydrated Lime - one percent hydrated lime (by weight of aggregate) was
applied directly to the surface of the coarse aggregates in the form of a
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slurry, which consisted of 30 percent hydrated lime and 70 percent water,
as recommended in Reference 21. The treated aggregate was subsequently
allowed to dry in an electric oven at 43°C for 24 hours before being coated
with asphalt cement.

ii) Pavebond A.P. - this additive was mixed directly into the asphalt cement
(AC) at one percent (by weight of AC) as recommended by the supplier.

iii)  Silanes - the silanes were used to pretreat the aggregates at room tempera-
ture via a silane-water solution. Two silane-in-water solution concentra-
tions were used, namely 0.5 and 1.0 percent. Each aggregate was soaked in
a fresh silane solution for approximately 10 minutes to ensure proper
coating of the aggregate and then was placed in an electric oven set at 43°C
for 24 hours to dry. It should be noted that the Glymo and Octeo required a
pH adjustment of the solution to ensure solution stability (1,7]. In addition
to using the silanes as an aggregate pretreatment, they were also tested as
an asphalt cement additive. The silanes were added, for this group of tests,
in concentrations of 0.45 and 0.9 percent (by weight of asphalt cement)
directly into the hot asphalt cement.

(b) Immersion-Marshall and Fatigue Specimens

A standard mix design was used for manufacturing all specimens. Each specimen
contained 5.5% (by weight of aggregate) asphalt cement. The ratio of coarse to
fine aggregate was 35/65. Specimens were manufactured according to MTO LS-
281 and LS-283 procedures for Immersion-Marshall and regular Marshall
briquettes, respectively. When manufacturing the regular Marshall briquettes,
which were used for the fatigue tests, the last three compaction blows were
completed using a nonbevelled head to ensure that both faces were parallel.

When using the hydrated lime, only the coarse aggregate was pretreated. The
lime and Pavebond A.P. concentrations for the asphalt briquette manufacture
were one percent by weight of coarse aggregate and one percent by weight of
asphalt cement, respectively. For most specimens incorporating silanes, only the
coarse aggregate was pretreated with a 3 percent (by weight of coarse aggregate)
silane solution which was prepared at a 1 percent silane concentration. Two sets
of specimens were manufactured where the fine aggregate was also pretreated
with 3 and 9 percent, by weight of fine aggregate, silane solutions. One set of
specimens was manufactured with 1 percent (by weight of asphalt cement) Damo
being added to the asphalt cement rather than to the aggregate surface. All
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aggregates, were placed in the oven at 155°C for 24 hours before samples were
manufactured.

3.3 Test Procedures

3.3.1 Japanese Petroleum Institute (JP1) Test

As indicated previously, the Japanese Petroleum Institute procedure was adopted
for this study for determining the compatibility of the asphalt cement and coarse
aggregate. As with other static immersion tests, the procedure involves
immersing the samples of coated aggregated in hot water for a predefined period
of time, and then evaluating the nature of the coating after this period. : It was
found that the JPI test was simple and quick to perform. The definitions of the
patterns for stripping classification are shown in Figure 2. It should be noted that
the JPI test was carried out in both fresh water and salt water environments.

3.3.2 Immersion-Marshall Testing

The Immersion-Marshall test was carried out following MTO LS-283 procedures.
In addition to determining the retained stabilities, a visual rating of the fractured
failure surface of all specimens was carried out. The Immersion-Marshall test
was selected for studying resistance to stripping, rather than an advanced indirect
tensile test [22,23] due to good experience with this test in Ontario; see e.g.
Reference 24.

3. 3 3 Fatlgue'l‘estmg _ _ N

After manufacturing the 100 mm dlameter brlquettes they were stored overmght
at room temperature in the laboratory before being tested on the following day
using an indirect tensile stress loading configuration [25,26]. The indirect tensile
tests were performed using a MTS closed-loop servo-controlled hydraulic ram

system. Testing was completed in two stages for each mix: _
1. Three samples were statically broken using the dlsplacement control ram
mode in order to establish the average tensile strength. The dlsplacement

_rate of the loading ram was 50 mm/minute. . : ,
2... . Samples were then failed under cyclic loadlng \Vlth the same support
\_condltlons as.used for the static tests, see Figure 3. A load control mode,
., using a compressive haversine wave at a frequency of 1 Hz, was required to
maintain uniform cycllc loading. Specimens were falled in fatlgue usmg
either 15 or 30 percent of static fallure strength load level. These levels
were chosen based on the fatigue life properties of asphalt mixtures
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reported in Reference 26. According to Figure 14 of this Reference, the
fatigue life should lie within the range 100 to 10,000 cycles, depending on
the stress ratio.

Unlike the failure mode of Portland cement concrete, asphalt concrete failure is
ductile. As a result, the number of cycles to failure is very sensitive to the defini-
tion of failure. In this study failure was defined as the point at which the rate of
accumulated irrecoverable displacement appeared to accelerate; i.e. identified by
Point A in Figure 4. At this stage of the loading history each specimen started to
develop a well-defined crack along the vertical diameter of the specimen. It was
found that the accumulated irrecoverable displacement at failure 6¢P, was
consistently between 1 and 1.5 mm. For each series of specimens, §if at failure
appeared to be constant.

4.0 PRESENTATION OF RESULTS

4.1 General
Unless indicated otherwise, asphalt concrete mixtures were made using the Bow
River asphalt cement and the Campbellville fine aggregate.

4.2 Japanese Petroleum Institute (JPI) Test

One objective, with the Japanese Petroleum Institute Test, was to evaluate the
influence of silane addition technique on improving the asphalt cement-aggregate
bond. The two procedures which were compared were the aggregate treatment
and asphalt additive techniques. Since it was not clear at the beginning of this
testing program how sensitive the stripping resistance would be to the silane con-
centration, it was decided to carry out the JPI Test using both 0.45 and 0.9%
additive concentrations. Using the results of Reference 3, it was estimated that
these concentrations would provide a silane concentration at the asphalt cement-
aggregate interface of the same order as would be attained when treating the
coarse aggregate with 3% (by weight of coarse aggregate) of 1 % silane solution. Tt
should be noted that these levels of silane additive concentration are 10-20 times
greater than that which was shown to be effective in Reference 4. Comparisons
were made using only Aggregate A which was expected to undergo the severest
stripping and for which the silanes were assumed to be most effective.
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The results from the JPI test on the various aggregates and glass slides are sum-
marized in Tables 3 and 4, respectively. It was clear from the results of this test
that the silanes were better when used as an aggregate surface treatment than as
an asphalt additive. In general, the silanes performed as well as, or better than,
the other antistripping agents which are currently used. As anticipated, the tests
which were completed in the salt water environment were more severe than those
using fresh water. Both Glymo and Octeo were better than Damo which has been
patented as an asphalt cement additive. The two worst aggregates for stripping
were A and D which are highly siliceous. Since nontreated specimens containing
Aggregates B and C did not strip, the reported moisture damage of asphalt
concrete containing these aggregates must have been due to factors other than
binder-aggregate incompatibility.

In order to study the effect of curing environment on the effectiveness of the anti-
stripping agents, the JPI tests were completed on asphalt covered glass slides.
One set of slides was cured at 25°C for 70 days whereas the other set was cured at
75°C for 24 hours. These tests indicated that only Damo appeared to be sensitive
to the pre-test curing environment, thereby suggesting that Damo might display
some instability due to an unfavourable curing environment. Except for Damo,
the antistripping agents reduced stripping of asphalt cement from the glass
surface. The results from a preliminary set of tests on slides, which were cured
only for 24 hours at 25°C, were similar to those of Case A. ‘

Since the surface treatment procedure appeared to reduce stripping more than the
additive approach, it was decided to proceed with the rest of the experimental
program using the silanes primarily as a surface treatment rather than as an
additive. ’ ‘

4.3 Immersion-Marshall Test
Antistripping agent, and coarse and fine aggregate sources were varlables in the
Immersion-Marshall testing program. Representative results from this stage of
the experimental program are summarized in Figures 5 and 6, and in Table 5.
The results from this phase of the experimental program may be summarized as:
1.  Specimens containing an antistripping agent had higher resistance to
moisture damage than those containing no agent. In some cases the
increasewasverysmall, o o :
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2. Specimens containing silanes did not perform as well as those containing
Pavebond A.P. or lime. ‘

3. - Pavebond A.P. appeared to be the most effective antistripping agent.

4, Asphalt concrete mixes made with the supposedly better control aggregate
(E), did not have better resistance to stripping than those made using other
aggregates.

5. Visual inspection of fractured surfaces revealed that the low retained

" stabilities of most asphalt concrete mixtures were due to the stripping of
the fine aggregate and not the coarse aggregate which was treated.

6. An attempt to increase stripping resistance, by treating the fine aggregate
with Damo or by adding the silane coupling agent as an asphalt additive
rather than as an aggregate surface treatment, decreased the stability of
the air-cured specimens by 30 percent (Figure 6). Asaresult 100% retained
stability could only be achieved by a simultaneous reduction to air-cured
strength and increase in water-cured specimen strength.

1. Although visual inspection of fractured surfaces revealed considerable fine
aggregate stripping, the treatment of fine aggregate increased the
Marshall stability of the water-cured specimens very little.

After having established that the fine aggregate was partially responsible for the
low retained stabilities, a boiling test was carried out on this aggregate. The
boiling test was not successful in revealing a stripping problem with the fine
aggregate. During a subsequent series of tests, the Campbellville aggregate was
replaced with an alternative fine aggregate, which is also used for commercial
production of asphalt cement. The retained stabilities were not improved when
the fine aggregate from Campellville was replaced by that from Aberfoyle. Owing
to a limited supply of materials it was not possible to further investigate the sensi-
tivity of retained stability to the nature of the fine aggregate or to the level of
silane treatment of the fine aggregate. The retained stabilities appeared to be
sensitive to the asphalt cement source. However, owing to the limited data for
comparison, conclusions cannot be drawn with respect to the sensitivity of
retained stability to asphalt cement source. ‘

The results clearly indicated that silanes may not always be as effective as
reported in some of the literature. The findings are, however, consistent with the
observations reported in the literature. Sanderson [5], for example, observed that
the measured improvement in resistance to stripping is sensitive to the coarse
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aggregate type used in the test and the type of test performed. He showed that the
treatment of limestone with methylchlorosilanes "increased" stripping in wash
tests but decreased it in immersion compression tests. In a more recent study
carried out in Germany [27], it was observed that, although silanes improved
resistance to stripping, the asphalt mixture stability of some air-cured samples
can be reduced when adding silane antistripping agents. Such a reduction in
stability of air-cured samples was observed in this study; see, e.g. Figures 5 and 6.
The reduction in strength for air-cured specimens, where the fine aggregate had
also been treated was surprising since the fine aggregate is siliceous and silanes
are supposed to be most effective with respect to promoting bonding between
siliceous aggregates and asphalt cement. Although the reason for strength
reduction is not clear, it is clear that Damo inhibited the development of a strong
asphalt cement-aggregate bond. ‘

Based on the results from this study and those reported elsewhere [7], it is clear
that the effectiveness of silanes for decreasing sensitivity to moisture damage
depends on the nature of all constituents of the asphalt concrete mixture.
Furthermore, the use of an agent to increase stripping resistance may have
adverse effects on other properties such as air-cured stability. -

4.4 Fatigue Testis ; . S
For each set of specimens containing the same antistripping agent, three samples
were first tested quasi-statically at a loading displacement rate of 50 mm/min,
and then six samples were failed under cyclic loading; three samples were tested
at each nominal fatigue level -15% and 30% of the static strength. These loading
levels were selected after reviewing the results given by Adedimila and Kennedy
[26] as indicated previously. Their results suggested that failure should occur
between 100 and 10,000 cycles for the loading levels which were adopted for this

study. : : '

Figure 2 summarizes the results of the static tests. For both Aggregates AandE,
it is clearly shown that Pavebond A.P. and the silane coupling agents reduced the
indirect tensile strength of the asphalt concrete mixtures. An examination of the
fractured faces indicated that less than 5% and from 10% to 256% coarse aggregate
fracture was observed for specimens manufactured with Aggregates A'and E,
respectively. Since the primary failure mechanism was by debonding, this
suggests that adhesion between the asphalt cement and aggregate was reduced
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due to the presence of the additives. It is not clear whether the differences
between Aggregates A and E in strength were due to chemical or physical
differences between the two aggregates. It is clear, however, that a price must be
paid for achieving an increase in stripping resistance; i.e. the chemical
antistripping agents partially inhibit rather than promote bonding in air-cured
specimens.

The results for the fatigue tests are shown in Figures8 to 10. Figure 8 sum-
marizes the data from all tests in terms of stress ratio versus the logarithm of the
number of cycles to failure. There are two main observations which should be
eluded to. First of all, the fatigue life of all mixes appeared to be similar when
using stress ratio on the vertical axis. The scatter for each mixture was generally
too large to allow for the detection of small differences in fatigue life due to the
addition of an antistripping agent. The second important point is that the number
of cycles to failure recorded in this study are considerably less than those reported
in Reference 26. This is attributed to the difference in the definition for failure.
In this study failure corresponds to a stage of loading where a well-defined crack
developed whereas in Reference 26 failure corresponds to a complete fracture of
the specimen. Owing to the loading configuration and failure mode of asphalt
concrete, a failed sample may still be capable of supporting the applied cycle load.
The authors prefers the definition adopted for this study, since it is based on the
onset of failure. -

Figures 9 and 10 summarize the fatigue data using applied maximum tensile
stress on the vertical axis. This description of fatigue strength allows one to take
into account the direct effect of the loading level on fatigue life. The main conclu-
sion drawn from these figures is that both Pavebond A.P. and the silanes reduce
fatigue life. The reduction in fatigue life is more severe for specimens containing
Aggregate A. Silanes do not increase fatigue life as suggested in Reference 6. A
close scrutiny of the data in Reference 6 indicates that the claim of increased
fatigue life due to silane treatment of aggregates may have been premature since
the reported improvement in fatigue life is quite small when taking into account
the amount of scatter in the data of this reference.

For each test series, it was observed that fatigue failure occurred at a well-defined

level of accumulated plastic deformation. This is significant from a theoretical
point of view, since it suggests that it is possible to express asphalt concrete
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damage in terms of accumulated plastic deformation and that failure occurs at
some "unique damage level". Furthermore a comparison of the accumulated
plastic deformation histories of the specimens indicates that the differences in the
number of cycles to failure for specimens of the same series, at a given load level,
were due to differences in the composition of each sample. It was found that, if two
samples failed at approximately the same number of cycles then their deformation
histories were the same. The primary mode of failure for the coarse aggregate was
due to debonding.

5.0 CONCLUDING REMARKS AND RECOMMENDA’I‘IONS

This study provided a brief literature review on stnppmg and on the use of silane
coupling agents for improving the resistance of an asphalt concrete mix to
stripping. It also described a testing program which evaluated the effectiveness of
silanes as antistripping agents for some Ontario aggregates, and mvestlgated the
notion that silanes may improve the fatigue life of asphalt concrete.

The main conclusions drawn from this study include:

1. based on the Japanese Petroleum Institute test, treatment of aggregates
with silanes improves the compatibility between siliceous aggregates and
asphalt cement;

2. surface treatment of aggregate with a silane is more effectlve than

incorporating a silane as an asphalt cement additive;

3. Pavebond A.P. and hydrated lime are more effective in improving
resistance to stripping than the silane coupling agents;

4, Pavebond A.P. and silane coupling agents reduce the tensile strength of
air-cured asphalt concrete — both antistripping agents 'appear’ to partially
inhibit the development of strong asphalt cement-aggregate bonds; and

5. owing to a reduction in tensile strength, an asphalt concrete containing
Pavebond A.P.ora silane coupling agent has a shorter fatlgue life than an
asphalt concrete contalmng lime or no additive.

It is clear from the results of this study that the treatment of the coarse aggregate

alone will not bring about the desired improvement to the stripping resistance of
an asphalt concrete mix if stripping is also due to the- ﬁne aggregate It is

— 131 -



recommended that a fuller investigation of the effect of treating the fine
aggregate with silanes be completed '
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TABLE 1
SUMMARY OF AGGREGATES USED FOR THE STUDY

(a) Coarse Aggregate

Designation Source Remarks
A Indusmin, - Badgeley Is., quartzite,
Midland 100% silica
B Uhthoff Quarries, upper lift, ultra fine-grained
, Barrie ' ~ limestone
C Rama Stone Quarry, quartzite microcline feldspar
~ Orillia |
D United Aggregates, dolomitic sandstone,
o Gloucester 60% sandstone,
’ S : - - 40% carbonate
E Nelson Aggregate Co., 100% carbonate
A - : Burlington : ,

(b) Fine Aggregate

Designation - Source Remarks
FA Sherman Sand and siliceous aggregate
Gravel Co., Campbellville _
FB TCG Materials Litd., siliceous aggregate
Aberfoyle
TABLE 2

SUMMARY OF ANT.IS’I‘.RIPPING AGENTS USED FOR THE STUDY

Designétion o Source | ' Rémarks

‘Lime Beachvilime Ltd, Hydrated Lime
Ingersoll, Ontario R '

Pavebond A.P. =~ Morton Thiokol Litd.’ Amine-based additive

- Carstab Division ° : o

Mississauga, Ontario : R

Glymo - .. Huls America Inc. - Silane Coupling Agents

Damo = - Petrarch Systems ‘

Octeo ° . " Briston, PA. 19007 o ‘
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TABLE3

- RESULTS FROM JAPANESE PETROLEUM INSTITUTE
STRIPPING TEST

(a) - Distilled Water Testing Environment

Antistripping Application Stripping Pattern for Aggregate
Agent Mode A B C D E
control : —— 4-1 1 1 4-1(2) 1
Pavebond Additive 2 1 1 1 1
Lime ST ’ 1 1 1 - —
Glymo Additive 1 - — — -
: ST - 1 1 1 1 1
Damo Additive 4-1 — - — -
ST 1 1 1 1 1
Octeo Additive 4-1 - - - -
sT 1 — — 1 -
(b) Salt Water Testing Environment o ,
Antistripping Application =~~~ Stripping Pattern for Aggregate
Agent Mode A B C D E
control _— 4-2 2 2 4-1(2) 2
Pavebond Additive 2 1 1 1 1
Lime ST 2 1 1 1 1
Glymo Additive 2 — — — -
ST 1 1 1 1 1
Damo Additive 4-2 - - - —
ST 1 1 1 1 2
Octeo Additive 4-13) - - — —
ST 1 — — 1 —
Notes:

1. Fifty percent of aggregate has rating as identified by number enclosed in

brackets.
2. Additive = stripping agent added to asphalt cement
ST = surface treatment of aggregate.
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" “TABLE 4

RESULTS FROM JAPANESE PETROLEUM INSTITUTE TEST
" ON GLLASS SLIDES

Antistripping i Application ' AreaStripped (%)
"“Agent ~  Mode  CASEA CASEB

control > - e 40 100 *
Pavebond A.P. Additive 0 0
" Lime o ST . 0 2 ) AR
Glymo ’ ' ST o 0 SRR
Damo ; f Additive = 0 50
7 f ST o e 50 100 ¢
Octeo f " sT 10 0

~ Notes:

1. CASE A = slide cured at 25°C for 70 days;v
CASE B = slide cured at 75°C for 24 hours

2. Additive = stripping agent added 'fﬁ'és'ﬁhalé cement
.- .. ST = Surface Treatment of aggregate ... :: .
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' SUMMARY OF RESULTS FROM IMMERSION MARSHALL TEST*

— ".\

Cdarsé"‘-‘f}. - Stripping Visual Assessment  Marshall Réfained

Aggregate - Agent C F R Stability  Stability
O (kN) - (%)

(a) Specimens with Bow River Asphalt Cement

24.4 51

A 3 2 9
Glymo . 0 2 5 28.2 49
Damo 0 2 .5 274 . 61
Lime 0 2 5 26.2 68
Pavebond 0 1 5 40.0 . 85
B 3 2 9 228 57
Glymo -0 2 5 - 26.2 - 50
Damo 0 2 5 254 54
Lime 0 2. 5 25.1 69
D — 3 2: 9 807 - 42
S Glymo 0 2 5 - 29.2 ' 50
Damo 0 - 2 *H 28.0 55
Lime 0 2 5 30.1 70
E 3 2 7 28.2 51
(b)  Specimens with Batch Plant Asphéli Cement A
E --- 1 2 7 33.9 37
Damo(1) 0 2 7 33.1 63
Damo(2) 6 30.4 75
Damo(3) 2 1 1 23.1 102
- Damo(4) 3 1 8 24.8 87
- Pavebond 0 1 5 32.2° - 86
Notes: o ' U
1. R= Vlsual Strlppmg Ratlng No strlppmg, R‘ 3
Worst stripping R =9 v
Stripping level in coarse aggregate 0<C<3.

Stripping level in fine aggregate, 0 < F<.
+(1) = only coarse aggregateé treated with-3% of 1% snlane solution.
7(2) = Fineand coarse aggregate treated with 3% of 1% silane solution.
“(3) =Fine aggregate’treated with 9% of 1% sﬂane solutlon coarse
. aggregate treated with 3% of 1% silane solution, -
(4) = 0.9 percent silane was added to asphalt cement.

kel

* All specimens were manufactured using the Campbellville fine aggregate.
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THERMAL 8TRESBES DEVELOPMENT IN PAVEMENTS DURING WINTER TINME

Marc-Antoine LAFORTE, Montreal, CANADA

INTRODUCTION

The effects of winter and its cold temperature on the pavement structure
are both wvuneven frost heave of the pavement surface related to phsnomena
involving particularly the subgrade soils bshavior and the thermal crack-
ing of the surface asphaltic concrete layer and/or the other layers compo-
sing the pavement structure itself. Published literature discussing both
problems is abondant: more than 5000 papers wvere written in the last 40
years addressing the first problem alone and some practical solutions
exist. There sare also many technical papers concerning the cracking of

the pavement, layers, pPrincipally the surfacing asphaltic layer.

Hovever, the exiasting models consider mainly the first layer of a pave-
ment,, and very fewv models (COLD, in Finn et al, 1986, is an exanple)
consider the variation of temperature and related properties occuring
during & cold season., A resesrch (Laforte, 1989), was undertaken to
consider this aspect of the problem. This has peraitted modelization of
temperature and related thermal stresses both in the asphaltic layer and
in the layers vunderneath, with a sinusoidal surface tenperature variation
and the penetration of the frost line, in the pavenent,, during the cold

geason.

This paper resumes the principal conclusions obtained from a computer
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simvlation using the models developped.

The conclusions given are preliminary, as it is almost impossible to cha-
racterize completely the meterials laid on a road surface, both becauvse of
its high varisbility (both in physical and mechanical properties) and
becavse the phenomena involved (as long term temperature or thermal regime

prediction) are not yet well understood.

DESCRIPTION OF THE MODEL

A computer program vusing a three-layer slab thermal model was written to
nodelize the effects of the base-course material typology, thickness or
gsaturation in the thermal stress development in the pavement, and partic-

vlarly in the asphaltic concrete surfacing lsyer.

The program vses the bending model developpad in Appendix I to character-
ize the frozen granvlar base-course material behavior. It use a three-
layer - model (asphaltic concrete surfacing, granulér base-course and
subgrade ‘s0il) ‘with 'varying layers' thickness and material typology or

physical and mechanical characteristics.

The . study does not pretend to modelize each particular case that would
occur. . The -results are given for comparison purpose; as the aim of the
original study -is to .determine the possible influence of. the ‘supporting

frozen layera on the stress built-up in the asphaltic concrete,. :

The Model's hypothesis are:

. 1= . Reference temperature: (To) ‘is -aet to.00C, as this temperature
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controls : the - freezing of - the 'supporting layers and the beginning of a
possible ! ' restrained : interaction: betveen - asphalbic ‘' ¢concrete and - base
course, This is a reasonnable hypothesis as above this temperatire;
asphalt is viscoelastic and vill dissipate stresses as they are created.
Also, at this temperature, the bond between asphaltic concrete and
granvler base is formed, changing the state of streass in the system.'

ii- The thermal stress system is solve with a multilayer slab solution
described ' in the " Appendix. ' The choice of this kind of system'is limit=
ative, as others systems could also be wused (beam or complex finite
elements analysis). i -

-2 - iili- Freezing front ia the bottom of the system, and a rigid support
is " considered at this front.  This suppose a failure in the -lover: unfrozen
material:.if conditions pernit rupbure. Li-: i

iv- Btress is calcuvlated vith a time step varying from one to' four
hours, a four hour time step being the most common. This step is chosen
for " gimplicity,: 'so the loading time in the aaphaltic:concrete corresponds
vith.. the six hours.(or more)  loading time characteristic of many empirical’
models (cf, McLeod, 1868): - - . =~ -7 oo o e Enern s T s o0

v- Tempsrature variation with depth is given by a exponantial line.
This  leads to."a 5% stress reduction of the calculated maximun’stress and
up. to.ra 19‘%.3br688?increasa on-the calculated minimun' stress because thée’
maximum® gradient (occurring at the very top of the layér):iin this layer is-
from 10 to 30 % higher than the mean gradient (used):'< This reduvctionh (or’
increase) 1is less significant for the calculation of the atress occurring
in: the deéper:layers’(base coursa,:ér soil) as their temperature ' gradients
sre:less: stedp and the:variation:of:temperature ‘bacones' linear with'depth,

r rarvi=:The models:are models derived: from:the mean materisla’ properties.:

They have .a"coefficient of variation (mean/standard 'deviation) of +/-’30%'
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All the stresses calculated are affected by a similar coefficient of
variation, the real coefficient being & complex function of the actual

parameters' coefficients of variation.

PROGRAM '8 PRINCIPAL ALGORITHM3

The principal algorithm of the program could be sunmarized as follows:

1) Air and surface temperature are first calculated for every time
step, with the Barber (1957) model. The depth to freezing front is then
calculated from bthe Painter and Aldrich model (U.8. Army 1865). The depth
to freezing front is slways considered as the bottom of the multilayered

alab thermal model. .

.9) The interfaces' tempsratures are calculated vusing a nodified
Lachenbruch (1958) thermal model, and the stresses are calculeted vsing

the mean mechanical properties of the material in any layer.

3) As the modulus of the frozen granvlar msterial is stress dependant,,
an - iteration procedure calculate this modulus et each time step, guessing
an initial (temperature dependant only) modulus and obtaining a final

solution from this guess.

4) 8tresses, and displacements, absolute or relative, are obtained at
every time step;. for & vhole vinter time, starting when the asphaltic
concrete is freezing. A normal simulstion goss for 4000 hours and lasts

1.5 (four hours step) to 4 hours (one hour step) on a mini-computer.
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TYPICAL RESBULTS
Results of the simulation are presented hereafter.

In this work, tvo types of bitumen (hard and soft) vere modelized, as
vell as five asphaltic layer thickneases (SO bb 200 mm) and tvo bypes of
base-course material (granitic gravel or crushédilimestone) in at least
five different layers thicknesses (300 to 800 mm, but. Gp‘bo 1800 mm)
resting on two types of subgrade soil-(éand or clay). Detasils are given

in Table 1.
1 )CLIMATIC ENVIRONMENT:

Two environments (Temperaste (MONTREAL) and BUbarcbic'(JAHEB BAY)) describe
the temperature conditions. Thq Montreal area has a typical temperate
climate with cold wvinter and wvarm summer whilg James Bay (La Orands) area
has & subarctic climate with fiébbroua condibions:Avery coid winter and
ghort cool summer. Table I1 gives the climatic conditions used in the
computer program and Figure 1 gives typical temperature profiles obtained
during the critical condibionaJés sinvlated in Ehé program. It illustra-
tes both the amplitude reducbibn and bﬁé phage shift occurring with depth

in a typical pavement structure.

Frost depth penetration uvp to 2.5 meters vas simvlated by the Montreal

climatic regine, and vp to 5 meters by the Bsy Janmes climatic reginme,

during a typical vinter conditions (from 1000 to 3000 freezing ©C-dsys).
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" TABLE I

PARAMETER8 UBED IN THE COMPUTER PROGRAM

CLIMATIC ENVIRONHENT

Montreal = ~~ Ay = 25 Ad= 8 To= ‘6
James Bay _ Ay = 35 Ad= 10 To= -4 ;
BITUMEN
HARD P.I.. 1.5
R&B 600C
) R Tc ~-25°C
80FT P.1. 0
R&B 400C
Te -320C

ABPHALT CONCRETE THICKNE88
50, 75, 125, 150 et 200 mm

BABE-COURBE AGGREGATES8 PROPERTIES

Granitic gravel Yd= 21.69 kN/m3  w= 6%
Crushed Limestone Yd= 22.32 kN/m3  w= 6% ..

BABE-COURBE THICKNESB .
300, 600, 900, 1200 et 1500 ©m

A SUBGRADE TYPEB UNDER THE PAVEMEQT k
. 8and Yd = 17.61 kN/m w= 12%
“Clay: - Yd = 14,62 kN/m3 " y= 33%"

Notes 1) PI Penetration Index Shell
R&B Ring & Ball Temperature

Tc Critical tenm eraboré (Penstration = 1.3)

2) Ay Yearly Amplitude
.Ad . Daily Amp 1bude. oC

To Mean Annval Temperature
3) Yd = Dry vnit wveight k
v = vater content, parcenb by wexghb
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TABLE I1

"CLIMATIC CONDITIONS

Montreal and La Grande (Jamqs-Bgy),vCanada

Montresal
PARANETRES
Latitude, degrees . 45,5
Temperature, mean °C 6.1
1% min : -26 -

Number of days where T is below

- 23 0.2

- 29 0.0

- 33 0.0
Daily Amplitude, ©C

Mean 8.3

std deviation 3.0

Annual Amplitude, ©C
Mean 26.5
std deviation 10

Freszing Indék. Degreed—ﬁayg:A
Mean 777
std deviation 180

Nunber of days below 0°C 208
Insolatijion, hours o
“winter 125 -
sunmer - 800

Insolation, effective (Calories/cn2/day), (1)
| -June 218t 670 e
Dec 21st . 200

Notes ) :
(1) two-third of actual Insolation .

Data from Wilson, 1972
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La Grande

52,5

~4]
4,2 (max 9)
2.3 (max 6
0.6 (max 3)
10.2

S

35
10

" 2610 .

390 .
240

20

780

870
100



2)CONSIDERATION OF DYNAMIC LOADS AND FREEZING PRESB8BURES

8tresses related either to the dynamic forces acting at the surface or the
freezing forces acting internally are not considered. 8o, the stresses
dves to dynamic loads or the residual sbress resvlting from the freezing
conditions should be added to the thermal stresses induced by temperature
changes in the pavements layers giving a "gross" stress (GR088) calboiabéd

as bLheir sum,

3)MATERIAL PROPERTIES

Tebles ~ I1II  end IV give the principal equabions used to modelize the
materials, Table III refers to bhe'biﬁbmen and the subgrade soils models,
and Table 1V, to bhe»granplar.basefcouraa modéla. Parahébpra iﬂQélQed ars
the temperature and the time since load espplication began. The equations

presented were derived as follows:
ABPHALTIC LAVER

The modulus of the bitumen is firat given by a correlation equation based
on the Van Der Poel (1954) 'nomograph aa modxfxed by Heukelom (13869).

Modulus of the aaphalbxc mix vas bhén calculabed from the Heukolom (13969)
equations, in vhich the mix modulua 1a dependunb on bhe blbvmen ablffneas
and the mix voids and physical properties. . Loadlng rabe dependanb failure

stress was obtainad from published relationships gathered from the tech-

nical literature (e.g. Finn et al, 1386),

—157—



TABLE 111

' MODELS UBED FOR MATERIALS' PROPERTIES

BITUMEN
RING & BALL = 400C, P.1.”= 0 (8OFT)
log EBIT = 27,22055 - 0,10353 (273+Ta) + |, 15378 log b

0.00746 _log t (273 + Ta)
r2= .976 (EBIT in Kg/cm2)°g

RING & BALL = 60°C, P.I.=1.5 (HARD)

log EBIT = 21.21552 - 0.07648(273+Ta) + 1,92105 log t

0.01181 log t (273 + Ta), - - _.
r2= ,997 (EBIT in Kg/cn2) ‘

2) 8AND
CRITICAL 8TRENGTH = 0.5 - 0.2214 T
~ MODULUS , Big< Scrit = 15 - 3.4571 T

. Big> 8crib = 0.67 (8crit)/0.01

. LIMIT BTRENGTH (8ig> 8crit) o
" =71.1732 - 0.835224 T - 0.02783 log &'+ 0.11289 T log' t =

3)yciay L e
CRITICAL STRENGTH = 0.2571-Ti11/2 - 0115

LIMIT 8TRENGTH (8igd> 8crit):

= 0.33 (0.2819 - 0.2964 T - (0.0673 + 0.101+T)log t) ‘

S

MODULU8B , 8ig< Berit T >-5 44,288 |- T|1/2 30,07
T <-5 197,88 {-T11/2 - 378.94

8ig> Bcrit = (0.25 + 0.05 T) 8crit/0,01

‘N6b§5£

.. BITUMEN F,Dsba from 8hell Nomograph (ngkelom 1969).
8AND = Kalov, 1962; yd= 17.61" Tv=10%
CLAY = Akili, 1971; yd= 14.15 kN/m3 v =334
Ta or T = temperature; Celsius - ot e
I -Ti = Absolute bemperabure. COICIUB
i A = time, hours ' . ' ' Sl
8ig = Applled'Sbreau v
8¢rit i = Criticdl Strength ‘-
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Notes

‘“TABLE IV -

GRANULAR BABE-COURSE MATERIALS MODELS

LIMES8TONE CRUSHED AGGREGATE

. _ 8Baturation <60 %
A1(10-3)= -0.5985 - 0.0643 T
B1(10-3)= 7.6481 + 0.11256 T ,
C (10-3)= 0.485222 + 0.018244 T
d = 1.26005 - 0.004175 T

8o = 0,071 - 0.1605 T

8aturation >60 %
Al(10-3)= -0,.009525 - 0.0406 T .
B1(10-3)= 9,76985 +°0.341675 T
C (10-3)= 0.3075 + 0,0118 T
d = 0.50865 - 0.007125 T
8o = 0,7225 - 0,15725 T
bf = 0.430 + 0.0174245 T
Ef = 118.35 - 25.47 T
e lim = 8f/Ef

GRANITIC ‘GRAVEL

A1(10-3) = -0.394775 - 0.01661 T
Bi(10-3) = 8,2653 - 0.3445 T

C (10-3) = 0.22375 + ,013825 T
d = 0.1216 + 0,0552 T

8o = 0.3622 - 0.51363 T

bf = ~0.00365 - 0,1082381 T. -

(1) In sll those equationa, T is negative.
(2) Al, Bl, C , d end 8o from the equation:

e =Al + (B/8o) B+ cC8d lnt
8f(t) = 8o - bf log b

(3) e = bending strain
8 = bending stress
8f= bending strength at time t
E = bending mpdulugb_‘ C

Data compiled from tests resuvlts given in Laforte, 1983a
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FROZEN GRANULAR BABE-COURS8E MATERIAL MODELIZATION

According to experimental works by Laforte (19832, the general flexure

equation for the frozen material is:

e=Al + (B/8o) 8+C8d In & (1)
vhere Al, Bl, C end d are material conabanbs; 8, the applied bending
streas; 8o, the initial bending Sbfqngbh; and e, the time and temperature
dependant strain.
Bending strength is time dependent, as in:

8 = 80 - b log (t) (2)

vhere A and b are temperature dependant constants.. A modulus could be

found from:

EMG = B/ m-mm=wmmmmmmmmmmmmem e (3)
Al + (B1/80) 8 + C 83 In b

The initial strain (t = 0) isrgiveﬁ by:
e = Al + (B1/80) 8 (4)

so that the initial médulus could be givén 5y:
EMB (Lt = 0) = 8/(Al + (B1/80)8) (5)

—160—



O e

s

g ey

T R T et

This modulug.variqs vith the bemperabure as in»(Lafbrbe. 1989):

EMG(T, 0) = 118.35 - 25.45 T - (6)

(crushed limestone aggregate, EMG in MPa, C.V. = 35 %)

Equation like this serves as a starting point, and an iteration procédure

described in Appendix I calculates the various»meghanical paramsters.

S8UBGRADE 80IL BEHAVIOR

The behavior of the vnfrozen gandy op.clgyed gqjl vas modelizgd from bhg
published technical literature on frozen soils. As with the frozen
granp;ar nmaterial, the failure sbrengbb lanq ibhe og}asbic modvulus are
bemégragure,"bimé and sbress»dependan& if the sbress.is gbovg a cribical

level:

i) if the applied stress 8 is lover than a "critical® gbrengbh‘SCRJT; »
8(limit) = 8CRIT

E = Eo (As +Bs T)

ii) if the applied stress 8 is higher than 8CRIT:
8(limit) = 80 - 8a log t

E=FEo - Es logt

As, Bs, 8o, 8s, Eo, Es, and 8CRIT are materials' constente: they are.

linearly temparature dependant, for the sandy material, but follow the

square-root lav, for the cohesive frozen.soils. ., =~ .
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Data base came " from the papers published by Vyalov (1962), (iﬁlJohnsbon.
1881), in the case of the frozen sand, or by Akili (1871), for the clay
nodel (8ault 8te-Marie Clay). Table III givés the correlabion equat.ions

vaed in the progranm.
TYPICAL RESULTS FROM THE SINULATION
CRITICAL CABES:
Three critical thermal loading conditions occur during a typical vinter:

i) when the top of the base-course is freezing: very high atreas
covld be geﬁéfatéd. This stress iS dépehdanb mainly on the asphaltic
thickneas and hardneas (Figure 2): it is maximum in a thin (less bhaﬁ 100
mm) Asphalt Concrete (A.C)) aurfacing layer and for the hard bitumen
surfacing, bub it is significsntly lover in & thicker surfading. Climabic
inflvence is less significant because ‘similérnteméérdbure conditions
occur in the environments considered when bﬁis;criﬁicei’condibion happens.
The thermal stress calculated is roOghly*iineafly’prbpdfbionnal‘bo the -
inverse of the thickness (ta) of the‘ldyér aé ihﬁ

8tress = b/ta + A

Typical parameters valuas sre given in table V.’

The minimum ébress is calculéﬂéd:fbffbhg ﬂﬁfékéf'ﬁééﬁﬁfé{c;ééﬁcroﬂé leyér;
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AGGREGATE
: “TYPE -~
Limestone,

Granite,

Parameters A and B are from the equation:

Table V

[N

PARAMETERS IN THE CRITICAL STATE ..

(WHEN THE TOP OF THE BABE-COURSE 18 FREEZING

CLIMATE A
TYPE a
Montreal  -2.158
Montreal '~ -2.186
Montreal -0.485
James Bay -1.004
Monbreal 0.378

- HMontreal ~1.312
James Bay -1.846

Btress = /B + A

B
385.89
406.21
146.66
241.41

73.12

315.26
3483.50

BITUMEN

"TYPE
Hard
Hard
Boft
Boft
Boft
Hard
Boft

vhere t = thickness of the AC surfacing, in mm
B8 = thermal stress wvhile the AC-base is freezing

801IL

TYPE
Clay

8and
Any

Band
Clay
8and

FIGURE 2 INFLUENCE OF A.C. THICKHESS

r?

any

0.931

0.989 1

0.800
0.982
0.982

"0.997
10,983

THERMAL STRESSES IN ASPHALT CONCRETE MPa

[~ -

.- L b i i s
SOFT BITUMEH, HONIREAL
HARD BITUHEN, HONTREAL
HARD BITUMEN, JAMES BAY

IOP OF BASE COURSE FREEZING
: 380 HM LIMESYOKRE SRSFVON'SQND Lo

STRESSES IN MPa

DN ERPIE I

.81

Prd i ot B
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vhich also has the highest thermal and mechanical inertia. Those high
stresses in the A.C. surfacing '6d§respond to very high stress ratio
(Btress in AC/8treas in Granvlar base) in the granular base material (up
to 10). For thin aﬁﬁfaciﬁé-(lééé €ﬁ5n2106 ﬁh);.£hé calcvlated stresses in
both the asph;iéié1éonéfe£;‘i;§erfsﬁd fg éhe éfandla; ﬁgse are higher thsn
their respective strengths, so theoritically they fail. The actval fail-
ure wvill most probably occur at the frozen vunfrozen material contact and
the bond wili. be‘»bfokén;: resulting in a ﬁew streas ébebe (unrestricted

condibion).;;Aéﬂvaligﬂroas level will then be about 100 times lover.

For the bﬁ{dkér - surfacidgs. this stress -is Iovér than the maﬁefial
strength bﬁﬂwa-brobaﬁle failure vill occur aB bhexfreeiihg front wvhere the
stress in the granvlar base ia: hiQher then its (élmosb zefé)rbensile

strength.

ii) wvhen the top of the aubgrade soil is freezipgz this critical thermal
stress is also almost independant of Lhe climatic conditions conaidered
when = the baSe;cours; :i; ilé;sa bhaﬁVGOO §p bhic#; becauvse, when bhié case
occurs, the bLemperature conditions ag';bhé “;G}fecé »k&f bbbh :climabe
conéidered are alnmost .S}milar. ;Fo}'bhé gﬁickef‘pdVemeﬂbs. this critical
streas level 1is inflvenced ”by the underlying soil type and £he relative
bhiékness of pavement over s§il.,-bobh factors which alsoc affect the
pavémenb thermal regime. Timing ig;bhe occurrence of this event (freezing
froéb reaching the bé&e/soil interface) is critical in the abreés deve-

lopéenb at the surfacing layer level.

Thist'caae is less cribical,in the Janmes ﬁéy climatic environment for two

reasons: the thermal stresses occuring during the coldest wveek of the year
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are most higher and this critical condition happens early in the season
(time less than 5000 hours), when the relative temperature is still high,

for the base-course material thickness modelized.

iii) during the coldeast period of the vinter, or during any cold spell

bhub covld occurs during the wvinter.

As illbabrabed in Figure 3, vhiéh compares hard or soft, biﬂumen A.C. mix,
the stress rangeas calculated for this coldest period are from 1.5 to 3
times higher - "if the A.C. bitumen is hard (P.I1.=!.5), the actual ratio
depending on the thickness of ths asphalt concrete and on the climatic

environmant.

For this particuvlar cribﬁqal case, a‘change in the bgmperabure regime from
the . Montreal to the James Bay climate, results in an maximum increase up
to about 12 times in the calculated sbfesséa rgngesg the greater increase
occurs again in the thinner A.C. surfacing resting on a thin bése énd made
with an harq bitumen. - The particular effect of a climatic change is

illustrated in Figure 4,

The = worst conditions were given by a thin (50 mm) surfacing layer vaing an
hard bitumen, resting on a thin (300 mm) base-course of graniﬂic origin,

on a clay material, in:bhe Janes B&& ehvironhenb queiizéa.

During the coldest time of the year, A.C. thickness, type of the aggregste
vsed and the thickness of the base-course are all controling parameters,

and this will be discussed hereafter.
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) ‘ . . FIGURE 3 INFLUENCE OF BITUNEN TYPE ON STRESSES |
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INFLUENCE OF MATERIALS'DEPENDANT PARAMETERS

Hardﬁ-Sibbmén leads»bb Qefy higﬁ bhefmal»gbffsgeg:és:cglghlabed'é;ring the
coldér conditions. Apart climate Eﬁdfgﬁé'éépgsiﬁiﬁ ?dncreté bhi;kneas.
the jbibumen hardness was found to be>Lhe”m;sb“;m;;;b;;;.and b;is 3usbify
the jamounb of works done by all the searchers in this field. In fact,

thermal apiegs vas up @o 100% higﬁen than the sérqss calculébedfvibh a

softer bibﬁmen?A.C. mix/ E  - ; . |

» s N . . ’:.
PO % - M - . £ .

Typoiogy and ﬂhickness of the base- couraé are 1mportaﬁb vérxabies. In
almo%bh‘qpy case, as observed in Fxgure 5, slxghbly more bhermal sbrassea
in the surfacing layer were calculated vhen the base-course vas a granitic
gravel: (except when a hard bitumen mix in the Montreasl conditions was
sinvlated). This normally corresponds to a higher stress level in the
base-course material itself, i e "~f*“* ST

S|

A bﬁxnner basejﬁoyrse bhlckness alvays corresponds to & htgher sgress in
the jaurfacxng layer as well as 1n the base-course layer. Opblmql thickness
exxsgs. as illusbrabed _in?,Figure S{fwhiéﬁ ﬁiagmizes both aﬁresgjin any
caae% bhla Lﬁkcknega“ is ‘dopendgnb on the thickness of the Bq;faéing and
sligbly_ on ”Eﬁéz~;iimabic énvironmenb:iib is-above_SOO nm andévariéa from
600 ?bo 1200 mm depending on the conditions. Requi;édkghicﬁgé;égof the
surfécing layer to minimize thermal stresses ipnayﬁlqgfki;OO‘Em} %

dat Lt S vl e

g REFulT b uifada faon

Typology of the subgrade soil is very important. In any case, a pavement
built over a clay subgrade will develop higher stressea (up to 100% higher
in some cases) than a pavement built over an sand subgrade, if the condi-

tions are the same.
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FIGURE 3 INFLUENCE OF AGGREGAYE IYPE ON STRESSES

THERMAL STRESSES IN ASPHALT CONCRETE XPa
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COMPARIBON WITH OTHER MODELS

When compared to clessical models (Christison et al, 1972; Chen et al,
1881), the calcvlated streases are in the ssme range, if the same datae are

pub»inbo bhe progran (Laforte, 19839a).

Hhen the simulated stresses are compared to the thermal stresses calcula-
ted using..a_ahandard formule‘(as given in Yang, 1872, p.lﬁ?). it is found
that they conpared to the stresses calcuvlated with a shorter loading time
(0.1 hour vs the four hours . loading time from the simulation). This
implies that gibher the calculabed - stresses are on the higher side, or
bhab, if phe kfrozen pavemeng acts as a slab, (the model considersd), the
Qombined effects of any layer could not be neglected, even if the mathe-
matical model referred to is very realigbic, as it considers both the
thermal _bendipg’ Bbreas‘ and Vbhe bobbom layer expansion 'sbpeqs,, in a
reqbricbgd basge pondibiona._Buh it neglechd the possible influence of the
obher‘ layers Undqrneath,; whichﬂiaﬁbimp and atress as vell as bemparabure
depepdunb. ”Th{si_aspgcb needs gome more rgggarch;bub opens up a conmplete
nev . field, as ,DOQF.Pf Lhe.yorka vp to dabq vere done looking only on the
influence of the _qurfaqing layer .considered ulong @n'thq model.'Even
recently (Finn obt_al, 1986), both the base-course or the subgrade nate-
rials sre modelized with non-time dependsnt values in the COLD program to
calculate the cpigigal_pherpal_abrqsaquin the surfacing layer. .

Apart the mechanical properties of the base-course -m;bgrial (or the
subgede soil), which are Lime and strezs dependant, the other properties
{(Therpal ~and/or phyaical) are important factors in determining the thermal

regime of the pavenent as e vhole, and the streseses occurrence both in a
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frozen as well as in an unfrozen state.

In fact, both materials act as part of the pavement in the global thermal
sbress characterization, being either insulators or ‘conductors, fixing the
bottom limit of the frozen pavement structure and its internal thermal

reginme.

It is true that' bhe asphaltic concrete surfacing, being at the top, has
the higher thernal grédienba;: ttie higher hourly or daily bemperabufe
variation and 8o the "higher thermal stress occurrence. It is also the
most, imporbehL insulator, a fact ‘which is often 'heglecbea by many
designers,’’ But. its bottom thernmal regime and - its support in any time
depend on the base-course material thermal and physical properties, either
frozen (time or stress dependant) and thaved (mainly dependant on the
ssturation and the drainage potential both fixed by its freezing, frozen
or vunfrozen ' states). Its very high strength when frozen iz lost very
'easily vhen thaved, and as its saturation is high,iibéj bearing capacity
is  then very low. Unsaturated 'material is better but, for commén base-
course | maberiais; a'.véry lov saturstion (less bhan 30 %) is needed for
them to be non frost-heaving and have a lov overall saturation when

frozen.

This favors use of clean (no fines) material but those, if made with soft
material (those with MHohs hardness < 5), create bad fines when compacted
if the material is well graded. A Clean vniforn graded materisl could be
an 'other alternative, but stabilization vith bitunen will probably be

needed to facilitate construction and to assure a vniform layer thicknesas.
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CONCLUSIONS

Analysis vusing simulated winter conditions show that not only one, but
three critical cases, sre to bes determined. It also shows that parameters
other than the asphaltic concrete layers' properties are influencial and
have to be determined. Particularly important. are the thermal effects of
the base and subgrade materials, as véll» as the critical asphaltic

concrete stiffness or thickness.

Thisf Justify the numerous uorkaftq find better asphélbic materials, but
bhisg also justify pursveing reaéarcﬁ on the frézeh-behavior of‘obher

pavenent naterials as well.

APPENDIX 1

HORKING HYPOTHESIS

He cénsider a btypical flexible pavemenb.'inclbding-an asphaltic concrete
(AC) surfacing layer and a granvler base-course," ’

While: freezing end when frozen, the pavenent could be represented by a
tri-layer beam or slab: the development of the equations starts from a
slab modgl»ﬂFigprg»ﬁlll).,

The first layer is the AC layer. Its modulus (EMIX) is time and tempera-
ture dependsnt and its thickness XA, vary from S0 to 300 mm. The second
layer is the granular base-couse whose frozen behavior was modelized in
Laforte (1983). The modulus of the layer (EMB) is time, stress and tempo-~
rature dependant. The thickness of the layer is noted HG. The third layer
is the layer formed in the subgrade soil between the base-course/ subgrade
8oil interface (given as XG) snd the freezing front which depth HGEL is
neasuvred from the surface. The thickness of the third layer is given by
the difference (HGEL - XG). Its modulus, EMB is also time, temperature and
stress dependsnt.

The Lenmperature is zero (T = 0°C) snytime at the freezing front and its
depth (vhich is the model’'s limit) varies continvally in response to the
temperature changes at the surface of the pavement: nil when the vinter
starts; it stays in the base during early vinter, and forms a tvo-layer
pavement, the second layer being the material from the asphaltic concrete
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FIGURE A1.1

Typical pavement section and stresses
due to a thermal gradient

b/ Asp{nalt Concrsle
o
Xg Granular Base
Subgrade Soll
]
- +
Tb
T$-Tb dT Grad T

note: Sinusoidal surface Temperature
Xt = depth lo freezs {ront
B=610I0m ' -
L = distance belween cracks
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/base-course interface to the freezing front. Its thickness is the diffe-
rence: }

(HGEL - XA)
and also varies continuvally,

The model is a  twvo-layer slab during early seasdn. (Up to the time at
vhich HGEL = XGB), and a tri-layer slab aftervards, vp to the end of the
vinter season.

The temperature in the pavement veries and this creates thermal atresses,
either bending bthermal stresses or normal thermal stresses. The stress
pattern in 8any layer is defined by the aum of a normal streas and a
bending atress bacavse any thernmal dxfferencxal couvld be vieved as
(figure Al.1): ' ‘

1) a temperature change (dT) on the neutral axis

2) a temperature gradient in the layer =T{ - T2
vhere T1 is the temperature at the top of the layer; T2, the tenmpsrature
at, the bottom of tLhe layer, and h, - the bhxckneas of bhe layer.

If the modulus changea vith depbh, the poaxtxon of bhe neubral exis (Zo)
is given by (Yang, 1872):

2o = h (n/{n+1))

vhers n, ratio E(Top)/E(Bottom), a rabxo of one ngxng bhe famlllar.
2o = h/2,

The radivs 6? cu??abbrercreabéd by'bhe bempéfébﬁro différenbial in betwveen
the top and the bottom of the layer is then given by: -

1/R =Zo0 d2v/dx2 = 12 M(z)/h = DIL (Tl -T2)/h
and the stress in the layer vill be given by:
8 = N/h + M Zo/1

(if ve consider a constant width b) so that

W2 we |
g8 = E DIL (llh)f/fl'(z) dz + zwrf T(z) z dz) (al.1)
o S e ~h/2 ‘

Introducing the in-depth variation for the modulus, vwe .have, after .
simplifying: S ’ ' ’

B = EDIL (AT + (n/(n#INTL - T2} | . (al.2)
which is the simplest forn.

Assuming a well bovnded maberlal. reabr;cbed by bhe layer Upon wh;ch 1b
rests, bhe equablona for Zo. distance’ to bhe neubral axis calculated fron
the bobbom of bho abrucbure, and THZ,, mean bemperaburo in the systen
depending on bhe temperaturea in obher layers as vell, sre (Bvift and
Heller, 1974, Burghreen, 1871): o o - '
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Ei (hj + h /2
_Z_,1_"5,___1_1__’,_-“‘___ ) (81.3)

2 ) Ej hj

E; hj DIL T™™;
g LELPI DI T L el

8o that the thermal stress in any layer i will be given by:
. d"Si' « Ej (TMZ - DIL] TH; + (20 ~Z{)/RT) . (al.8) .. .
and: ‘ . n o

' Rt = Composite radius of curvature ‘

El hi¢ TML -DIL; THM; +) E; h; DIL; NTH;

IR vn n e ot e e S o D b Sb s o M e T B b b e e e e . s s 8 v b b

Y Ei Ij + E1l hl I1 H/2

El, hl, TMl, DILL,IL refer bo bhe flrsb layer properbloa whlle bhose vxbh
1ndlce i refer to bhe i layer, and vhera:

Tmj = mean temperature differential in bhe i layer
"Ej = Mean modulus/(l-vj) ‘
vi- = Poisson's ratio

i = inertia = b h3/12

h = laysr thickness
b = layer width
MTM = (Tl - T2)/h
- TiI- = temperature at the top of the layer
T2 = temperature at the bottom of the layer
TM = mean bemperabure measured at bhe neubral axxs level

Heasuremenb from the bottom of the system to the neutral axis "of any layar
will be always related to the actuval neutral axis poalbxon xn the given
layer, wvhich distence will be given using the modulus ratio (n).

MODEL IZATION OF THE FROZEN GRANULAR'BABE-COURSE MATERIAL
The initial temperature dependant modulus is given b;k(LJ%ofbé}:ISBQ):
EMB (b = 0) = 8/e = 8/(Al + (B1/80)8) _ ({al.6)

vhere Al, Bl, 8o ares material ' constants, and bﬁeiteépéraﬁﬁre‘depéndancy
is describs by linear relationship, ss in :

EMB(T, 0) = A =BT C ' ai.ga)

vhere A 8and B sre also material' constants, Equabxon al.Ba is vsed as &
atarting point, and the thermal sbresses and strains are calculated in the
followving manner:

1) The procedure started UBIDQ a nean modulus for the granular layer
(EMB), ‘which ‘valuve “is ngen as a funcbxon of bemperabure only (al.6). A
flrab approx1mablon vof bhe stress’ lp then obbalned stng this modulus 1n
bhe ‘solution fbr “thermsal sbrosaos :1n a mulbx layer syabem (bwo or brl-
layer alab nodel described bafore).

‘~-i !..'!E
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2) Using the stress calcuvlated from (al.2) and the basic stress-strain
equation (al.5), a nev value for the streas is calculated from the
folloving equations:

e = 8/EMG (EMG from equation al.6a, as a first gbess)
FZ=e - Al - (B1/80)8 - C 89 In t '
DFZ = ~(B1/80) - ¢ ¢ 8d-1 1n ¢

nev 8 = old 8 - F2/DF2

The calculation is done with the Newton-Ralphston iteration procedure
(Carnahan et - al, 1969). The values of the constants are calculated from
the mean temperature occuring in the layer at the time t after the start-
ing of the loading process. This nev valuve for the Sbress (Nev S) deflnes
the nev modulus froi equation al.ba. :

3) The calculation proceeds, holding T and t constant as long as the new
modulus calculated from equation al.6a is not equal to the modulus vsed in
the thermal stress equation. The iteration is sbopped uhen

old EMG = nev EMG +/- Tol

vhere Tol is  the tolerance of sbout 0.5 %. The stresses in any layer can
then be calculated from the mean moduvlus {(old. EMG + new’ EMG)/2) of the
granvlar layer. in the multi- layer slab model.

Thxs rouvtine, which wvses bwo iteration procedures, is repeabed for each
time .step as the valuves for temperature and loading time sre different and
are needed. to calculate the - constants in the solubxon. At the end the
strain is calcvlated from the sinple relablonshlp.

e = B8/ENG

In the procedure, ENG represents the mean valuve for the aggregate layer,
and its valuve is given by:

EMG = (EMG (top) + EMG (bottom))/2

vhere top refers to the XA inbeffeééiénd bbbboﬁ Lq.bﬂe Xé:inbéffaée;.

TEMPERATURE MODELIZATION

In first approximation, the air temperature is analysed 8s a 51nuaoxdal
vave, with both daily (1/24 hour) sand annval (1/8760 hour) amplxbude (A)
and frequency of variation (v =2 =« f), Air tenperature then given by:

T(0,t) = To + Ag sinlvg t) + Ay sin{vy b)

vhere To, is the mean air temperature and the indices ' d and y refering to
daily and yearly variations

The surface tempsraturs: (Tsurf).'is: éalculated:-by bLhe ~Barber ' (1857)
model, the Depth to the freezxng front is calculated from the Painter
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and  Aldritch (1959) equation, using the surface freezing index calcvlated
from the surface temperature., The 8urface Freezing Index ia given by:

t
FI =f 1Taurfl db
0,
vhere ITsurfl is the absolute value of Tsurf. The depth to the freezing
front (HGEL) is given by solving anytime:

A HGELZ + B HGEL + FI = 0

vhere:
A L/48 K B =1L Rj/24
L latent, heat in bhe freezing layer
K thernal conductivity at the freezing front
R; thermal resistence in the i layers above the layer vhere the

freezxng front, is located.

For the asphaltic leyer, L= 0 and HGEL is calculated aa:
HGEL = (24 FI K/Cv)

Cv being the heat capaci£y of the asphalt.
MULTI-LAYER THERMAL.MODEL

The first - layer is the asphaltic concrete layer. The other layers are the
granvlar. base-couse - layer .snd the subgrade soil. When thse pavement is
still wunfrozen, this layer ias assumed to be of infinite depth, without a
phreatic level. When the pavement is freezing, the bottom of the system
is - the depth to the freezing front, and there could ba tvo or three
layers.,. The temperatures  at the interfaces of the layers are calculated
using the Lachenbruch's (1958) two-layer model. If XA is the asphaltic
concrete/base-course interface and X@, the baae-course/subgrade interface,
the tLemperature at XA is given by:

T(XA,t) = To + Ky AD exp(-H) sin (vy t -dFj-al)
+ Ko AY sin(wvgt -dFg -82)
vhere:

To = mean annual temperature _
AD = amplitude of the daily temperature variation
AY = amplitude of the annval temperature variation
XA = Thickness of the asphaltic layer
Ka,Ca = Thermal conductivity and heat capacity of AC
Kg,Cg = Thermal conductivity and heat capacity of base course
as = Ka/Ca = thermal diffusivity of thas asphaltic concrete
and:
: Ki = (1 + M)/8;

vj = period of the variation
dFj = dephasing factorgiven by:

_ ATN(dF;) = ((1-KT)/(14KT))} tan .(-Hjy)
KT = M2 exp({-Hj)
"M = {{Ka Ca)l/2 —(Kg Cg)1/2) /((Ka Ca)l/2 + (Kg Cg)1/2)
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8i2 = § + 2 M oxp (-2Hj)cos(2 Hj) + M2exp(4 Hj)
Hi = XA (vi/(2 as))l/2

(i= 1 relates to a daily varxablon (2 p1/24) and i= 2. to bhe annval
variation (2 pi/8766)). ~ :

The product (K C)1/2 ja the thermal 1nerble of Lhe layer (Bymbol Q)

The equabxon also calcvlabea the redvced amplxbvde and the ahxfblng facbor
att any depth in & nulti-layer system, introducing an "equivalent first

layer" which thermal conductivity -(Ke), specific- heat (Ce) or thermsal
diffusivity (ae) are given by: : :

ase = Ke/Ce

Ke = Y Hi/R;

Ce = ) Hj ati/ Re .
Bj = Hji/K;

Re = ZRI

bho layer bexng a composxbe of i layers._

This equ1valenb layer model is modellzed in bhe compuber program.

a) Hhon bhere are only tvo- leyera.
First layer : asphaltic concrete : BRI
Becond layer. frozen granvlar maberlal above bhe freezxng fronb

b) When there are three layers:
First layer : asphaltic concrete
- 8econd Leyer: base-course =~ - o R T L
Third layer : Frozen soil above bhe froezxng front.
In this case, the equivalent layer is given by:
He = XA + HG
whore HG is bhe baso-course bhxckneua.;

Hhen bhe freezxng fronb is ab ‘an 1nberface. bhe labenb heab replacea bhe

heat capacity bo evaluabe bhe bhermal inertia of the layer QF, whxch

equala. - : § o o L R
QF = (ki'Lifllz

The indice refers to the material vhich is freezing. .

- 177 -



APPENDIX 11
REFERENCES

AKILI “.; “SQfesd éﬂrain‘ﬁéHAVior of ﬁrozeﬁ Fine-Grained‘BOils". Highvay
Reaearch Board Record 360, P. l -8 (1971)

BARBER, E.8.; "Calculatxon of Maximum Pavemenb Temperature from Neabher
Records". nghuay Reaearch Board Bulletin 168, p. 1-7, (1959)

CARNAGAN. B., LUTHER, H.A., NILKE8,~ J.0.; "Applxed Numerncal Mebhods“
John Hiley, New York, 604 pp. (1969)

CHEN, N.J., DiVito, J.A., Morris, G.R.; "Finite Elements Analysis of
Arizona's Three Lesyers Overlay 8ystem over Rigid Pavements to Prevent
Reflective Cracking". Proc. AAPT, Vol &1, p. 150-168 .

CHRISTIGON, J.T., ANDERBON, K.O0.; "The‘Reapdnse of Asphalt Pavements to
Lov Temperature Climatic Environment"; Proc. 3rd Intl Conf. 8tructural
Design of Asphalt Pavement B8tructure, London (1972)

FINN, F., 8ARAF, C.F., KULKARNI, R., NAIR, K., SMITH, “.. ABDULLAH, A.;
"Development. of Pavement 8tuctural 8ubsystems'. Nabtional Cooperative
Highvay Research Program Reporb 291, Dec 1986, S8 pp. (1986)

HEUKELOM, W.; "A Bitumen Test Dats Chart for Shoving bhe Effect of
Temperature on the Mechanical Behavior of Asphaltic Bitumens", Journal of
the Institute of Petroleuvn, Vol S5, No 546 (1369) . '

JOHNSTON, G H., ed.; "Permafroab Engxneerlng Dealgn and Consbrucbxon"
John Whiley and 8ons, 540 pp. (1981) .

LACHENBRUCH, A.H.; "Periodic Hest Flov in & ébrabié{ed Medivm wibth
Applications in Permafrost Problens", U.8. Geologzcal Survey. Bulletin
1052, p 51-79 (1859) o .

LAFORTE, M.A.; "Influvence dvu comportement dea mﬁﬁériabx de fondations
gelés saur la fissuration des pavages par temps froids,” Thése PhD, Génxe
ClVll, Ecole Polybechnlque de Montréal, 400 pp. + annexes (1989)

LAFORTE, H A., "Vér;fxcabxon du modéle préaenbé aur des cas éimplésﬁ-
Technical Note presented to the Thesis Commlbbee. Ecole Polybechnxque,
Sept, 1983 (1388a).

MCLEOD, N.W.; "Transverse Pavement Cracking Related to the Hardness of the
Asphalt Cement" , Proc. Can. Technical Asphalt Ass., Vol 13, (13968)
PAINTER, R.8., ALDRICH, P.A.; "Frost Penetration Belov Highway and
Airfield Pavements", Highvay Research Board Bvulletin 135, p. 135-144,
(1959)

8WIFT, OG.W., HELLER, R.A.; '"Layered Beam Anslysis", J.Eng.Mec. Div.,
A.8.C.E., EM-2, Vol 100, p. 267-282 (1974)

- 178 -



g
=
3
1
¥
3
23
]
=
*
K
=
:
g
%
%
3
Z
%
%
B
-8
K
|4
H
E4

U.8. ARMY CORP8 OF ENGINEERS; "Calculation Methods for Determination of
Depths of Freeze and Thav in Soils", U.S8. Army Technical Manval TM 5-852-6
(1966)

VAN DER POEL, C.; "A General 8ystem Describing the Visco-elastic Proper-
ties of Bitumens and its Relation to Routine Tests Data", J. Applied
Chemistry, Vol 4, p 221 ss. (1954)

WILBON, C.V.,; "Le Climat duv Québec: Notes sur les Echanges d'Energies',
Climatic 8tudies No 23, Canada Environment, 124 pp. (1972)

YANG , N.C.; "Design of Functionnal Pavenments", McGraw-Hill, (1972)

—179 -






i
o
i
i
£
3
i
3
¢
¥
&
L
i
4

Low Temperature Fractuire Mechanics of Viscoelastic Pavement
Structures | ‘ o '

A - A.'Selﬁaddréi, MCAu,CarletonUmv
- P. Joseph, Ministry of Transportation, Ontario







LOW TEMPERATURE FRACTURE MECHANICS OF
VISCOELASTIC PAVEMENT STRUCTURES

A.P.S. Selvadurai and M.C. Au
Department of Civil Engineering
Carleton University
Ottawa, Ontario, Canada K15 5B6
and
P. Joseph
Pavement and Roadway Office
Research and Development Branch
Ministry of Transportation of Ontario

Downsview, Ontario, Canada M3M 1J8

ABSTRACT

The paper presents the application of a numerical method of transient stress analysis
to the study of the mechanical behaviour of a pavement structure which is subjected
to heat conduction and associated thermo-viscoelastic effects. The numerical analysis
is based on a finite element modellmg of the govermng equations. Heat conduction is
induced by the sudden reduction of the surface temperature of the layered pavement
structure. The single viscoclastic layer of the idealized pavement structure contains
a surface crack of finite depth. The numerical analysis focusses on the evaluation of
the time dependent variation of the crack opening mode I stress intensity factor at the

crack tip. The paper documents the manner in which the crack opening mode stress

intensity factor is influenced by the viscoelastic properties of the asphalt layer.
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I. INTRODUCTION

The study of the mechanical behaviour of pavement structures which are subjected to
the influences of low temperatures is recognized as an important aspect of enhancing
pavement performance and design. These studies become more important in situations
where defects such as cracks, delaminations, voids etc. are induced in the asphalt
pavements and overlays cither during its construction or during its service life. The
International Conferences on Paving in Cold Areas [1,2] and recent articles and reviews
[3,4] associated with low temperature properties and performance of asphalt cements
have emphasized the role of low temperature on the development of short term and

long term damage in asphalt pavements.

Recently, Selvadurai and Au [5] conducted a comprehensive examination of the low-
temperature behaviour of a cracked pavementstructure which is subjected to the com-
bined effects of heat conduction and associated thermo-elastic effects. The objective
of that study was to examine the influence of low temperatures on the behaviour of
existing cracks and other flaws in the asphalt pavement. It is assumed that such flaws
can be created either durmg construction of the pavement or during its service life.
When the pavement is subjected to sudden :cooling by ambient temperatures, thermal
stresses can develop in the asphalt layer. Such thennal s'tress'es will have the adverse ef-
fect of enhancing the propagationof cracks and flaws in an asphalt layer. The transient
thermo-elastic modelling and the associated numerical schemes for the analysis of heat
conduction, stress analysis and fracture mechanics were used extensively to examine a
variety of problems of interest to low temperature performance of damaged or cracked

~ pa\}ements [6).

' TlllS paper extends the work in [5] to mclude the combmed mﬂuences of heat conduc-
,tlon within the pavement structure and vrscoelastlc behavxour of the asphalt surface
layer, on the mechamcs of cracks and other surface defects located in an asphalt layer
Vlscoelastlc propertles of asphalts and asphalt concrete have been studled by varxous
.. researchers [4, 7—13] The results of such research [4] mdncate the ex1stence of VlSCOBlaS-
’tlc or tlme dependent eﬂ'ects in aged asphalts even at temperatures of the order of
7_—9°C In general the mﬂuences of VJScoelastxc behavxour would be expected to dommate
with increases in asphalt temperature beyond 0°C Consequently 1t is 1mportant to es-

tablish the mﬂuences of viscoelastic a.sphalt behavxour on the performance of fractures
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located in an asphalt layer. This paper briefly outlines the numerical treatment of the
transient stress analysis of a pavement structure which-is subjected to heat conduc-
tion in the presence of thermo-viscoelasti¢ effects. The finite element technique is used
to examine the heat conduction process, the viscoelastic behaviour and the modelling
of surface defects or cracks located in the viscoelastic asphalt layer. The numerical
'treatment of the damaged pavement focusses on the evaluation of the time-dependent
stress intensity factors at the crack tlp “This is a measure of the energy that can be
released while propagating the crack further. The numerical modelling also attempts
to establish the influence of thermo-viscoelastic response of the asphalt material on the
behaviour of the crack tip stress intensity factor. Specific numerical results presented
in’ the paper illustrate the manner in which the viscoelastic behaviour of the asphalt
influences the stress intensity factor at the tip of a surface crack located in a layered

pavement structure, which is subjected to a sudden lowering of its surface temperature.
- 2. GOVERNING EQUATIONS -

In this section we shall présent a brief accourit of the fundamental equations governing
the transient thermo-viscoelastic behaviour as an asphalt composite material. Detailed
‘accounts of these developments are also given by Williams [14], Lee [15], Leitman and
Fisher {16] and Christensen [17]. The state of stress in the viscoelastic medium is
defined by the stress tensor o;;(z;,t) and the displacement field is defined by u; (z;,1)
where t is the time variable and z; are the coordinates. In the absence of dynamic

effects, the equations of equilibrium are given by

0ij+bi=0 5 wxeD . (1)
-where D is the reglon under consxderatlon the subscnpts 1nd1cate dlrectlons z, y,z (or
1,2,3) and repeated indices are summed over the range of the subscripts. The equatlon
governing the heat conduction in the viscoelastic body, which includes the heat source

(or sink) term due to mechanical effects, can be written as .
oy L (RT) - pcf[':'-r—‘; ToPén+ Q=0 , zieD (2)
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where, k is the coefficient of thermal conductivity, ¢ is the specific heat, p is the mass
density, @ is the heat source term other than mechanical effect, Tp is the initial temper-
ature distribution when the medium is unstrained and (*) denotes the time derivative.

The linearized strain tensor is defined by

€ =5 ('{i.j + ?‘j,i) o | | (?)

The boundary conditions for the heat conduction process are

T=T on zeS, | | (4)
k-5; =7 on x5, (5)

where T is the value of the prescribed temperature on the surface S;; § is the rate
of heat loss at the boundary S, and the total surface is given by S = $,UUS,. The

displacement and traction boundary conditions are given by

u;=1u; on z;eS3 ' (6)

oin; =P; on xS, S (D

where u; are prescribed displacements n; is the outward unit normal to S; and P; are
prescribed tractions. For the linear viscoelastic material, the stress or strain depends

on the history of deformation. The approi;ﬁaté constitutive relationship which takes

into account such history effects can be expressed in the form of a hereditary integral

of the form

oij (zi,8) = Rijee(0) {exe (%i,1) — a(0)8 (i t) bre}
a /0 ’ 5‘9; [Risuelt = 7)) {exe (25.7) — a(T)B (i) b1e) dr (8)
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where 6(t) is the “pseudo-temperature” which will be discussed later and R;jxe(t) is the

‘relaxation modulus at time ¢ which is given by

Rigu(t) = K ()86 .
+G) {Suie + budin = 6500 ()
where K (t) and G(t) are respectively the bulk and shear modulus of the material. For

example, for a linear elastic material K(t) = K(0) = K and G(t) = G(0) = G. The

4th order tensor Rijxe(t) reduces to the generahzed elast1c1ty tensor Cjjx, presented in

‘the previous study (5]. The determination of K(t) and G(t) will be discussed in a later

section.

The initial conditions governing the transient problem can take the forms
T=T ) z;eD (10)
and

:ugzyui(:O) ; :c.-eDr ,; (11)

,,,,,
s

Engineering materials such as concrete, geological media, polymeric materials, asphalts

and metals at elevated temperatures exhibit time dependent behaviour over certain

ranges of loading and temperature These tlme dependent phenomena can be char-

acterized either by creep processes or by ‘Viscoelastic processes. In general the time

dependent processes governing materials such as asphalt, concrete and other geological
media are highly non—hnear in character; The nonlinearities can be attrnbuted to influ-
-ence of large strains and rate dependence. The ‘theory of linear v1scoelast1c1ty, can be

conveniently employed to examine the time-dependent, processes in asphaltic. materials
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Extensive accounts of the theory of linear viscoelasticity are givéri in'the texts by Flugge
(18], Selvadurai [19), Findley and Lai [20] and Christensen [17). The ‘Sfmple'st forms of
representation of viscoelastic behaviour utilize basic viscoelastic elements which con-
sist of elastic and viscous responses. These basic responses can be combined to form
viscoelastic models such as those described by K‘elvin, Maxwell and multiparameter
models [18]. These discrete viscoelastic representations are however restrictive in their
general applicability. An alternative procedure employs a combination of these ba-
sic models to form a generélized viscoelastic‘response. In general, such a viscoelastic

stress-strain relationship can be written as

No (o . N¢- (e ) . v . T

where N, and N, are the number of operators and p, and ¢, are constant coefficients.
The time derivatives of (12) can be eliminated by the application of the Laplace trans-
form which is defined by

o(s) 3 s = [ lott) 5 et et (13)

where s is the transform parameter and therefore (12) can be rewritten in the form

[iPS] a(s) = rgqr ] &(s) (14)

which is an algebraic equivalent of (12) and the transform equivalent of the stress o is

given by

where a,, b, and ¢, are constants which are derived from: the representation’ “of (14)
in terms of partlal fractions. Sincé the’ right-hand-side of (15) is expresced by a series
sunimation of two Laplace transformsi the inverse transforms of the left-hand:side of

(15) can be obtairied by means of a convolution mtegral Consequently the stress—stram

relationship for the linear viscoelastic material can be expressed in an integral form as
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6R(t

o0 = ROLW ~ [ TG rar - (19)

where R(t) is known as the “Relaxation Modulus” and takes the value of either K(t)

or G(t) depending upon the “dilational” or “distortional” processes respectively, i.e.,

K(t) for dilational effects -
R(i) = (17)

G(t) for distortional effects

Consxdenng the right-hand-side of (15), R(%) is expected to have the form

R(t)__zA exp( ~B,1) B (18)

r=0

where A, = ¢;/a, and B, = b,/a,. The result (18) is known as a Dirichlet series
representation of the relaxation function. Such a representation has two advantages

related to the following:
(2) In relating experimental data to theoretical models, the constants A, and B, can
be determined by a smooth curve fitting procedure [21].
(b) In the formulation of a numerical algorithm of a step-by-step time integration

which accounts for the progression of viscoelastic behaviour.

The discussions related to viscoelastic constitutive behaviour presented earlier do not
take into account the effect of temperature on the viscoelastic stress-strain relationships.
Hence, the relaxation modulus R(t) given in (18) is essentially an isothermal viscoelastic

response at T' = Tp.

In general, for a thermo-viscoelastic material such as asphalt concrete

Re=Ry6T) - (19)

where the constitutive tensor has to be determined from expenments The experimeii-

tal evaluation of the thermo-viscoelasticity tensor is a complicated task. The number
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of experiments will be inordinately high and the transient thermo-mechanical effect
cannot be eliminated in the experimental procedure. Fortunately, both theoretical and
experimental results indicate that for a certain class of material, the effect of tem-
perature and - time on the relazation modulus can be combined. That is, the relaxation
modulus at a certain temperature T' can be obtained from the corresponding relaxation

modulus at a given temperature Tp; i.e.,

_ R(T) t) = R(TO» C(t)) ) (20)

where ((t) is the “reduced time” and the class of viscoelastic materials which satisfy a
relationship of the type (20) are known as “théﬁno—rheologically simple materials” (see

e.g., Schwarz and Staverman [22]). The reduced time (%) is given by [22]

where ¥(T) is the temperature shift factor. The most commonly employed shift factor
in thermo-viscoelastic stress analysis is the Williams, Landel and Ferry [23] result or

the WLF equations

. —g1 (T —_ To)

logyo [$(T)] = 5+ (T=To)

(22)

where g; and g, are material constants. Further, if the temperature effect on the expan-
sion properties of the thermo-viscoelastic material is considered, an average effect of
the expansion/ contraction processes can be derived. That is, the “pseudo-temperature”

defined previously (see (8)) is given by

8(t) = a—(lo—) Ji T a(r)dr (23)

Therefore, when a(T') = a(0), 6(¢) = T(t) Usix-lg'si;hese developments the integral law
for the dilational effect can be expressed by -
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oa(t) = BK(0)[ex(t) ~ 3a(0)0(2)]

/o' z?;lw (¢ = " {eil(r) — 3a(T)8(7)} dr (24)

and for the distortional cffect,

oB(t) = 2G(0)e2(t)

- [ ——[ZG(C—-T)]G () | (25)

The complete hereditary integral fgiveh in (8) can be obtained by the combined effect
of dilatation (24) and distortion (25) responses.

4, NUMERICAL MODELLING

The solution of the equations of transient thermo-viscoelasticity described in Sections 2
and 3 can be approached in a variety of ways. These include analytical methods based
on integral transform techniques and numerical methods based on finite difference, finite
element and boundary integral equation techniques. In this study, the finite element
technique is used to solve the governing thennofviscoelasticity problem. The finite
element technique can, conveniently, take into account the constraints imposed by the
pavement geometry, the crack tip behaviour and the time and temperature dependent
constltutlve propertles The complete details of the Galerkin ﬁmte element techmque
utilized in the solutlon of the transxent thermo~v1scoelast1c1ty problem is dlscussed by

Selvadurax and Au [24]

PFinite Element Procedure

Considering the governing equations (2), (4) and (5) we have

- f,g{kafl".eT,.--ercaTT}dD'—‘ /s, §TgdS =0 = - . - (26)
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where 8T is a weighting function for temperature Similarly, the global equilibrium

equation (1) can be written in the form

4',;} - .‘('

]D Seii Rijre + d {exe — abbye) dD — /D Su;bidD - /S §u;P;dS = 0 (27)
4

where 6u; is a weighting function for the displacements,v and R;jxe is the thermo-

viscoelastic constitutive tensor and (*) denotes a convolution.

Following a standard finite element prdcedtire [24-26], eqtrations (26) and (27) can be

expressed as matrix equations

Uer (T} + M (T} = (@)} (28)

and

KON @)~ [ K (=) u(r)} dr
4 U O1O0) ~ [ U (B

respectlvely, where [K.,,,(t)] [vap], [MTT], etc are volume mtegrals taken over
the domaln Complete expressrons for these matrxces are glven by Selvadura1 and
Au [24] It is sufficient to note that the dlsplacement equatron (29) is a system of
integral equations of the Volterra type. It follows that the curfent dlsplacement in
the viscoelastic medium has to be determined from the consideration of the complete

history of deformation and temperature.

Time Integrations

.Following previous studies [5,6}, for the. temperature_imknoxﬁ}nls., the time integration is

given by
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[(Mr] + fAt[Kro)}{T(t+ At)}

{Pr} — ((Mq) + (1 - f) At [Krr] {T()} - (30)

where At is the time-step and f is the scale factor (0.5 < f < 1.0).

For the displacement field, the governing matrix equation isa system of simultaneous
Volterra mtegral equations of the second kmd A standard numerical method for solvmg
this class of equations is the step-forward mtegratlon procedure, where all past solutlons
are required in the mtegratlon with respect to time. However, the 1mplementat10n of
such a procedure in the finite element scheme is virtually impossible owing to the
limitations of computer storage and CPU time. In this context, the Dirchlet series
representation of the relaxéat.ionv moduli allows us to formulate a step-by-step time
integration procedure such as the one proposed by Taylor, Pister and Goudreau [27]
and Srinatha and Lewis [28].

Following these developments the system of integral equations (29) can be reduced to

a recurrence relationship of the form:

[Ku(0) + KL(AQH{u(t +Ab)}
= PG+ AD} + {PP) + (PR
b KE(AO] (40} + (K01 )
RELIORS ST LY A C

where {P*¢(t)} and {P}"‘(t)} are the memory loads due to, respectively, the deforma-

tlon and the temperature up to time t.

Now, equations (30) and (31) are the tlme-steppmg equatlons for both the temperature
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and the displacement. The solution procedure can be started by making use of the
initial conditions (10) and (11).

Crack-Tip Elements

In the available literature on viscoelastic fracture mechanics analysis (see e.g, Knauss
[29], Francis, Carlton and Thompson [30] and Schapery [31]) the stress distribution
near the tip of a stable crack is assumed to be of % type. Therefore, the quarter-
point element of Henshell and Shaw [32] and Barsoum [33] is applicable in the present
modelling. In the previous study (Selvadural and Au (4]), the stress intensity factor
can be evaluated by the nodal displacements along rays emanating from the crack-tip

(Figure 1). For complet'eneSS, the éxpressions are given below as

(2y-1) cosg — cos %,é

K; )
(27 +1)sing -sin¥
4u,o — Uz — U
4G(t) { 2 r3 rl }
= —= (32)
V&i/2x duyy — uyz — Juy,
and
—29+3 sin — sin ¥
(—2y 2 2
Ky

(27 -3) cos-g- + cos 32—5

4G(t) 4u52 — Uz3 — 3uzl
\/1_,’.-/27r

with £; = £, or {; defined in Figure 2. Also 0 is considered to be either 0° or 180°. In
(32) and (33), v is given by '

(33)

4u,2 — Uy3z — 3u,,1

K!;!k G(t) .
33,((',)‘:76(“) (plane — strain)

y= - - (39)

»ﬁg}){%@(ﬂ _(plane — stress)
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Figure 1. The geometry and coordinate system at the crack tip

. Figure 2. The quarter-point element
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where K (t) and G(t) are the relaxation moduli given by (17).

5. CRACKS IN A VISCOELASTIC PAVEMENT LAYER

The numerical procedure developed in the preceding sectiori is first applied to examine
the transient thermo-viscoelastic behaviour of a pavement layer with a surface crack
(Figure 3) underlain by an elastic halfspace. The attention is restricted to the exami-
nation of two dimensional plane strain problem in which the surface of the viscoelastic
layer is subjected to a sudden decrease 1n the surface temperature, in the form of a step
function of time. The results of previous investigations [5,6] have shown that the rapid
reduction in the surface temperature of the asphalt layer results in the development of
the maximum stress intensity factors at the crack tip. (The’c geometry of the pavement
layer region in relation to the surface crack is shown in Figure 3 and the system is
restrained from horizontal movement at the extreme boundaries. These are frictionless

restraints.) The surface temperatures are prescribed by the following conditions

T(z,y)=To for t=0

(35)
T(z,0)=T,H(t) for t>0

In order to perform the numencal analy31s itis necessary to define the thermo-viscoelastic
parameters assoclated with the constxtutlve modellmg The basic groups of materials

parameters relat,e to:

(i) heat conduction within; the pavement (governed by the temperature dependent
values of, the coefﬁment of volumetric expansmn a(T), the thermal conductivity

k(T) and the heat capacity pc(T)).

(ii) viscoelastic behaviour (governed by the tnme—dependent relaxation moduli associ-
ated with dilatational behaviour K,(t) and distortional behavxour, Gi(t) of the

viscoelastic medium).

For the purpose of the numerical computatlonswe shall assume that the thermal prop-

erties a(T), k(T) and pc(T) are relatively uninfluenced by the temperature and are
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Figure 4. Relaxation functions for the viscoelastic shear modulus.
Material types (a) to (e) are given in Table 1.
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assumed to be constant. We shall further assume that the dominant mode of viscoelas-
tic behaviour relates to the shear behaviour of the material (defined by Gi(t)) and
that the dilatation or volumetric behaviour (defined by K;(t)) of the material is non
relaxing and constant in time. For the lincar viscoelastic shear behaviour we consider
five types of typical materials where the shear modulus G (t) have decaying variations
with time. The specific expres'sioilisy for G\ (t) are shown in Table 1 and the Figure 4
shows the variations of G1(¢)/G1(0) with time. The surface of the layer is subjected
to the rapid reduction in the surface temperature Ty such that the thermal jump is
given by T = [T, —To| The effect of temperature on Gi(t) is accounted for by the shift
function $(t) of the Aexp[—(Ts — T) /T.) type. The values of a(To), k (To) and pc (To)

are those used in the previous investigations [5,6). For completeness we note that

a(To) =ap=5x10"° [°C
k(Ty) = ko =2 J/m/[°C[S . (36)
pc(To) = (pc), = 4 x 10° J/md/°C’

The finite element discretization employed in the numerical analysisr of the viscoelastic
region with a surface crack is shown in Figure 5. The formulation utilizes 8-noded
isoparametric elements to model the domain and the quarter-point element is used to

model the crack tip singular behaviour.

The pavemeﬁt struf:vt;ure is laterally constrained at a ﬁnjte distance from thé surface
crack 50¢; where € is the depth of the surface cfaék). The interface between the elastic
subgrade and the viscoel%fstid layéf is assumed to be perfectly bonded. For purposes
of the example, the thermal properties of both the asphalt layer and the elastic sub-
grade are assumed to be time and temperature independent. It is also assumed that
the thermo- viscoelastic behavxour of the asphalt layer is characterlzed by a dilatation
behaviour which is non- -relaxing. In addition to these, two other non-dimensional pa-
rameters are important to the discussion of the thermo-viscoelastic behaviour of the
composite pavement; these relate to the pavement-subgrade relative shear modular ratio
defined by G4(t)/G2 where G, is the shear modulus of the elastic subgrade and the layer
thickness-crack length aspect ratio h/¢. Again, for purposes of illustration we assign the

following specific values for these parameters; h/¢ = 2 and G,(0)/G; = 0.1,0.01. The
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finite element discretization: of the asphalt layer-subgrade system is shown in Figure
5. The Figures 6 to 11 illustrate the manner in which the normalized stress intensity
factor K} at the crack tip located in the viscoelastic layer is-influenced by the relax-
ation phenomena in the viscoelastic layer, the temperature shift ¥(T) and the modulus
mismatch between the elastic subgrade and the layer. The normalized stress intensity
factor K; and the normalized time ¢ are related to the stress intensity factor K; and

time ¢ according to the following

— KnNAE itk - |
Klz__L-; T 0 , (3
G1(0)aoTs £ (pc)y
The equivalent results for the stress intensity factors derived for the surface crack
located in viscoelastic medium and the surface crack in an elastic layer underlain by

an elastic subgrade are also provided for purposes of comparison.
6. CONCLUSIONS

This report presents the theoretica.l basis and the associated numerical developments
for the stress’ analysns of pavement structures whlch exhibit thermo—vxscoelastlc be-
haviour. Particular attention i is focussed on the examination of the mﬂuence of thermo—
vnscoelastlc behavnour of the asphalt on the behav10ur of surface cracks located in a
pavement structure The basic conclusions of the research are summanzed in the en-

suing,

(1) Asphalt concrete matenals possess complex time- and temperature-dependent stress— ‘

stram phenomena

(ii) The theory of linear viscoelasticity serves as a useful first approximation. in the
study of time-dependent and temperature-dependent mechanical behaviour of asphalt

materials. -

(m) The assumptlon of lmear VJScoelastlc behawour enables the descnptxon of the v VlS-
coelastic constitutive relations in terms of relaxatlon functlons apphcable to dllatatlonal

and distortional behaviour of the material.

(iv) Many viscoelastic materials which exhibit temperature dependence can be con-
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veniently described as thermo-rheologically simple materials. The basic postulate of
thermo-rheologically simple behaviour is that the viscoelastic relaxation functions at
a series of different temperatures when plotted versus the logarithm of time can be
superimposed to form a single curve simply by shifting the various curves at different
temperatures along the time axis. By invoking this assumption the temperature de-
pendence can be described by a “shift factor” which accounts for the reduction in the

asphalt stiffness with increases in temperatures or vice versa.

(v) Numerical methods of stress analysis can be employed to examine transient phenom-
ena associated with thermo-viscoelastic behaviour of pavement structures containing
defects. In this study the finite element technique is used to examine the time- and
femperature-dependent behaviour of the stress intensity factor at the tip of a surface
crack located either in a viscoelastic medium or a viscoelastic layer underlain by an
elastic subgrade. The magnitude of the stress intensity factor is an indicator of the
tendency for the crack to further propagate due to low-temperature induced stresses.
The particular thermal loading corresponds to a sudden reduction in the surface tem-

perature of the medium or the layer containing the crack.

(v1) The numencal results obtamed for the time-dependent variation in the stress in-
tensity factor at the surface crack located in a viscoelastic medium indicate that, in
general, the viscoelastic behaviour has the tendency of reducing the magnitude of the
stfess intensity factor_at the crack tip. This reduction is greatly influenced by the form
of the relaﬁatibn function governing, in this case, the shear behaviour of the viscoelastic

medium and the shift factor.

(vii) Similar concl\isions apply to thé results for the time-dependent variation in the
stress intensity factor at the crack tip located in a viscoelastic layer uﬁderléin by a
subgrade.  Additional variables in this example include the crack length to layer thick-
ness ratio and the modulus mismatch between the viscoelastic layer and the underlying
elastic medium. The results presented in the report indicate only a small degree of sen-
sitivity of the stress mtensxty factor to the modulus mlsmatch between the v1scoelast1c

layer and the underlymg elashc medlum
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TABLE 1: Viscoelastic Material Type (a) to (e)

Material G(t)/G(0) K(t)/K(0)
Type S
(a) 09+ 0.lexp(—z) | 1.0
(b) 0.5 4 0.5 exp(—=z)- 1.0
(c) 0.1 + 0.9 exp(—=) 1.0
(d) 0.05 + 0.95 exp(—=z) 1.0
(e) 0.01 + 0.99 exp(—z) 1.0

~where z = 8t/£*£
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Ste. Anne Test Road Revisited Twenty Years Later

by 1J Deme* and F D Young**

ABSTRACT

The Ste. Annc Test Road was constructed in 1967 to evaluate the factors responsible for transverse cracking of asphalt pavements.
This publication provides a historical review and commentary on this study and highlights the main findings.

Some of the pavements cracked during the first winter while others resisted cracking for over eight years. AH sections have now
cracked afier 20 years, indicating that it is possible 10 retard initiation of cracking and to reduce its frequency but not Lo prevent it in
the long term under the low winter temperature conditions prevailing in the Prainie Provinces.

Transverse cracking was observed 10 start when the pavements cooled to temperatures at which they exceeded critical limiting
values of mix and binder stiffness moduli. While asphalt stiffness was found 10 be the most significant variable affecting initiation
of cracking, pavement thickness, subgrade type and the cumulative effects of wraffic loading all affected the frequency of transverse
cracking. The influence of these factors diminished with increasing asphalt softness (i.e. higher penetration) and reduction in asphalt
temperature susceptibility (i.e. increase in Penctration Index). Mix binder and filler contents had no measurable influence on
transverse cracking, . :

Twonomographs, based on initial binder properties, were developed for predicting the critical cracking temperature of pavements
and for use in asphalt selection/specification.

Evaluation of specimens cut from test pavements revealed an increase in mix suffness with time. This was attributed to *structural
hardening’ of the binder. As this structure is destroyed by reheating in the binder recovery process, direct mix testing is preferred for
evaluating changes in pavement resistance to csacking in the long term. '

Allfest sections indicate the presence of vansverse cracks 12 years after overlaying the test road. For the pavement sections that

bt e 2t oottt e

had cracked initially, generally between 13 and 100 per cent of the transverse cracks have reflected through the overlay.

1 INTRODUCTION

The S1e. Anne Test Road was constructed in 1967 as a joint
research project by the Manitoba Highways Department and
ShellCanada Limited, designed to study the transverse cracking
of asphalt pavements. Different materials and pavement
structures were incorporated in 29 test sections to gain insight
into the mechanism of transverse cracking and to compare the
performance of several variables.  Asphalt properties. as it
turned out later, had the most significant effect on ransverse
cracking.

Liuk was known about transverse crack initiation in 1967.
Some postulated that cracking occurred in the winter, while
others believed it happened in the spring: some thought it
initiated at the pavement surface, while others believed that
cracks migrated upward from the base. Aluminium-foil crack
detectors, similar to shop-window burglar-alarm circuits, were
therefore instalied at various depths in the asphali pavement o
detect crack initiation.  Three banks of theemocouples were
installed 10 record temperatures at various depths in the road
stricture (o define the temperature regime at crack initiation.
The crack detector and temperature sensor circuits were
monitored continuously by event recorders.

After transverse cracking was detected in some sections
during the fust winter, the test road was inspected daily and the
occurrence of new cracks was mapped.

Extensive investigations were launched at Shell laboratories
in Oakville and Amsterdam toevaluate significant properties of
asphalt binders and paving mixes which could affect the
initiation of transverse cracking. This publication highlights
these findings and the advantages or shortcomings of techniques
and test procedures used.

The objective is to provide a historical review and
commentary on the Ste. Anne Test Road study over the last 20
ycars. Detailed data have been excluded for the sake of brevity
and the reader s encouraged to consult the reports listed in the
bibliography for project deails.

2 SEVERITY OF THE PROBLEM

Transverse cracking gaincd prominence as a pavement
distress mechanism in the early 1960s.  The frequency of
transverse cracks was very high in many pavements. A survey
of 500 kilomeures (km) of pavements in Manitoba revealed that
for two-thirds of the survey mileage the spacing between
transverse cracks ranged (rom 3 10 9 meues (m), as shown in
Figure 1. .

While vansverse cracking did not uffect the service life of
some pavements, there were the exceptions wheie ingress of
surface water into the crack caused swclling of the clay
subgrade. This resulied in a ridge across the pavemcnt.
Alternatively, thé water flow was responsible for washing out

PLATE 1: AERIAL PHOTOGRAPH OF ASTE. ANNE TEST ROAD SECTION EXHIBITING TRANSVERSE CRACKING

* Asphalt Manager,
Shell Canada Products Limited

** Director of Materials and Rescarch,
Manitoba Depariment of Highways
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FIGURE 1: SURVEY OF TRANSVERSE CRACKING OF 150 TO 200 PENETRATION ASPHALT PAVEMENTS IN

MANITOBA (A-6 AND A-7-6 CLAY SUBGRADES)

GRAPH DATAINCLUDES
Various pavement structures

Pavementage: 1 1o 10 years
Suney distance: 502 km

Par cent of survey distance

silt-sized base and subgrade materials below the crack, resulting
in a depression across the pavement. The service life of these
pavements was shortened significanily as the transverse cracks
could not be sealed properly with the liquid asphalts thenin use.
Adequate rubberised-asphalt sealants were not developed for
asphalt pavements until the end of the 1970s.

3 -TEST ROAD VARIABLES

Some asphalt practitioners believed that transversse cracking
had not been a problem before the 1960s when soft cut-back
asphalt such as SC-5 and SC-6 had been used, but that cracking
had become more noticeable with the advent of the harder 150
to 200 penetration (pen) asphalt which had come into use to
meet the requirements of higher traffic volumes. Several
asphalt grades and types (i.c. differing in temperature
susceptibility) were incorporated in the test road. Twenty-nine
test sections, 120 m long, were constructed on clay and sand
subgrades to evaluate the effects of anumber of variables which
could potentially influence transverse cracking.

Pavement Structures: - )

(1) 100 millimetre (mm) asphalt; 400 mm crushed gravel
base; clay subgrade (A-7).

(2) 250 mm full-depth asphalt; clay subgrade (A-7).

(3) 100 mm asphalt; 150 mm crushed gravel base; sand
subgrade (A-3).

Asphalt Mixes:

(1) Dense graded aggregate (80 per cent limestone, 20 per
cent igneous) 16 mm maximum size, 2.5 per cent minus

~ 75um. o . ‘
(2) High filler; above aggregate with 5.5 per cent minus
) Spm. - S .
(3) 100 per cent igneous aggregate.

18 21 24
Transverse crack spacing ~ metres

i5

Asphalt Types and Grades (Figure 2):

(1) 15010200 pen grade (157 gen), low viscosity (LV):
25.3Pas@ 60°C, 110 mm#/s @ 135°C.

(2) 150 to 200 pen grade (170 pen), high viscosity (HV):
59.1 Pas@ 60°C, 225 mm¥/s @ 135°C.

(3) 30010400 pen grade (283 pen), low viscosity (LV):
14.1 Pas@ 60°C, 86 mm?/s @ 135°C.

@) s@cs3 (P::V asphalt cut-back: 9.6 Pas @ 60°C, 89 mm?¥/s

135°C.

Mix Asphalt Content:

(1) Marshall optimum (5 per cent).

(2) 1 percent below optimum (4 per cent).
(3) 0.5 per cent above optimum (5.5 per cent).

Compuysite Pavements:
(1) Wearing course: LV 150 to 200; binder course:
HV 150 t0 200.
(2) Wearing course: SC-5; binder course: LV 150 10 200.
(3) Wearing course: LV 300 to 400; binder course:
HV 150 to 200.
(4) Wearing course; SC-5; binder course: HY 150 to 200.

4 TEMPERATURE CONDITIONS AT TIME OF
CRACKING

A prolonged low-temperature cycle was experienced during
the first winter after test road construction. The temperature
decreased gradually from 0'C in mid-December to -41°C on
31st December, when transverse cracking was first observed.

" The asphalt pavement, acting as a heat reservoir and as an

insulating matenal, had cooled to -32°C at mid-depth (ie. -

50 mm). The frequency of transverse cracking increased in
some pavements while others showed no sign of cracking, as
the temperature hovered at this low extreme for a week.
Transverse cracking was most severe between 4th and

7th January, when the entire thickness of asphalt pavement was
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FIGURE 2: PROPERTIES OF PENETRATION GRADE ASPHALTS
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observed to have cooled to the low temperature levels shownin
Figure 3. The minimum temperatures observed during thiscycle
were -43'C ambicnt temperature, -36°C at the pavement surface
and -34°C at the 50 mm depth. The transverse cracking was
attributed to thermal contraction of the asphalt pavement caused
by low-temperature-induced stresses as the asphall pavement
gradually cooled down throughout its thickness and became
stiffer (i.e. more britte).

Thereafter, the temperature continued 10 cycle at slightly
higher temperature levels, as shown in Figure 3, and the
additional cracking observed at ‘warmer’ temperatures was
attributed 10 a combination of the low temperature level and
weakening of the asphalt pavement belicved to result from
temperature cycling.

Low-temperature intensity, duration of low-temperature
cycles and their recurrence intervals were all found to be
significant to transverse cracking. Analysis of the
meteorological data indicated that the nitial low-temperature
cycle had a recurrence interval between five and ten years, as
shown in Figure 4. Use of the low temperature
intensity/duration concepl in conjunction with pavement
temperature distribution curves, such as shown in Figure 5, was
later found helpful in the selection of asphalts to resist ransverse
cracking for various geographical locations.

INITIATION OF TRANSVERSE CRACKING

The fact that transverse cracking initiated at the pavement
surface and propagated downward was verified in several
different ways. The automatic recorders indicated that the crack
detector tapc embedded in the upper pan of the pavement was
broken shortly before the tape in the lower part of the pavement.

5

Secondly, in composite pavement sections which comprised
‘non-cracking® asphalt-type binder courses overlaid with
‘crack-susceplible’-type wearing courses, cracking was found
to occur in the ‘crack-susceptible’ wearing course only. Cores
taken across such cracks, shown ia Figure 6, and subsequent
X-rays verified that the cracks penetrated through the wearing
course and terminated at the top of the binder course.

Crack initiation and propagation from the most britde (i.e.
coldest) part of the pavement verified that its stiffness was the
most significant variable affecting cracking, as will be shown
later. It was not inferred from this that pavement contraction
was the sole cause of transverse cracking. On the contrary, it
will be shown later that spacing between transverse cracks was
as low as one metre in some sections and that, while the
7 m-wide pavement could contract transversely without
cracking, longitudinal contraction of the frozen subgrade was
transmitied to the pavement surface. Based on such
observations, it was concluded that less stiff or warmer asphali
pavement underlayers were capable of sustaining their own
contraction and transmiited strain from the base and subgrade
without cracking, but that the upper parts of asphalt pavement,
which were stiffer, could not sustain tensile strains above a
certain critical limit and were therefore the fisst to crack.

6 CRACKCHARACTERISTICS

The width of the transverse cracks in the pavements with a
sand subgrade were narrower than those with a clay subgrade.
The cracks in the pavements with clay subgrades ranged in
width from | mm to 5 mm shortly after initiation. The
transverse cracks in the sand subgrade sections were of hairline
width ard extremely difficult to race across the pavememt
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EIGURE 3: LOW-TEMPERATURE CYCLE AT STE. ANNE WHEN TRANSVERSE CRACKING OCCURREDINLV 150
TO 200 PEN. PAVEMENTS WITH SAND SUBGRADE (REF. 2)
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initially. All cracks had widened a year after initiation.
Laboratory tests performed to measure the linear coefficient of
thermal contraction in air had demonsuated that compacted
asphalt mix shrinks permanently when subjected to temperature
cycling. The increase in pavement crack width was attributed
to this phenomenon.

Inspection of the cracked pavement faces revealed that up to
8 per cent of the fractured face surface area passed through the
limesione aggregate. No fractures were observed 1o pass
through the stronger igneous aggregate.

CORRELAfION OF CRACKING FREQUENCY
WITH EXPERIMENTAL VARIABLES -~ -

The following pavement cracking characteristics were
observed during the initial eight years of the life of the test
pavemeats (i.c. 1967 to 1975). The pavement structures were
designed for early failure and the test road was overlaid in 1975
with 125 mm of SC-5 asphalt concrete.

7.1 LV 150 to 200 Pen Asphalt Sections

(1) Al of the transverse cracking occurred during the first
winter and the spacing between transverse cracks was 6
2 m for the clay subgrade sections, 2.5 2m for the sand
subgrade scctions, and 15% 3 m for the full-depth 250
mm asphalt pavement on clay subgrade.
Asphalt content did not affect transverse cracking
frequency. - L B :
Filler content, in the range studied, did not affect ~

- transverse cracking frequency. '

7

2
3

7.2
4))

)

HV 150 to 200 Pen Asphalt Sections

No transverse cracks were observed in any of the . .
pavements constructed on the clay subgrade during the
initial eight years. :
While no transverse cracking was observed for several
years in the pavements constructed on the sand subgrade,
during the fifth winter severe transverse cracking -

developed in the traffic lane and, to a more moderate .

3)
1))

7.3.

)

)

3
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extent, in the passing lane. The pavemeat surface
temperature reached a low of -34°C dunng this winter.. -
No cracking was observed in either of the two igneous
aggregate sections either on the clay or sand subgrades.
Neither asphalt content nor filler content had any cffect on
transverse cracking frequency. -

LV 300 to 400 Pen Asphalt Sections :

Three of the four sections on the clay subgrade cracked
during the first winter with an average spacing of 20 m
between cracks. : : R
While no cracking was observed to occur in any of the
sections on the sand subgrade for several years, during

the fifth winter severe cracking occurred in the traffic

1anc of three of the four sections with moderate cracking
of the passing lane.

Neither asphalt content nor filler content had any effect on
transverse cracking frequency.
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FIGURE 4: INTERVAL OF RECURRENCE AND DURATION OF THE COLDEST ANNUAL TEMPERATURE CYCLE
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FIGURE 5: RELATION BETWEEN MINIMUM DAILY AMBIENT TEMPERATURE AND CORRESPONDING
PAVEMENT TEMPERATURE DURING A LOW-TEMPERATURE CYCLE
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FIGURE 6: PHOTO AND X-RAY OF A PAVEMENT SLICE ACROSS A TRANSVERSE CRACK
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X-Ray image of asphaltic concrete with white
fine indicating depth of crack propagation.

Photograph of asphaltic concrete slice with armow
indicating location of transverse crack at surface.

same crude. Thisis illustrated in Figure 7. Use of the
softer grade also delayed pavement cracking on the sand
subgrade for five years.

7.4. SC-5 Asphalt Sections
(1) No transverse cracking was observed in cither of the two
sections on the clay or sand subgrades during the initial

eight years. (2) Asphalttype had a significant effect on ransverse
The conclusions drawn from the above observations for the cracking. While the LV 150 to 200 pcn asphalt
initial eight years of test road performance werc as follows: pavements cracked severely on both clay and sand
subgrades during the first winter, the less-temperature-

(1) Asphalt grade had a significant effect on transverse les during the fir:
cracking. The softer LV 300 to 400 pca grade asphalt susceptible high-viscosity type 150 10 200 pen asphalt
pavements did not crack on the clay subgrade in the

pavements on the clay subgrade exhibited less transverse pavemer ck on ]
cracking than the harder LV 150 to 200 made from the initial eight years. This is illustrated in Figure 8.

FIGURE 7: USE OF SOFT ASPHALT RESULTS IN LE‘SS-TRANSVERSE CRACKING
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FIGURE 8: USE OF HIGH-VISCOSITY ASPHALT DELAYED CRACKING FOR FIVE YEARS ON SAND SUBGRADE
AND FOR OVER EIGHT YEARS ON CLAY SUBGRADE PAVEMENTS
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Use of the higher-viscosity asphalt also delayed (4)' The Lhiékncss of the asphalt pavement was found to have
pavement cracking on the sand subgrade for five years. . a significant influence on transverse cracking when using
(3) The SC-5 asphali, made from a high-viscosity base - asphalts susceptible to transverse cracking. The LV 150

asphali, incorporated features of low-temperature ' to 200 pen 250 mm full-depth asphalt on clay subgrade
susceptibitity and soft penetration and these pavements exhibited 40 per cent of the transverse cracking found in
constructed on clay and sand subgrades exhibited no the 1oq mm pavement/gravel base/clay subgrade section,
transverse cracking during the initial eight years. This is shown in Figure 10.
shown in Figure 9.

FIGURE 9: USE OF SOFT ASPHALT MADE FROM A HIGH-VISCOSITY BASE ASPHALT DELAYED CRACKING
FOR OVER EIGHT YEARS
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FIGURE 10: THICK ASPHALT PAVEMENTS CRACK LESS THAN THIN PAVEMENTS
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(5) " In the case of SC-5 asphalt paveinents, the subgrade type - (6) Hot mix aggregate quality was found to influence - SN

was not a significant factor with respect 1o transverse = - transverse cracking in some instances.” When 100 per .

cracking. For all others the subgrade/asphalt interaction cent crushed igneous aggregate (predominantly

affected the time of crack initiation and cracking microcrystalline basalt and macrocrystalline granite) was
frequency, as shown in Figure 11. After five years,a | , substituted for the local 80 per cent limestone/20 per cent
higher incidence of transverse cracking was observedin . ignoous glacial drift aggregate, neither transverse

the traffic lane than in the passing lane (or the LV 300 to' i cracking nor cracking due to traffic effects was observed
400 and HV 150 to 200 pavements on the sand subgrade, : inthe HV 15010 200 pen asphalt section on the sand
only. This asphalt subgrade/uraf fi¢ interaction is " .1 subgrade, subjeciéd to the same traffic conditions as in

illustrated in Figure 12. ’ itém (5). Thisis i!lusualed in Figure 13.

FIGURE 11: PAVEMENT/SUBGRADE INTERACTION RESULTED IN MORE CRACKING ON SAND SUBGRADE
THAN ON CLAY SUBGRADE ' A
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FIGURE 12: EXAMPLE OF P AVEMENT/SUBGRADE/TRAFFIC INTERACTION RESULTING IN CUMULATIVE
CRACKING IN TRAFFIC LANE AFTER FIVE YEARS
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FIGURE 13: INFLUENCE OF HOT MIX AGGREGATE QUALITY ON TRANSVERSE CRACKING " ¢
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(7) Asphaltcontent did not influence transverse cracking
. withinthe f range of onie’ PRt cent bilow Marshall .
opumum (4 percent) t0 0.5 per cent above Marshall -
optimum (5.5 per cent), as shown in Figure 14,
(8) Mix filler content did not affect transverse cracking within
the range of 2 per cent 10 5.5 per cent finer than the
75 um mesh, as shown i in Fxgure IS

8 TRANSVERSE CRACKING OF COMPOSITE
ASPHALT PAVEMENTS

Asanadjunct to the main field lnal, the test road mixes were

also placed randomly in the sand subgrade area. This resulted
in composite asphalt pavements in which the types and grades
of asphalts in the wearing and binder courses differed. All of
these structures comprised 100 mm of asphalt concrete and
150 mm of crushed gravel base course on a sand subgrade. This
section of highway was in sérvice for only a four-year period,
from 1967 until 1971, when it was removed 1o permit road
widening.

The performance of the composite asphalt pavements during
this four-year period indicated that the type and grade of asphalt

used in the wearing course was the prime factor influencing

transverse cracking. No transverse cracking was observed
when a non-cracking asphalt wearing course was placed over
an asphalt binder course susceptible to transverse cracking.
Conversely, transverse cracking was observed 10 progress
through the wearing course and terminate at the interface when
the above asphali types were reversed in the wearing and binder
courses, as shown in Figure 16. . This verified that, in the shont
term, the temperature insulation properties of the asphalt

wearing course shown in Figure 5 were sufficient to prevent
transverse cracking of a composite asphalt pavement

. incorporating a cracking susceptible asphalt in the binder
© course.

From this part of the study it could only be concluded that
the described composite pavement design approach was
effective in delaying the onset of transverse cracking. The test
did not last long enough to evaluate longer-term performance.

9 CORRELATION OF BINDER STIFFNESS WITH
ROAD CRACKING OBSERVATIONS

) Transverse crackmg initiated during the first winter
following construction. Pavement surface temperatures at the
time of cracking were -34°C for the LV 150 10 200 and -37°C

I for the LV 300 10 400 pen asphalt pavements. Direct

measurement of the asphalt stiffness modulus using the Shell
stiding plate rheometer, as well as prediction using Van der
Poel’s nomograph (Figure 17), verified that, at the above
temperatures when cracking initiated, both of the, field-aged
binders had a stiffness modulus of 1 x 10° N/m (0.5 hour
loading time), shown in Figure 18. It was concluded that the

- pavements with the HV 150 to 200 pen binder did not crack

because its stiffness did not reach the above critical limit under
the prevailing temperature extremes.

Based on this criterion, the critical cracking temperature for
HV 150 to 200 pen asphalt pavements was predicted to be

-44'C. This pavement surface temperature was never attained
during the eight years before the test road was overlaid. The
cracking of the HV 150 to 200 pavements in the sand subgrade
area during the fifth winter was attributed to the pavement

FIGURE 14: ASPHALT CONTENT HAS NO INFLUENCE ON TRANSVERSE CRACKING
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FIGURE 16: PERFORMANCE OF COMPOSITE ASPHALT PAVEMENTS SHOWING CRACKING WHEN
CRACK-SUSCEPTIBLE ASPHALT USED IN WEARING COURSE AND NO CRACKING WHEN USED IN BINDER
COURSE WITH NON-CRACKING ASPHALT WEARING COURSE
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interaction with this particular type of subgradc and cumulative -

damage from traffic.

The pavements constructed using SC-5 asphalt had a still
lower stiffness modulus than the HV 150 to 200 pen asphalt.
The reason why the SC-5 asphalt pavements neither cracked
during the initial eight years before overlaying, (either on the
sand or the clay subgrade), nor exhibited any susceptibility to
traffic effects, was attributed to the low stiffness modulus of this
binder under the lowest prevailing temperature conditions. It
was concluded that this additional safety factor in stiffness
modulus permitted the SC-5 pavements to override any adverse
interaction imposed by the subgrade and traffic effects. The
stiffness modulus of cutbacks with an oil component remaining
as part of the binder could not be determined precisely as it was
not possible to recover the binder without losing the oil
componenL. o

Comparison of original, thin-film aged and recovered
propesties of asphalt from the pavement after five years, in
Figure 19, indicaied a progressive increase in binder stiffness
modulus at warm temperatures but litde change in the regime
at which transverse crack initiation was observed at low
temperatures.  While this was welcome news, it did not
substantiate field evidence which indicated a tendency for
pavement cracking to increase long term. Binder stiffness
modelus appeared to be an excellent criterion for predicting the
initial critical cracking lemperajure, synply by projecting back
from the critical value of 1 x 10° N/m® in Figure 18. However,
there was concern that this was an inadequate Lool for predicting
long-term change in pavement cracking suscepiibility, as the
binder structure was aliered by reheatinig in the binder recovery
process. o , .
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FIGURE 18: CRITICAL BINDER STIFFNESS AT
IHITIATION OF TRANSVERSE CRACKING
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10 Influence 6f Mix Stiffness on Pavement Cracking

Initial mix stiffness data are not available as test techniques
were only developed two years after test road construction. The
relationship betwéen temperature and mix stiffness, determined
from low temperature tensile creep tests, is shown in Figure 20
for specimens cul from the test road in 1970. Based on the
critical pavemem temperature regime at the initiation of
Lransverse crac § the critical mix stiffness was estimated to
be 1.8 x 1010 N/m2.

Contrary to the recovered binder data, which indicated that
binder stiffness changed little over time at low temperature
extremes, the stiffness of mix specimens cut from test
pavements showed an increase from 1970 to 1972 at all
temperaiure levels, as shown in Figure 20. This has been
attributed to molecular structural formation in the asphalt which
is known to increase binder consistency over a period of time,
commonly referred 10 as ‘age hardening” or ‘structural
hardening’ (as distinct from ‘chemical ageing’ which refers to
the asphalt oxidation process). Such structure formation is
readily reversible and can be destroyed on heating. The aged
and recovered asphalts examined in the laboratory are free from
*age hardening’ effects that presumably developed in the road
mixes and therefore normal recovered asphalt propertics, e.g.
penetration and stiffness which do not truly represent the state
of the binder at all stages of road life. On the other hand,
directly-measured mix stiffness will reflectihe influence of *age
hardening’ in the asphaltand result in the low temperature mix
stiffness increasing with age. The effectof this on mix crackmg
temperature is shown in Table 1.

11 PREDICTING CRACKING TEMPERATURE FROM
MIX PROPERTIES

Cracking temperature for mixes was éa]culazcd from mix
stffness data, obtained from constant-load creep tests, and
tensile breaking stress, obtained at a constant rate of strain.

Asphalt stiffness N/m?

FIGURE 19: RECOVERED BINDER PROPERTIES
FROM FIVE-YEAR-OLD PAVEMENT INDICATE LITTLE
CHANGE IN STIFFNESS AT LOW TEMPERATURES
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FIGURE 20: INCREASE IN MIX STIFFNESS DUE TO
PAVEMENT AGEING --AND : ASSOCIATED
DETERIORATION OF CRITICAL CRACKING
TEMPERATURE o
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TABLE 1: ACTUAL AND PREDICTED FRACTURE TEMPERATURES FOR STE. ANNE MIXES

Asphalt Observed Fracture Temperature ('C) Predicted Fracture Temp. ('C) Observed Fracture Temp. ("C)
(Road Surface) Tensile Creep Studies Quartz Frame
Winter 1967/68 Winter 1971/72¢¢  Spring 1970 Spring 1972 Spring 1972
HV 150/200 None* -34 -36 -30 -31
LV 150/200 -34 - 29 -25 -28
LV 300/400 -37 -34 -34 -30 -30

*Minimum pavement surface temperature was -38C

*¥Cracking occurred mainly in the sand subgrade test sections, and most extensively in the uaffic lanes.

In this method the accumulated thermal stress ( G ) is

calculated from the thermal contraction cocfficient ( o< ) and
mix stiffness ( Stx ) at a number of discrete temperature
intervals (AT ) using the following equation:

™
G'r:z(ST."OC'AT)
To

where the stiffness modulus STt = stress/strain and is a
function of temperature (T) and loading time (1).

The cracking temperature is predicied by plotting both the
calculated thermal stress and the breaking siress as a function
of temperature and deternining the cracking temperature from
the intersection of the two curves, as shown in Figure 21. The
stress relaxation that occurs has been taken into account
automatically in the value of the stiffness modulus. Using mix
stiffness at 0.5 hour loading time, A T of 5°C, based on an
assumed cooling rate of 10°C/hour, this procedure yielded
realistic differences in predicted cracking temperatures for the
test road mixes which correlated with the temperatures at which
the 1test pavements cracked initially. The predicted cracking
temperatures from the two-and-a-half-year-old pavement
specimens were lower than observed ficld cracking

FIGURE 21: PREDICTION OF CRITICAL CRACKING
TEMPERATURE FOR AN ASPHALT MiX
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temperatures and still lower for the five-year-old pavement
specimens.  The decrease in predicted cracking temperatures
was attributed to *age hardening’ or *structural hardening® of
the binder and weakening of the mix due to deterioration of mix
strength resulting from cumulative fatigue efiects.

The mix stiffness moduli at low temperatures and
long-loading times were all determined using constant
stressfload tests. Except for the condition at break, constant
rate-of-strain tests lead to empirically irreconcilable differences
in loading time and cannot be used in stiffness modulus
determination.

The mix breaking stresses were measwred under constant
rate-of-strain conditions in the emperature range of 25°C to
-40°C. For thistype of testing only the conditions at break yield
a rational test value, i.e. breaking stress, stiffness modulus and
loading time pertain to the observed time to specimen failure.
Except for experimental scatter, the test results for all of the
different asphalts, shown in Figure 22, indicated that the mix
breaking stress was a function of the mix stiffness.

The thermal coefficients of linear contraction of the mixes
were measured in the two laboratories and found to be
1.8101.9x 103 x1and 1.510 1.7 x 10-3 k-1 As coefficients
of thermal contraction of asphalts are independent of source and
type. differencesare atributable todifferences inaggregate/mix
characteristics.

Consequently, when companng the tendencies of mixes {0
crack at low temperatures, when the only variable is the asphal
binder, it should suffice to compare mix stiffness at
temperatures close to the anticipated cracking temperature.

FIGURE 22: TENSILE STRENGTH OF MIX IS A
FUNCTION OF MIX STIFFNESS
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FIGURE 23: NOMOGRAPH FOR PREDICYING
CRITICAL CRACKING TEMPERATURE FROM TWO
PENETRATIONS .

150

100

Asphalt penetration at 25°C
3
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2 3 4 6 8 10 15 20 30 40
Asphalt penetrabionat 5°C

12 PREDICTION OF CRITICAL CRACKING
TEMPERATURE

It was concluded from the foregoing studies that transverse
cracking may be prevented, delayed or reduced for a

.considerable number of years by selecting for use an asphalt

which has a sufficiently low stiffness modulus at the prevailing
low temperature extremes. When binder stiffness is near the
critical limit, then pavement thickness, mix aggregate
characteristics, subgrade variables and traffic can be expected
to influence the nature and frequency of transverse cracking.
Two types of nomographs have been developed for
predicting the critical cracking temperature based on routine
binder test data. These appear in Figures 23 and 24. As these
nomographs have been based on initial cracking conditions of
the Ste. Anne Test Road it is left, to the user 10 select a suitable

" safety factor. Alieratively, the designer may elect to use Van

der Pocl's stiffness nomograph, in Figure 17, and by sglecting
a binder stiffness modulus lower than § = 1 x 10° N/m*
(1 = 0.5 h) work back to construct a transverse cracking
nomograph with a built-in safety factor.

As pavemenls age, it becomes increasingly inaccurate to
evaluate critical pavement cracking temperature from
recovered binder properties due to the increase of binder
consistency associated with its *age hardening® or ‘structural
hardening” discussed above. The direct testing of pavement
specimens to determine their stiffness or predicted cracking
temperature, shown in Figures 20 and 22, is recommended for
old pavements.

FIGURE 24: NOMOGRAPHS FOR PREDICTING CRITICAL CRACKING TEMPERATURE FROMPENETRATION AND
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13 ASPHALT TEMPERATURE SUSCEPTIBILITY
_AND STIFFNESS EVALUATION

Temperature suscepiibility is defined as the change in asphalt
consistency with its change in temperature. The penciration
index (PI) defines the slope of the penetration versus
temperature line and has been found to be very useful for this
purpose. Whereas there are various short-cut methods for
determining P, such as using the ring and ball softening point
or viscosily, these are not applicable to all asphalis (i.e. waxy,
air-blown or oxidized) and should not be used unlessithasbeen
first verified that the *short-cut’ procedures yield the same Pl as
determined from two penctration tests measured at different
temperatures. The Pl may be determined graphically with the
aid of the Bitumen Test Data Chart, shown in Figure 2, by
drawing a line parallel to the penetration line through the PI
pivot poinL.

PI should not be considered as an asphalt performance
criterion in its own right but rather as a useful 100l in the
determination of performance properties.. For example, Pl
serves as an entry parameter in Van der Peel's nomograph,
Figure 17, to permit accurate prediction of binder stiffness

moduli at all temperatures in the pavement performance range.

This is verified by the close agreement of the stiffncss meduli
betwezn predicted values, using Vander Poel's nomograph,and
directly measured values, using the Shell sliding plate
theometer. Figure 25 demonstrates close agreement for the HV
150 to 200 pen asphalt while the agreement is not quite as good
for the waxy LV asphalis. This is to be expected, as Van der
Pocl has stated that the nomograph is not suitable for asphalis
containing wax or other modifiers. -

FIGURE 25: GOOD CORRELATION OF STIFFNESS
BETWEEN MEASUREMENTS AND PREDICTIONS
FROM VAN DER POEL'S NOMOGRAPH FOR
NON-WAXY HV BINDER BUT NOT FOR WAXY LV
BINDERS
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In summary, the laboratory studies have verified that Vander
Pocl’s nomograph may be used to predict asphalt stiffness very
accurately over its full performance range, even down
temperature levels below -40°C. Aliematively, the Shell sliding
plate rheometer has been found lobe an excellent apparatus for
the direct measurement of binder stiffness over the same
temperature range.

14 ASPHALT SPECIFICATIONS :

The Ste. Anne Test Road and observations of transverse
cracking in other asphalt pavements eventually led to changes
in Canadian highway department asphalt specifications 0
exclude the use of paraffinic asphalts such as the LV 150 t0 200
pen asphalt which had been observed to be more susceptible to

_ transverse cracking than higher viscosity asphalts. This was

accomplished by raising the minimum viscosily requirement of
the penetration grade asphalts.

In some Provinces the specification for the penetration range
was further subdivided into two parts to separate Class A higher
viscosity asphalts from Class B lower viscosity asphalis. The
specifications currently used by the Western Canadian Prairies

. Provinces is shown in Figure 26, with Pl lines superimposed.
" The Class A asphalt grades are generally used in the wearing

course, while either Class A or Class B are acceptable for the
binder course in new construction. It is believed by some that

. cither grade may be used for thin overlays over transversely
" cracked pavements as the oveilay from either grade will be
- subjectio reflection cracking emanating from the old pavement.

15 'PERFORMANCE OF THE OVERLAY

Thé Ste. Anne Test Road was designéd strocturally (or early
failure and necessitated overlaying in 1975, eight years after
initial construction. The test road was overlaid with 125 mm of

_ SC-5 asphalt concrete. Inspection of the test road overlay in

1987, twenty yearsafter initial construction, revealed ransverse

" eracking of the overlay 1o various degrees as detailed in Table 2.

FIGURE 26: WESTERN CANADIAN ASPHALT
SPECIFICATION
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FIGURE 27: PAVEMENT WHICH HAD NOT CRACKED IN INITIAL EIGHT YEARS HAS CRACKED 2 YEARS AFTER
OVERLAYING.
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125mm SC-5 Overlay

FIGURE 28: PAVEMENT WHICH HAD CRACKED IN INITIAL EIGHT YEARS SHOWS LITTLE REFLECTION
RELATIVE TO ORIGINAL.
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LV 150-200 Pavement Age: 8 Years Same Pavement 12 Years After
125mm SC-5 Overlay

TABLE 2: TRANSVERSE CRACKING FREQUENCY OF TEST PAVEMENTS EIGHT YEARS AFTER
CONSTRUCTION AND 12 YEARS AFTER OVERLAY (5 INCH SC-5 OVERLAY)

150-200 Penctration 150-200 Penetration 300-400 Penetration SC-5
Grade Low Viscosity Grade High Viscosity Grade Low Viscosity Asph.
Asphalt Asphalt Asphalt (W.C.
(Western Canadian Crude) (Western Canadian Crude) (Western Canadian Crude) Crude)
— L i - . T
& =4 ] & = = 2
20 = = =z _3 S =
2l ezl 3 | 55| exleel|ez|d |35 558 22| c2] 5 | 52| 3
EE|E5| € | €5| £5|E5|£51< | 25| <28 E5 | E5| 2 | 25| 2
20| 8V g | g¥]| 80|80 8C g | gY g=<]| 85| B2 | ¢ EZ| E
O=|0Z| ag| 3] 9=jo=10ZIag]|3€l sg=z| ©S=| O=| 3| 22 Sg
32| 22| E2| Eg| ¢8| z2|z2|Ec|Ee| Ec3| 32| 22| ES| EE| EE
el 22| 85| 551 ¢ 29| 2e|Es| 5] 5¢ 2| £2| 55| 5= sE
Road Structure 2E RS 5.:3 g’d <<| 22| &< 36 33 gUi:‘ 2<| 2< 88 é': C‘?S
4in. Pavement  * (1)156] 168 § 177 | 146 0 41 8 0 66 24 89 114 0
16 in. Base Course ~ [(2)107] S0 ] 66 ] 66 107 491 33 41 107 82 49 57 81
Clay Subgrade (3) 68] 30| 37]-45 120 | 408 162 338 55 50
4in. Pavemenmt ¢ | 437} 298] 656 | 386 | 386 | 123 6] 73 0 164 33 287 107 0
6 in. Base Course 81 981 82| 90 114} 90 98 | 82 98 82 66 148 3 118
Sand Subgrade 18] 33] 13¢{ 23 30} 713 608 1 112 50§ 200 52 69
10in. Full Depth  * 82 30
Asphalt Pavement 41 33
Clay Subgrade : 50 66

* Allaggregates inbituminous pavement mix processed from glacial drift deposits (20% igneous, 80% Emestone. 50% crush) unless otherwise indicated.

(1) Number of transverse cracks per km atter eight years (1975)
(2) Number of ransverse cracks per km 12 years after overay (1987)
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In the test sections that had cracked prior to overlaying,
generally 13 to 100 per cent of the cracks had reflected through
the overlay with some sections developing additional cracking.
The transverse cracking ‘before’ and 12 years *after” overlaying
of one such section is depicted in Figure 27.

All sections that had not cracked priortooverlaying exhibited
transverse cracks in the overlay. One such scction is shown in
Figure 28. Coring across some of these cracks revealed that the
transverse cracks passed through both the original pavement
and the overlay. No data are available on the occurrence of
these cracks.

16 ASPHALT AGEING

The progressive hardening of the test road binders over the
20-year period is shown in Table 3. The data indicates that the
penetration of the recovered binders decreased between 1.5and
2 tenths of a millimetre (dmm) per year for the 150 10 200 pen
asphalts and was erratic for the softer asphalts. The properties
of the SC-5 binder could not be determined precisely due to the
presence of the heavy oil fraction which is prone to loss in the
process of binder recovery from the mix. The rate of binder
hardening observed is considered to be consistent with good

Table 3: Properties of Original Asphalts and Asphalts Recovered from Cores

Asphalt: HV 150/200
Uncompacted

Original Mix Cores Taken Cores Taken  Cores Taken

Asphalt 1967 1970 1972 1987
Pen.@ 25 C,dmm 1590 n 61.0 550 430
Pen.@ 15 C,dmm - 27 23.0 20.0 17.0
Pen.@ 5C,dmm - 10.2 1.5 34 6.3
Pen.@ 4 C,dmm 140 - - - -
Visc. @ 135 C, mm?/s 2250 In 4020 3700 5230
Visc.@ 60C, Pas 590 7 260 299.0 2590 525.5
Soft.Pt,LR&B,C 390 50 494 53.7 535
Penetration Index -14 03 0.8 -0.1 0.3
Nomographic Cracking -40.0 -36.5 -39.0 -358
Temperature, *C (Fig. 23)
Asphalt: LV 150/200

Uncompacted

Original Mix Cores Taken  Cores Taken  Cores Taken

Asphalt 1967 1970 1972 1987
Pen.@ 25 C,dmm 1920 91 790 670 515
Pen.@ 15C, dmm - 28 25.0 20.0 19.7
Pen.@ 5C,dmm - 83 7.5 1.5 7.0
Pen.@ 4 C, dmm ) 100 - - - -
Visc.@ 135 C, mm®/s 1100 158 174.0 - 1670 209.7
Visc.@ 60C, Pas 253 439 69.6 813 1109
Soft.P1,LR&B,C 35.0 : 43 44.6 48.8 50.2
Penetration Index 21 _ -17 -1.6 -10 -0.6
Nomographic Cracking -340 -34.0 -350 -36.0
Temperature, *C (Fig. 23)
Asphalt: LV 300/400 -

. Uncompacted : : :

Original - Mix Cores Taken  Cores Taken  Cores Taken

Asphalt 1967 1970 . 1972 1987
Pen.@ 25C,dmm 3130 177 1200 1190 1030
Pen.@ 15 C,dmm - 43 31.0 340 35.0
Pen.@ 5C,dmm - 13.7 10.5 114 10.5
Pen.@ 4 C,dmm 2 . 14.0 - = L - -
Visc.@ 135C, mm®/s 860 . 98 1310 1170 . 1446
Visc.@ 0 C,Pas 14.1 15 340 335 36.0
Soft. PL,LR& B, C- 31.2 ' 372 40.7 41.7 48.0
Penetration Index . -29 . .20 -1.7 LS =14
Nomographic Cracking -310 : -310 -315 -310 -

Temperature, "C (Fig. 23)
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Table 3 (continued)

Asphalt: SC-5—- 1967 Test Pavements

Cores Taken 1987

: Uncompacted 1st Set 2nd Set**
Original Mix :
Asphalt 1967 Top Bottom Top Bottom
Pen. @ 25 C,dmm - 193.0 89.0 54.5 192.0 1970
Pen.@ 15 C,dmm - - 36.0 213 61.0 68.3
Pen.@ 5C,dmm - - 150 13.0 238 243
Pzn.@ 4 C,dmm 53.0 - - - - -
Visc.@ 135 C, mm’/s 89.0 166.0 2480 900.2 148.1 1393
Visc.@ 60C, Pas 9.6 - 105.0 883.2 320 218
Soft. Pt.,LR&B,C - - 46.8 48.5 42.7 418
Penctration Index - - -0.2 +1.7 08 0.8
Nomographic Cracking - - -46.8 490 -47.5 475
Temperature, "C (Fig. 23) : ’
** Note: Extracted asphalt had kerosine smell.
Asphalt: SC-5 - 125 mm Overlay, 1975 (1987 Core Data)
TOP MIDDLE BOTTOM
Pen.@ 25 C, dmm 430 62.0 63.3
Pen.@ 15C, dmm 18.5 220 23.2
Pen.@ 5 C,dmm 1.5 8.0 8.3
Pen.@ 4 C,dmm
Visc. @ 135 C, mm’/s 704.8 395.9 3925
Visc.@ 60C, Pas 4752 2393 2212
Soft. Pt,R&B,C 53.5 48.8 48.7
Penetration Index +0.03 0.7 - 06
Nomographic Cracking -380 -370 -315

Temperature, °C (Fig. 23)

construction practice as the various asphalt mixes were
designed generally for effective air void contents of 4 to 6 per
cent and the pavements were compacied beiween 97 and 100
per cent of design density.

While of interest, the significance of the 20 year old binder
data cannot be ascertained based on recovered properties only,
as *structure formation’ within the binder is likely to influence
its performance.

17 CONCLUSIONS

The performance of the Ste. Anne Test Road pavements over
a 20-year period revealed that transverse cracking cannot be
prevented in the long term under the low winter-temperature
conditions prevailing in Manitoba. A number of variables were
found to be significant, however, in delaying crack initiation
and reducing the frequency of pavement cracking. The main
findings were as follows:

(1) Transverse cracking occurred at low temperatures when
the asphalt pavement was *brittle’ and when the road was
subjected to longitudinal thermal contraction.

(2) Thecritical stiffness mod%i at d&e time of cracking were
dctem&incd 19 be 1.8 x 10°" N/m* for the asphalt mix and
1 x 10" N/m * for the asphali binder, both measured at a
loading time of 0.5 hour.

(3) Pavements for which the stiffness moduli exceeded the
above limits (i.e. in (2) above) cracked during the first
winter.

(4) Other pavements, for which the stiffness moduli were
below the above limits, resisted cracking for over eight
years. These were mixes incorporating soft asphalts (i.e.
high penetration) or less temperature susceptible asphalts
(i.c. high penetration index).

(5) Tests on pavement specimens cut from the test sections
showed an increase in mix stiffness with time. This was
attributed to *age hardening’ or *structural hardening’ of
the binder and was judged to contribute to progressive
transverse cracking with time.

(6) While recovered binder stiffness correlated with transverse
cracking initially, its precision was found to diminish
with time for predicting changes in susceptibility to
cracking. This was atuributed to the reversal of
‘structural hardening’ during binder recovery from the
pavemenL

(7) Subgrade type affected initiation and frequency of
Lransverse cracking for mixes/binders for which the
stiffness was close to the critical values (i.e. in (2) above).
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(8) The 250 mm thick asphalt pavements exhibited 40 per
cent of the transverse cracking found in the thin asphalt
pavements.

(9) The cumulative effects of traffic increased the frequency
of transverse cracking of some of the pavements on the
sand subgrade.

(10) A dense mix made with 100 per cent crushed aggregate
was found initially to be more resistant (o transverse
cracking and immune to cracking from traffic effects.

(11) Asphalt content did not influence cracking within the
range of 1 per cent below 10 0.5 per cent above Marshall
oplimum.

(12) Mix filler content did rot influence cracking within the
range of 2 per cent 10 5.5 per cent finer than 75 pm.

(13) Composite asphalt pavements incorporating a
‘non-cracking' asphall wearing course and a
‘crack-susceptible’ asphalt binder course verified that the
temperature insulation properties of the wearing course
were adequate to prevent cracking of such a composite
asphalt pavement in the short term.

(14) Twelve years after overlaying with 125 mm asphalt
concrete, generally 13 to 100 per cent of the cracks had
reflected through from the test pavements that had
cracked initially.

(15) The penetration of the recovered binders decreased
between 1.5 dmm to 2 dmm per year for the 20 year
period.

(16) All of the test pavements exhibited transverse cracking
20 years after initial construction.

In restrospect, the Ste. Anne Test Road has served to define
the significance of anumber of variables which affect transverse
crack initiation and frequency and this knowledge has
contributed to the development of asphalt specifications, which
have been effective in minimising transverse cracking.
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ABSTRACT

Asphalt is thermoplastic and shows stress relaxation
properties. By the use of asphalt mixtures, therefore,
continuously flat pavements with no joint can be
constructed in a short time. Also, demolished mixtures
can be reused if they are heated again. However, these
are premised that the rheological properties are maintained
all during the life after construction, and the properties
must be sometimes examined. When an old asphalt mixture
is reused, the properties of the asphalt in it are tested to
recontrol them. For these purposes, asphalts are generally
recovered irom mixtures. However, the recovery of asphalt
from mixture is difficult and also the accuracy of the
recovery is not high.

In this study. two methods for testing asphalt mixtures to
examine their rheological properties and also estimate those
of asphalts in them without the operation of recovery are
proposed. One is a method for testing softening point of
mixtures which is like the ring and ball method for asphalts.
The other one is a method for testing brittle point of
mixtures which is like the Fraass method for asphalts. The
specimens of asphalt mixtures tested by the methods are
small and thin so that they are convenient for testing
mixtures from existing pavements. This paper presents
findings of research on applicability of the methods.
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OF ASPHALT MIXTURES FOR THE EVALUATION
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- 1/ INTRODUCTION

More than ninty percent of paved road in Japan is  asphalt
pavement. Asphalt used for it is a thermoplastic material
which soften upon heating and again harden upon cooling.
Therefore, asphalt can be easily mixed with aggregates if
only they are heated to the required temperature, and the
mixture becomes hard enough to resist deformation under
traffic loads if it is cooled to the normal temperature.
Unlike cement concretes, asphalt mixtures which contain
appropriate proportions of asphalt and_ aggregates show
remarkably stress relaxation properties at the road
temperatures.

By the use of the asphalt mixtures, therefore, continuously
flat pavements with no joint can be constructed in a short
time. Also, demolished mixtures produced by road
reconstruction can be reused if they are heated again.
However, these are premised that the rheological properties
above mentioned are maintained all during the life after
construction, and the properties must be sometimes
examined. When an old asphalt mixture is reused, the
properties of the asphalt in it are tested to recontrol them.
For these purposes, asphalts are generally recovered from
mixtures. However, the recovery of asphalt from mixture
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is difficult ' for road. constiuction ' engineérs, “‘and ‘ also the
accuracy of:the recovery is not high.”:

In this study, two methods for testing asphalt mixtures to
examine their rheological properties and also estimate those
of asphalts in them without the operation of recovery are

‘proposed.. - One is a. method for testing softening: point of
asphalt mixtures, which is like the ring and ball method for
asphalts. = The other one is a method for testing brittle

point of asphalt mixtures, which is like the Fraass method
for asphalts. The specimens of asphalt mixtures tested by
the methods are small” and’ thin so that the methods are
convenient for testing mixtures from existing pavements.
This paper presents findings of research on applicability of
the methods. . ' o C
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2/ OUTLINE OF THE TEST METHODS
2.1/ TEST SPECIMENS

For both tests of the softening point and the brittle point,
specimens  are rectangular strips.. cut from compacted
.asphalt mixture samples. Thickness, length and width -of
the strips are 1Omm, 150mm and 50mm respectively. . Test
-specimens -from . existing pavements . can be cut. from
cylmdrlcally cored samples of 150mm in diameter as shown
in Fig-l-(a), though they are not regularly rectangular. It
is - advisable. that the strips are cut parallel .to the road
surfaces, because the degree of hardening of asphalts in
.the pavements . varies,generally_fwith the depth.. For this
‘research, . test specimens. were  also cut . from . asphalt
mixtures compacted with a roller compacter., in . the
laporatory . to the dlmens1ons ~of 300mmx300mmx50mm as shown
in Fig-1-(b).

Specimen

i %—1
5o / L‘*:”OO

TN
§ i?qf"e‘ff",‘e.’f L)

B Cored Sample

(Unit: mm) -

- ke—300 ——
.. (b)

5 LG s vy

. Fig- -1 Preparatlon of spec1mens by cuttmg of asphalt o
mlxcure samples from ex1st1ng pavements or ]
compacted 1n the laboratory
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2.2/ TEST OF SOFTENING POINT

In the ring and ball test method for the softening point of
asphalt, a disc of asphalt is enclosed in a ring immersed
in water at 5C. A steel ball is placed at the top of the
disc of asphalt and the water is heated at a constant rate,
5C/min. The softening point is defined as the temperature
of the water at which the asphalt softens and sags
downwards a distance of 25mm under the weight of the
steel ball. "

In. the test method for the softening point of asphalt
mixture used in the research, the temperature at which the
asphalt mixture softens and sags by not much more than
its dead weight is similarly measured. A specimen of
asphalt mixture is placed on two supports of stainless
steel rod and immersed in water as shown in Fig-2.  The
distance between the supports is 100min.

Load:100gf

Fig-2 Apparatus for the softening
point test of asphalt mixture

A load of 100gf is applied at the middle of the specimen
and the water is heated from 5C at a rate of 0.5C/min.
The deflection of the specimen increases with the rise of
temperature. The relation between the deflection and the
temperture is illustrated as shown in Fig-3. The
temperature at the inflection point of the curve in the
figure is referred to as the softening point ‘of the asphalt
mixture. Also, the amount of ' deflection at the inflection
point may be connected with the ductility of the asphalt
nixture.
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Softening
lPoint

Logarithm of
Deflection(mm)

Rise of Temperature(T)

Fig-3 Definition of the softening point
of asphalt mixture

2.3/ TEST OF BRITTLE POINT

In the Fraass test method for the brittle point of asphalt,
a thin filin of asphalt, O.5mm thick, coated on a steel
plate is cooled at a constant rate, 1C/min, ' and bent
repeatedly in the same direction.: The brittle point, called
the Fraass breaking point, is the temperature at which the
film of asphalt first becomes brittle as indicated by the
appearance of cracks.

In the test method for brittle point of asphalt mixture
used in this research, vthe brittle point is also measured
as the temperature at which the asphalt mixture hardens
and breaks under such a small defleétion as causes no
damage at the normal ‘temp'erature.

A specimen of asphalt mixture is set in the three-point
bending apparatus . as shown in Fig-4 - and subjected to the
very slow bending action of sinusoidal load produced by an
electric vibration. The span is 120mm and the frequency is
0. O1Hz. The amplitude of the deflection at the middle of
the specimen is kept constant, 40.15mm, and the load is
measured. It is comfirmed that the fatigue life under this
condition is more than 1000 cycles at the normal
temperature. The specimen temperature during the test is
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Repeat of
Deflection

Fig-4 Apparatus of the brittle point
test of asphalt. mixture -

controlled by a water/ethyleneglycol bath. The temperature
in the bath is lowered from 15C at rate:-of 0.5C/min.

The relation- between the load - and the . temperature is

illustrated as shown in Fig-5. The load -increases with the
fall of..temperature till reaches at a maximum value and
begins to show any sign of. declining. - .The- temperature . at

which the load reaches at' the maximum value is referred to
as the brittle point of the asphalt mixture. ‘ '

| Brittle
Point

Load(kgt)

Fall of Temperature(C)

. Fig-5 Definition- of the brittle
) “point of asphalt mixture
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3/ RELATION BETWEEN RESULTS OF THE TESTS FOR
ASPHALT MIXTURES AND PROPERTIES OF ASPHALTS
-RECOVERED FROM THE MIXTURES

Dense-graded asphalt mixtures containing -four different
types of asphalts were compacted 'in the ‘laboratory™ and
tested to investigate on the relation.” Many ' samples - of
asphalt mixtures were also cored from existing- pavements.
To test the properties of “asphalts in ‘these - mixtures,  the
asphalts were recovered from the mixtures by the Abson
method. L

Fig-6 shows the relation between the softening point of
asphalt mixture and that of recovered asphalt. Although
there is some scatter, - a.‘regression’ curve can be obtained
in the figure. o -

75
70+
65}
60

5.5 -

Recovered Asphalt(C)

501

| Softening Point of

5 TR SR TR R |
30 35 40°i- 45°.-50 ' 55° 160
Softening Point of Mixture(C)

4

! Fig-6' Relation between 'the’ softening' point - of asphalt.:: . ..
mixXture ‘and that: of recovered:asphalt '~ i
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The brittle point of asphalt mixture may be also related to
the Fraass breaking point of recovered asphalt. Although
the Fraass breaking point is not generally used to evaluate
asphals for pavement constructions, it is known that the
difference between the ring-and-ball softening point and the
Fraass breaking point correlates with the penetration index{)
The difference between softening point and brittle point of
asphalt mixtures is plotted against the penetration index
of their recovered asphalts in Fig-7.

25

20— ® Mixture from Existing

< I I B N

45 50 55 60 65 70 75 80
Difference between Softening

Point and Brittle Point(T)

P
—4
]
c
0,
) (
< Pavement /
¥ 15 Onliv /
b Mixture Compacted /
> 10 in Laboratory y
0
0
o, Q5|
6
0_
»
g
' '0.5 [
—
oo -
o 1.0
-4
@
iy 151
4
)
G
)
A,

Fig-7 Reiation of the difference between the two
points of asphalt mixture to the penetration
index of recovered asphalt

The parameter most widely used to characterize the
hardness - of asphalt : is penetration. It is said that the
penetration of an‘ asphalt corresponds  to its stiffness at
25C and O.4sec” In the case of asphalts used in pavement
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constructions, - this stiffness - also corresponds 'to the
stiffness at about 12C for  0.0lHz which is the test
condition in the brittle point test of asphalt mixture.

Fig-8 shows the relation between the mixture stiffness at
12C measured in the brittle point test  for asphalt mixtures
and the penetration of their recovered asphalts.: ‘

(o]
o

from Existing
Pavement
(07251, .
Compacted in

50— %m\o Laboratory
o .
o,
40— o
O
e

W
<
l
>
®

N
o
I
®

N I IR B
3 5 7 10 ... 20 30 .50
Mixture Stiffness at 12’C(><103kgf/cni)

Penetration of Recovered Asphalt(x0O. lmn)

-
o

Fig-8 Relation between the mlxture stlffness at 12C
measured by the bmttle pomt test and the
penetratlon at 25C of recovered asphalt

From these results, it Wiil be sure " that the tests of
softemng point and brittle p01nt of an asphalt mlxture can
serve to predlct the rheologlcal propertles of 1ts recovered
asphalt though the predlctlon accuracy may be not high.

Frecy el
LS
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4/ INFLUENCES OF TYPE OF MIXTURE AND ASPHALT
CONTENT UPON THE ' RESULT OF THE TESTS

It seems that the scatter of points plotted in each of Fig-
6 to 8 is largely caused by errors on the recovery and the
tests of asphalt. However, 1t cannot be overlooked that
type of mixture and asphalt content may have a
considerable influence on the result of the tests.

Fig-9 shows the change in the softening point, the brittle
point, the between them and the mixture stiffness at 12T
with the asphalt content in a dense-graded asphalt mixture
and a fine-graded asphalt mixture which are made with the
same materials. It is found in the figure that an increase

531~ O Dense—Gradeq/A

52} A Fine
-Graded '
51 | /A0

2.

Q 50 |- 7 Difference
o _d.. i between
3 49|- o~ Softening Point
K ; and Brittle Point "
iy 36F‘ SRR .
0
g 3s|-
@ wo
4;Po"f"' coel
A Re i AN
-16 |- A , Brittle i'h’% N
i —~
e S\ Point 0 X5~ o” ™
Dl o O
qol ol 1L 1 L. Noall L 1 |
5 6 7 8 g G 5 6 7 8

' Asphalt Content(%)

" Asphalt Content(%) -

Fig-9 Results of the tests for two mixtures
with different asphalt contents
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of 1% in the asphalt content ‘effects a rise’'of about 1C in
the softening point, a fall of about 1T in the brittle point,
consequently an increase of about 2C in the difference
between the two points and an’ increase of about 1000kgf/cd
in the mixture stiffness  at 12TC. - Therefore, when the
.softening point, the penetration index and the penetration
of recovered asphalt are predicted from the test results of
an asphalt mixture by using the regression curves as shown
in Fig-6 to 8 and if the change of asphalt content in the
mixture is *1%, errors of *1TC,*0.15 and 3(x0.lm) or so
respectively seem to be unavoidable.

It is also seen in Fig-9 that the "softening point and the
brittle point of the fine-graded asphalt mixture are sightly
lower than these of the '‘dense-graded asphalt mixture and
the differences between the two points of the two mixtures
are consequently very similar. The difference  between -  the
mixture stiffnesses at 12C of the two mixtures is not clear.
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5/ OTHER PROPERTIES MEASURED BY THE TESTS

As mentioned above, deflections and loads are measured in
the tests of the softening point and the brittle point
respectively. Deflections of the specimens in the -brittle
point test are very small -Thus, the load in the brittle
test can be converted into the maximum bending stress by
calculation. However, it is difficult in the softening point
test to calculate the strain from the deflection, because
.the deflection is large. '

Fig-10 shows the deflection at the softening point and the
maximum bending stress at  the brittle point of two
mixtures with different' asphalt contents. It can .be seen
in the figure that the deflection- at the softening point
and the stress at the brittle point increase with the
asphalt - content.

100
4(3 %90—
K3, A
Y . / - .A
%gg 80
83*& ol 0,14{37&0
R
N L, 60|
5 //3
eg 4 d
DH— —
SEE 3f
a5 2
] (9) 0 O Dense-Graded
i L 1~ A Fine-Graded
nyd ol

5 6 7 8
Asphalt Content(%)

Fif-10 Relations between the deflection at the softening

point or the stress at the brittle point and the
asphalt content
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Fig-11 and Fig-12 show test results on asphalt mixtures
after heating at 60TC. The deflection at the softening of
mixture decreases with the period of heating. It can be
considered that this is caused by hardening of the asphalt,
because the penetration of the recovered asphalt decrease
with the period of heating. v

200

__90
w820l , B100T=
N B Mixture Stiffness
sog o @ ol at Brittle Point
n Mg, %
o . 7Y
6 ¢ §4< a2 30
0 dp Q
U O3 . ﬁ 20—
o3 f G 'Mixture Stiffness
“oon 2 It at 12C
) n )
A 50C 10

. o 0 !

(@) g IS} by [

— 04X g 40 . o

P e o~ s

o @ % 50

X
8\1602“’20 - | R ~ 3 i | R I
Q
0 m 0 "1 »2‘ N 3 4_‘. 0 1 »EQ 3 ‘_4
o Period of Heating Period of Heating
at 60C{(month) - at 60C(month):

Fig-11 The deflection at the Fig-12 The stiffness at 12T
softening point and the . and at the brittle
stress at the. brittle - point of asphalt
point of. asphalt mixtures -mixtures after heating

.after heating. and the
penetration of asphalts
recovered from them

However, the change of the stress and stiffness at the
brittle point with the period of heating cannot be seen in
the figures, though the increase of the stiffness at 12T is
clear. Fig-13 shows relations of the brittle point and the
stress at the point against the deflection applied for the
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Fig-13 Relations of the brittle point and the stress
at the point against the deflection applied
for the test

test. Though the brittle point changes with the deflection,
the stress at the point does not change wunless the

deflection 1s too large. Therefore, it is found that a
specimen of asphalt mixture in the brittle point test breaks
when the _stress‘has_'reached at a level. The stress level

of as‘p’hal_'t_ mi}gtdres compacted in the iaﬁbratory for this
research is 60kgf/cd to 80kgf/cd.

From these results, ‘it can be said that the deflection at
the softening point 'and the stress at the brittle point
describe the - ductility at . high temperatures and the
strength at low temperatures respectively of the asphalt
mixture. '
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6/ CONCLUSIONS

1) The tests of softening point and brittle point of an
asphalt mixture can serve to predict the rheological
properties of its recovered asphalt.
2) The deflection at the softening point and the stress at
the brittle point descride the ductility and the strength
respectively of the asphalt mixture.
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ABSTRACT

Thermal cracking of asphalt concrete pavements is a serious problem in the northern tier states
of the conterminous U.S. and in Alaska, Canada, Japan and parts of Europe. One theory on
the cause of thermal cracking is that the thermally induced tensile stress in the asphalt concrete
exceeds its tensile strength. Cracks that result from this condition are called low temperature
cracks. Another theory is that thermal cracks occur when the pzivement structure is thermally
fatigued by daily temperature cycles. Cracks resulting from the second mechanism are called
thermal fatigue cracks. As part of a cooperative study by CRREL and U.S. Strategic High-
way Research Program AQ03, a research project was established to investigate thermal
cracking. Prior to starting the project, a literature review was conducted on current test meth-
ods for characterizing asphalt concrete behavior at low temperatures and/or under thermal
cycling. The objective of the survey was to determine the types of tests and equipment cur-
rently used, the properties measured by the respective tests, and the degree to which the tests
simulate actual field conditions. The purpose of this paper is to present the results of this re-

view.

INTRODUCTION

Thermal cracking is a serious problem in the United States, Canada, Japan and parts of
Europe. As shown in Figure 1, thermal cracking in the conterminous states in the U.S. has
been reported at locations where the air freezing index is above 360°C days (Finn et. al.

1976). Thermal cracks usually run transversely across roads and airfield pavements (Fig.
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Figure 1. Areas of low temperature cracking in North America.

2a). With the propagation of the thermal cracks through the pavement structure, a conduit for
the migration of water and fines into and out of the pavement is created, as shown in Figure
2b. The intrusion of water into the base/subbase and subgrade canleadtoa saturated condi-
tion. When a load is applied to the saturated pavement structure, an undrained loadmg condi-
tion may exist, resulting in an increase in pore water pressure This reduces the effective
stress of the soil structure and, in turn, reduces the shear strength of the unbound layers

Another possible distress is pumping of fines through these cracks under traffic loadmg The
pumping will produce voids under the pavement and cracking around the Jomts will result.

The results of several studies on the economic intj)act of thermal cracking have been reported
in the literature. For example, Haas et al. (1987) reported that the Canadran Air Transport
Administration could save approxrmately $10 million (1985 dollars) in maintenance if thermal
cracking were reduced by 50%. Linde (1988) cited a 1972 U.S. Air Force report that esti-
mated annual damage to airplanes on the order of $130 million was directly related to pave-
ment cracking. Another beneﬁt of reducmg thermal crackrng is in the extension of time before
an overlay is requlred ‘ ' ' ' a ' '

Currently, there are two hypotheses on why thermal cracks occur One theory states that
thermal cracking results when the thermal stress in the asphalt concrete (AC) pavement ex-
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Figure 2. Typical low temperature cracking.
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ceeds the tensile strength of the AC mixture. This form of cracking was reported on a new
overlay in Galena, Alaska, during the 1988 winter where air temperatures reported were in the
range of —60°C. This type of thermal cracking is called low temperature cracking. Shahin
(1972) proposed a second theory on thermal cracking to explain the transverse cracking seen
in west Texas, because the extremely low temperatures required for low temperature cracking
are rarely found there (McLeod 1970). Shahin suggested that thermal cracks can also occur
when AC pavements are subjected to thermal cycling, which results from fluctuation between
the daytime high and nighttime low temperatures. The pavement is said to be subjected to
“thermal fatigue,” which is similar in concept to load-induced fatigue. Reviews of thermal
fatigue cracking can be found in Vinson et al. (1989) and Janoo and Bayer (1990a). This

paper will concentrate on low temperature cracking.
LOW TEMPERATURE CRACKING

Low temperature cracking is associated with the volumetric contraction that occurs as a mate-
rial experiences a temperature drop. If a material is restrained, as in the case for asphalt con-
crete in a pavement structure, this contraction results in the development of a thermal stress
that can produce cracking when the stress exceeds the tensile strength of the material, as
shown in Figure 3. The temperature at which failure occurs is referred to as the fracture

20
/ £

7
THERMAL STRESS

STE. ANNE TEST ROAD
1507200 LVA MiX

COOUING RATE : 10 *C/Hs.
PREDICTED FRACTURE TEWP. -35°C
1 1 ' ] ' | ' t t | S |
T 30 <20 0. o0
TEMPERATURE, °C

lll(lll

Figure 3. Prediction of fracture temperature for
a restrained strip of asphalt concrete.
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temperature. In new pavements, cracks generally have been observed to appear at 30-meter
spacings. As the pavement ages and/or more extreme temperature drops occur, the crack
spacing decreases to 3—6 m.

The parameter commonly required in design scenarios that include low temperature cracking
is the fracture temperature. There are several methods used to determine this tempeﬂture,
such as the viscous flow temperature method (Fromm and Phang 1972), pénetration‘ PI
method (Sugdwara etal. ‘1982), mix cracking tcmperatbure method, and limiting mix stiffness
method. The latter two are the most commonly cited in the literature.

MIX CRACKING TEMPERATURE METHOD

The failure criterion for the mix cracking temperature method is that fracture occurs when the
thermal stress exceeds the tensile strength of the asphalt concrete mixture. Computer pro-
grams such as COLD (Finn et al. 1986) and TC-1 (Shahin and McCullough 1972) use this
failure criterion to predict low temperature cracking.

The thermal stress that is produced in the asphalt concrete is ﬁsually calculated using elastic
analytical methods. For example Monismith et al. (1965) used the stress equations developed
by Humphreys and Martin (1963) to predict the stresses in a slab composed of a linear vis-
coelastic material subjected to a time-dependent temperature field. Christison et al. (1972)
concluded from their study that viscoelastic slab analysis tends to overestimate the thermal
stresses, viscoelastic beam analysis underestimates the stresses, and a psuedo-elastic beam
analysis yields intermediate values. For the sake of simplicity, the thermal stresses can be cal-
culated using the psuedo-elastic equations put forth by Hills and Brien (1966). The equation
is as follows: |

ox (1) =f s(an 1) a(1)dr (1) N ¢y

0 S

where ©,(f) = accumulated thermal stress.
o

S(A1,T)

coefficient of thermal contraction.

|

asphalt mix stiffness modulus, function of time and temperature.
Equation 1 can be solved numierically using a finite difference scheme (Christison et al.
1972). Assuming that the coefﬁmcnt of lhermal contractlon (a) is mdependent of temperature,

eq 1 is approximated as SR LA AN R
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Christison et al. (1972) found that the stress calculated from the aboyeteq'uat‘ion\‘fas" depend-
ent on the time interval (Af) used i in the numerical evaluatlon The vrscoelastrc methods ehml-
nate the' t1me dependency of the psuedo elastrc methods but requrre more computat10nal effort
(Chnstlson et al. 1972) Through the evolutlon of hrgh powered personal computers the ttme
requlrements for analysrs can easily be reduced Therefore, by better charactenzmg the AC
the viscoelastic methods could become a good tool for predlctlng thermal stresses The mate-
rial properties required in eq 1 are the coefficient of thermal contraction and the strffness of the
asphalt concrete.

Monismith et. al. (1965), Littlefield (1967), Jones et al. (1968) and OSterkamp (1986) re-
ported méasurements on the linear thermal contractlon coefﬁments of asphalt pavement In a
survey of methods Hooks and Goetz (1964) reported that thermal expansron of bttummous
material can be measured with 127-mm and 254 -mm strain gages, dual mrcroscope apparatus
linear variable displacement transducers, and water and mercury filled dilatometers. The coef-
ficient of thermal contractlon is usually held constant in the analysts Typtcal values reported
arepresentemeabIel I ‘ o o

‘3 .

<t Table 1! Coefflclent of them1a1 contractton of AC SRR

. mixtures.’
V,Invevs_tigators T A Temperatur:ei SR
- (R0 . range(°C). .
~*Monismith; etal. (1965) © 22-25X105 231021
Jones et al. (1968) 2.0x 107 371016
Osterkamp et al. (1986)  1.7-22x 105 _56106.4
Burgess et al. (1971) 19-22x10% 401020
Sugawaraetal. (1982) ~ 2.0x 107> 7 ifg
Sato et al. (1982) 21-30x105 201010

Janoo and Bayer (1990a) 2.4 x 10~ 40100

The stiffness of the AC mixture in eq 1 is generally determined by first estimating the asphalt
cement stiffness using Van der Poel’s nomograph (1954). The stiffness of the asphalt cement
is then used with either the Heukelom and Klomp (1964) relationship between asphalt and
mixture stiffness or the Bonnaure et al.- (1977)-nomograph: Hills and Brien (1966), and
Christison et al. (1972) used a loading time (At) equal to the time step (f; = ti_) to calculate
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Figure 4. Comparison of calculated and measured asphalt stiffness.

the stiffness of the AC layer. Gaw (1978) compared measured and calculated asphalt cement
stiffness and his results show large differences depending on whethér high or low wax as-
phalt was used (Fig. 4). Also shown in Figure 4 is the effect of loading time on asphalt
concrete stiffness. This variation in asphalt stiffness will in turn affect the stiffness of the
asphalt concrete.

The tensile strength of the AC mixture is commonly determined from indirect or direct tension
tests. The indirect tension test, or the tensile splitting test, has been used extensively to char-
acterize the stress—strain response of asphalt concrete at low temperature (Shields
1964,Christison 1966, Anderson and Hahn 1968, Shields et al. 1970, Haas and Anderson
1969, Christianson 1970,TDempsey et al. 1980, Anderson and Epps 1983, Anderson and
Leung 1987, Hadipour and Anderson 1988). The test procedure involves loading Marshall
specimens (102 mm in diameter and 64 mm thick) across the diameter in a compression test-
ing frame. As the specimen is compressed at a set temperature, a relatively uniform tensile
stress develops perpendicular to and along the vertical diametrical plane of the specimen (Fig:
5). Ultimately, the specimen is subjected to a failure stress and the specimen fails by splitting
along its vertical diameter. The applied load and horizontal and vertical deformations are
monitoréd through 4 load cell and linear variable dlsplacement transducers, rcspecuvely A

) ~..-
St

schematic of the tensile splitting test is showii in Figure 6. -

The interpretation of the results obtained in a tensile splitting test is based on the theory of
elasticity. A plane stress condition is assumed and a biaxial stress state is developed in the
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Figure 6. Schematic of diametral indirect tension test equipment (Anderson and Leung 1987).

specimen. The compressive stress in the vertical plane is greatly reduced (Fig. 5) when a dis-
tributed loading condition is applied throligh a loading strip. The tensile stress at the center is
given by '

2P

= 3

where o = tensile stress
P = applied load
d = diameter of specimen
h = thickness of specimen

A more rigorous method for calculating the tensile strength from the indirect tension test can
be found in Kennedy (1977). The tensile strength obtained from this test is dependent on the
loading rate (Fig. 7). Basically, the higher the loading rate, the higher the tensile strength.
Several loading rates have been cited in the literature to simulate thermal loading. Anderson et
al. (1987) used a loading rate of 1.5 mm/min, Von Quintus et al. (1988) used a loading rate of
1.25 mm/min, and Dempsey et al. (1980) used a loading rate of 1.8 mm/min. Typlcal varia-
tion of tensile strength with temperature is shown in Figure 8.

In general, this is a popular test because it is simple to conduct, the test specimens used are
the common Marshall test specimens, and extensive experience with the test method has been
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Figure 7. Effects of asphalt grade, rate of loading, and temperature on
indirect tensile strength (75-blow compaction).

developed. However, the stress state is more complex than assumed. The total strain
calculated is the sum of both the compression and tensile strains in the specimen. With respect
to thermal cracking, the loading condition used and the mode of fracture do not simulate actual
field conditions. The results of this test do not characterize the actual low temperature
response of asphalt concrete but can be used as an index for characterizing the low
temperature response. ' ' | '
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The direct tension test as used in low temperature studies of asphalt concrete was developed
by Haas (1973) to overcome the problems with the indirect test. A 38- x 38- x 102-mm rect-
angular beam is subjected to an uniaxial tensile load at a set temperature and a constant rate of
extension. A schematic of the test system is shown in Figure 9. Haas (1973) states that, with
respect to low temperature behavior, this test more closely simulates the actual stress state and
fracture mode that occurs in the field than do other tension tests. Since low temperature
shrinkage fracture occurs under a slow buildup of tensile stresses, the rates of extension used
in the test are very low. Haas (1973) gave guidelines for rates of extension to be used; Kallas
(1982) used an extension rate of 0.005 mm/min. The parameters collected from the test in-
clude load, extension of the specimen, test temperature and time to failure. Typical stress—
strain curves from this test method are shown in Figure 10. - .

The direct tension test described above is not as popular as the indirect tension test. Most of
the experience with this test method comes from the University of Waterloo (Canada), the
Asphalt Institute and the Ontario Ministry of Transportation. However, as noted above, this
test does come closer to simulating field conditions. One drawback to this test isvthe‘ .specimen
size. For example, for a 19-mm maximum size asphalt concrete mix, the ratio of the minimum

ol T T
Mix Containing Asphalt "A" o ’ ' '
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«
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% 20 |- -
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Figure 10. Stress—strain curves at temperature 0°F—constant rate extension tests
(Haas 1973). '
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specimen to the maximum grain size is 2.0; this ratio should be in the range of4to 6 fora
specimen to be considered homogeneous. The fracture strengths obtained from these tests
may be higher than they really are, and, as in' the indirect tension test, the rate of cooling is
represented by an arbitrary rate of extension. - . o S

" LIMITING MIX STIFFNESS METHOD

The limiting mix stiffness method is based on the criterion that thermal cracking occurs when
the asphalt concrete mixture reaches a limiting stiffness value. McLeod (1970), based on his
experience with pavements in Canada and the northern United States, concluded that pave-
ments cracked when the mix stiffness was 6.9 X 102 N/m? at 20,000 seconds loading time.
Gaw et al. (1974) based on results from the Ste. Anne Test Road, concluded that cracking oc-
curred when the mix stiffness was 1.8 x 1010 N/m? at 1800 seconds loading time. Carpenter
et al. (1985) suggested that cracking would occur when the stiffness of the mix was 3.5 X 10°
N/m? at 20,000 seconds. Readshaw (1972) concluded from his study of thermal cracking in
British Columbia that cracking would occur when the stiffness of the mix was 2 x 108 N/m?
at 7200 seconds loading time. Since the mix stiffness is a function of temperature, asphalt
content and air voids, it is doubtful if any one value of limiting mix stiffness could be used to
control thermal cracking. The Ad Hoc Committee of the Asphalt Institute (1981) recom-
mended a limiting stiffness value of 1.8 x 1010 N/m2. However, they recommended that
more experimental stiffness data be correlated with observed pavement cracking temperatures,
such as was done with the Ste. Anne Test Road. ‘ ‘ o ‘

As prciriously noted, the mix stiffness can be estimated using the asphalt stiffness and
Huekelom and Klomp’s relationship between asphalt and mix stiffness or Bonnaure’s nomo-
graph. The stiffness of an asphalt concrete mixture at low temperatures can also be obtained
from laboratory testing. The tests cited in the literature for stiffness, testmg are indirect
tension, , CIeep and flexural bending tests.

From tlie indirect tension test, the stiffness modulus can be calculated (Andéfsoh and Leung
1987) from

09120, -

;Sl - O. 5 Eave (4)

where S L tensile stiffness modulus (MPa) «

-0 = tensilestress (MPa). & - il e G
Eave = average strain (mm/mm) ERTI R
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The stiffness of an asphalt concrete mix can also be obtained from the direct tension and creep
tests. From the direct tension test, the stiffness at any time and at a set temperature is
calculated from . ‘

(4] S . . e
Sa ==L . SN . - (5)
dt €
The tensile creep test is conducted by applying a constant load to a specimen maintained at a
constant temperature and recordmg the resulting deformation with time as shown in Figure
11a. Haas (1973) used 38-'x 38- X 102-mm spccnmens for his tests. The test specimen used

by Fromm and Phang (1972) was snmllar in cross sectlon but 203 mm in length. Fromm and
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Figure 11:'Measurement of creep deformation undeét constant ten-
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Phang (1972) used a 30-minutes-on, 20-minutes-off load cycle for the creep tests, which
were conducted at temperatures between —23°C and 4°C with an applied load of 45 kg. For a

14.4-cm? specimen, Haas (1973) provided some guidance for the load level that should be
used in low temperature creep tests (Table 2). Parameters measured during the test are load,

deformation, temperature and time.

Table 2. Some examples of creep loads (Haas 1973).

. Load level for ,

L Crossfscéﬁénal - time of loading
Temperature °F area in,2 greater than 2 hrs
30 225 500 1b
0 2.25 5501b
30 2.25 . 1501b

A typical load deformation curve from a tensile creep test is shown in Figure 11b. The stiff-
ness of the mix at a given time and set temperature is calculated from -

Sct = ﬁ)‘ . (6)

Haas (1973) showed that the stiffnesses calculated from the Creép test and the direct tension
test were comparable to one another, as shown in Figure 12, However, the stiffnesses
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HEUKELOM METHOD -

i McLEOD
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10}~
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+ -Figure 12. Relationship between stiffness modulus and .

time.
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measured from these tests were much lower than predicted with Heukelom and Klomp’s or
Bonnaure’s method. o | R

As with the direct tension test, the major drawbacks to the tensile creep test aré the small
cross-sectional area of the specimens used and the simulation of thermal loading by mechani-
cal means. However, both of these tests are an advancement over the indirect tension test.

The stiffness modulus of asphalt concrete can also be determined from the flexural bending
test (Rader 1935,1937; Busby and Rader 1972; Sugawara et al. 1982). Busby and Rader
(1972) used 89-mm W x 83-mm D x 381-mm L test specimens ina three pdint loading test.
Sugawara et al. (1982) used 25 mm X 25 mm X 250 mm test specnmens To simulate thermal
loadmg, Busby and Rader (1972) used a slow rate of loading of 0.5 mm/min. For smaller
beams (51 mm W X 38 mm D x 152 mm L), Rader (1935) used a loading rate of 1 3

mm/min. Sugawara et al. (1982) used strain rates of 104 to 1.9/sec. The test temperatures
ranged from —37°C to 30°C.

The stiffness modulus is determined from

Sf:_dPL e - v : - )
4881 . .
where dP = chahgé ih ldad

L = length of beam
o = cormresponding deflection due to dP

I = moment of inertia.

The maximum stress, i.e., the tensile strength of the asphalt concrete mixture, can be calcu-
lated from ' :

I , -
where o; = tensile strength
M = moment at failure
¢ = one-half depth of beam.
I =

moment of inertia.
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. DIRECT MEASUREMENT OF .
FAILURE STRESS AND TEMPERATURE

The direct measurement of failure stresses and temperature at low temperatures in laboratory
samples has been reported by Monismith et al. (1965), Hills and Brien (1966), Tuckett et al.
(1970) Ch'ipperﬁel_d and Fabb (1971), Fabb (1974), Sugawara et al. (1982) Sugawara and
Moriyoshi (1984), Sato et al. (1982), Arand (1987) and Janoo and Bayer (1990b).

The basic principle that supports the direct laboratory measurement method is that an asphalt»
concrete test specimen, cooled at a constant raté and restrained by a ngld frame snmulates the‘
field conditions for low temperature crackmg Arand ( 1987) also used a stepplng motor screw
jack system in con]unctlon with strain gages to coutrol the amount of movement in the asphalt.
concrete. He has repoxted being able to control movements to within 2.5 X 10~3 mm. Others'
have basically used small cross-section beam spemmens ‘and the ngldlty of the frame to
control the movement of the asphalt concrete specimens. Fabb (1974) reported ‘that
movements in excess of 0.025 mm can produce errors in load measurements up to 20% A
load cell is attached between the specimen and the rigid frame. The specimen or, in some
cases, the whole experimental setup is placed in an environmental chamber. The temperature
in the chamber is then lowered and the load is monitored. As the temperature decreases, the
_ specimen will have a tendency to contract. However, since it is restrained by the rigid frame,

contraction is minimized and tensile stresses develop in the specimen. As the temperature

2 T T T T T
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Figure 13. Typical stress-temperature curve.
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'Figure 14. CRREL thermal stress test device.

drops further, the stress inéreases up to the tens:le strength of thé mix. At this time fracturé
occurs. A typical resalt from this type of tést is shown in Figure 13. The thermal stress device
curréntly used at CRREL is shown in Figure 14. A detailed descrrptlon of the varioiis thermal
stress restrained specimen ‘devices can be found in Fabb (1974) Vmson et al. (1989) and
Janoo and Bayer (1990).

The specimen sizes used by the various researchers varied from 13 x 13 X 254 mm to 76 x 76
X 305 mm. The st_udies, conducted by .Chipperfield and Fabb (1971), Fabb (1974) and
Sugawara and Moriyoshi (1984) and Sugawara et al. (1982).used a liquid medium to cool the
specimens. All others used air as a cooling medium. The specimen size and cooling medium
used are summarized in Table 3. .. .. oo '

5'r I S S t B R IR ASES LA SE 1 o RN

The coolmg rates reported in, the ltterature ranged from 3°C/hr to 30°C/hr T he majonty of
studies have been conducted at 10°C/hr. Fabb (1974) and Sugawara etal. (1982) estabhshed
from their results that the fracture temperature and tensile strength were mdependent of cool,
ing rate when it was equal to or greater than 5°C/hr.. Fromm and Phang (1972) reported that

i1l

in Canada the coolmg rate very seldom exceeded 3°C/hr Sugawara etal. (1982 2) showed that
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Table 3. Summary of specimen sizes and cooling fluids used in thermal
stress devices.

Investigators Specimensize  Cooling fluid
WxDxL (mm)
Monismith et al. (1965) 25 %25 %305 Air
Hills and Brien (1966) 13x13x254  Air
Tuckett et al. (1970) 76 x 76 x 203 Air
Chipperfield and Fabb (1971) 25%x25%305  50/50% water/
antifreeze
Fabb (1974) 25%x25x305  Methylated
spirit
Sugawara et al. (1982) 25 x25 %305 Methanol
~Sugawara and Moriyoshi (1984) 25x25x305  Methanol
Arand (1987) 40x40x 160  Air
Janoo and Bayer (1990b) 30 x 54 x 160 Air
76 x 25 x 305
51 x51x305
76 x76 x 305

cooling rates of less than S°C/hr affected both the fracture stress and temperature as shown in
Figures 15a and b. Preliminary results (Janoo and Bayer 1990a) from a study on air cooling
rates in the northern U.S. over the last 10 years indicate that the largest frequency of cooling
rate is between 0.5 and 1.0°C/hr. The results for Burlington, Vermont, and Fairbanks,
Alaska, for the months of November and January, from 1979 to 1989, are shown in Figures
16a and b. A summary of the cooling rates used, the minimum temperatures reached and
whether cracks were visible is presented in Table 4.

The effects of specimen size on fracture strength and temperature were reported by Janoo and
Bayer (1990b). As shown in Figure 17, the fracture strength decreases with increasing
specimen size. Similar results have been reported in the rock mechanics literature. The failure
criterion used by Janoo and Bayer (1990b) was similar to that used by Fabb (1974); i.e., fail-
ure strength was the maximum stress reached in the thermal stress test. Based on the results
presented, a minimum specimen size of 51 x 51 mm should be used.

The main concerns with larger specimens are that a larger rigid frame will be required and the
time for thermal equilibrium between the surface and the center of the specimen will be large.
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Figure 15. Effect of cooling rate on fracture strength and temperature "(Sugawara et
al. 1982).

Monismith et al. (1965) presentcd expenmental results on the lag time in thermal equilibrium
between the center and the surface of an AC spemmen with a 25- X 25-mm cross-sectional

area (Fig. 18) and initially a 5. 6°C difference. With time this difference became smaller.
Similar studies were conducted with a-76- x 76-imm cross-sectional area asphalt concrete
specunen by Janoo and Bayer (1990b) Typxcal test results for two different coolmg rates are

shown in Flgures 19a and b. Wlth forced air and Invar end caps, the thermal dlfference be-
tween the center and surface temperature was about 2°C. Thermal equnhbnum was reached

when the temperature was held constant for 20 minutes.
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Table 4. Summary of cooling rates, crack observation and minimum
temperatures reached in thermal stress device.

Cooling rates Crack  Minimum

ii‘:
3
B
§
%
4
3
ES
i
X
¥
H
£
3
g
3
3

Investigators (°C/hr)  observed temp (°C)
H Monismith et al. (1965) ? No 0
Hills and Brien (1966) 10  Micro Failure*
* Tuckett et al. (1970)F 11 Yes . -9
Chipperfield and Fabb (1971) 10 No  -20
Fabb (1974) | 5,10°*  Yes Failure
: Sugawara et al. (1982) - 3 612,18, Yes Failure

o 7 24and 30**
Sugawara and Moriyoshi (1984) - 3,6,12,18, Yes Failure
24 and 30
Arand (1987) 10°C/hr Yes Failure
Janoo and Bayer (1990a) 5,10,**20  Yesit Failure

* The lcnn failure is used to denote lhal the minimum tcmpcralun, rcached ‘

was sufficient to cause failure.
T The specimens were subjected to thermal cycling (-9°C/hr to 46°C/hr)
** Predominant cooling rale used in testing program. Pl
i1 Visible cracks seen in all test specimens except in 76- X 76- X 305 mm

specimens. Load temperature measurements suggesl that mlcrocracks a:c ;
present,

i

The directjmeasufément of failure stress and temperature in restrained specimeris appears to be
the best techmque for simulating low temperature cracking. The test results are the fracture
temperature and strength. The other test methods give the fracture strength and the mix stiff-
ness as estimated from van der Poel’s nomograph The direct laboratory measurement test can
be conducted at various cooling rates found in nature and therefore loading time does not have
to be estimated in the analysis. The test has been used successfully to characterize asphalt
mixture response at low temperatures. Sl i b S i e e

-279 -




40 ] I T [ T | ]
: o Janoo and Bayer (1990 a)
B O Sugawaraetal. (1982) -
— Fabb (1974)
s 30— -
E
L
g — ]
A
g 20 % —]
) s
® n S ]
E °
[}
ST § _
: R
| | L ] | l 1
0 20 40 60 80

Cross-sectional Area (cm?2)

Figure 17. Effect of specimen size on peak thermal stress.

80

Temperature (°F)
(=2
(=]

EeY
o

200 20 40 60 ' 80
o A Time (min) .

Figure 18. Comparison of ambient and specimen témperatures in restrained
" beam experiment (Monismith 1965). '

~280 -



- Temperature (°C)

Temperature (°C)

12

10

Mid-specimen Temperature

Surface Temperature

o 40 80 120 160 200 :
Efapsed Time (min) '

[] | ] l 1 |
b. B
Mid-specimen Temperature -
-4 |- —
— Surface Temperature
-8 —
-2
46 — -]
-20 1 | 1 ] 1 ] 1 ]
o . 2 .40 60 80
' '  Elapsed Time (min) ‘

Figure 19. Comparison of surface and mid-specimen temperature at a)

5°C/hr and at b) 20°C/hr. -2 0 0o

-281 -



SUMMARY AND CONCLUSION

A summary of the various predictive methods and material characterization tests for low tem-
perature cracking was provided. The main limitation of the predictive methods is the estima-
tion of material stiffness.

The indirect tensile test is at best an index test for characterizing low temperature behavior be-
cause it neither simulates the field thermal loading condition nor the mode of fracture.
Although the direct tensile and creep tests are better, they still lack the ability to subject the
specimen to various cooling rates. The éooling rate is simulated by a slow rate of extension on
these tests. .

The advantage of ihe direct measurement of failure stress and temperature in restrained speci-
mens is that is can simulate field conditions and the specimen can be subjected to field cooling
rates. However, the cooling rates used in many of the studies are much higher than observed
in the field. The tests should be conducted in the 1°C/hr range to more closely simulate actual
field conditions. The fracture temperature and fracture strength were found to be lower at
slower cooling rates. This may explain the observed differences between laboratory and field
fracture temperatures.

The specimen size has also been found to influence the fracture strength. Large specimens
presumably simulate the field conditions. The combination of low cooling rates and thicker
pavement (2 > 25 mm) may explain why low temperature cracking appears in the field when
the minimum temperature never exceeds —20°C.
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An Estimation of Road Wear Using Spike Ravelling Test

by

Masahide Itoh, Researcher, Pavement Division,
PWRI, Ministry of Construction
and

Yutaka Anzaki, Head, Pavemnt Division, PWRI

ABSTRACT

In Japan, studded tires are still widely used in snowy and cold regions.

A lot of countermeasures have been under consideration to reduce the road
wear caused by studded tires. In examining these countermeasures, a testing
equipment which simulates the wear using studded tires, called "Spike Ravel-
ling Testing Machine", is generally used for laboratory evaluation of the

wear resistant property of mixture.

In 1985, five research institutes which belonged to the the Japanese govern-
ment had the spike ravelling testing machine, but there were no standardized
testing conditions, such as wheel load and the number of tracking cycles.
The five institutes then carried out a joint research to establish the
standardized testing conditions of the spike ravelling test. The testing
conditions were standardized through the joint resaerch and the test results
obtained from different institutes came to be convertible each other in

1987.

Research was subsequently started to develop methods to estimate the rut
depth of existing pavement by means of the spike ravelling test.

Fourty-five test pavement sections were selected from all over the snowy and
cold regions in Japan and various studies, including the spike ravelling
test on the mixtures cut out from each section, survey on rut depth and
traffic conditions were conducted. The results indicated that the road wear
had a very high correlation with the traffic volume of vehicles which equipe

studded tires, and that the gradient of the correlation equation between
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them had a relation with the wear of mixture in the spike ravelling test.

Finally, the road wear came to be able to estimate by means of the spike
ravelling test in 1989,
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An Estimation of Road Wear Using Spike Ravelling Test
by

Masahide Ito, Researcher, Pavement Division,
PWRI, Ministry of Construction
and '

Yutaka Anzaki, Head, Pavemnt Division, PWRI

1. Introduction

In snowy and cold regions in Japan,'there is generallv neavv snoufall every
year. Roads in these regions mostly run through city centers, residential
areas, or agricultural fields. Thus it is generally difficult to keep the
road surface exposed by means of mechanical snow removal, and there are
limitations to spread deicing agents. This road conditions makes a situa-
tion that a lot of vehicles equip studded tires in the snowy\and cold re-
gions. (percentage of vehicles with studded tires in Japan is shown in
Fig.-1.1) “The high percentage of vehicles with studded tires in cold re-
gions has resulted in various problems, such as wear of pavement and the f
generation of dust. Agencies in charge of managing of road maintenance have
been taklng a ‘number of countermeasures, including the improvement of aggre—
gate gradings, using mod1f1ed asphalt and hard aggregates to improve unti-

wear property of mlxture, in order to reduce the road wear by studded tires.

The spike ravelling test is usually used to evaluate the unti-wear proper-
ties of mixtures in a laboratory. In "this test, a studded t1re tracks onA
specimens arranged on a rotating table to simulate the wearing loss of
pavement (Photo.-l 1) Since 1985 the Ministry of Construction and’ the
Hokkaido Development Bureau have been making efforts to standardize spikea
ravelling test procedures and to develop a method to estimate the wear inf;
existing roads using the results of the spike ravelling test. This paper

discribes the outlines of those studies.’ =
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Fig.-1.1 Percentage of Vehicles with Studded Tires in Japan

(surveyed in 1982)
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5. Standardizaation of Spike Ravelling Testing Procedure
2.1 Outline

In 1985, spike ravelling testing machine had been installed in tﬁe.five
institutes: the Construction Bureau of Tohoku, Hokuriku, and Chubu, the
Public Works Research Institute (PWRI), and the Civil Engineering Research
Institute (CERI) of the Hokkaido Development Bureau. However, there were no
standardized testing conditions for the spike'fAVeliing'test,'making it
impossible to compare results obtained by different 1nstitutes., So the five
institutes carried out a study to establish standard test1ng conditions and
to provide a method for comparison of “test results obtained by different

institutes.
2.2 Results

The five institutes carried out spike ravelling teet on several types of
specimens with different aggregate gradings (Table-2.1) which were prepared
at the PWRI. The ravelling tesé Qes berformed under varying test conditions
for wheel load, testing temperature, and t1re pressure, and an analysis was
made to examine the effect that variance of testlng conditions has on wear

of mixtures.

Fig.-2.1 shows an example of test results obtained at the five institutes
for the specimens with same aggregate gradings. It can be seen that even
the same grading mixture may make different wear depenading on the testing

facilities.

Standard testing conditions were set up as shown in Table-2.2, based on the
results of examinations on effects which varience of each testing cohdition
has on the test results. Standard specimen of each institute were also
developed in order to compare the test result by different institutes.
Equation-2.1 has been developed to convert wear measurements at various

institutes into those at the PWRI.

The standard testing procedures have been adopted in the five institutes
since 1986. This standardization has been making it possible for the five
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institute to covert the test results each other. .. . . ... .

Sie
Sij

Converted Wear Sg¢ = @; X X S (2.1):--.

o wear conversion factor of institute "i".

Se. B

As,al—
o S:a

',Sé * vear loss of PWRI standard mixture by .each institute at -

, determining the wear conversion factor a. ; (cm2).... ., .

Sﬁ? : wear loss of standard mixture of each institute
L f 4i at determlnlng the wear conversionfactor a ; .(cm2) -
"SdJ.: wear loss of standard mixture of each institute
at a given time; (cm2)

S; : wear loss in a given mixture; (cm2) ilie

Table-2.1 Gradings of mixture. . .

Dense Graded AC (ZOF)
'«Dense Graded Gap AG (13F)
'Fine Graded Gap AG (13F)

g

—296—



6.0

5.0

Amount of ¥ear (cm?)

Hokkaido &—--a
Tohoku Aee-e-hA
Hokuriku ©7—C| 5ff/%ti
Chubu B8t ’ '
ceel ot ‘/o\ s
'D.'/' it
. ‘/’.A-
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o 5000 IO(X)O' ISOOO 20000 25000 300)0

Table-2 2 Standard Testlng Cond1t10ns of Splke Ravelling Test

s [

REYEN

HESAS SRR

Pre-Loading Tracklns by Studded Tire

Table Speed 20km/h . | 1able Speed . ;. v | 20ke/h

Tire Apeed - - | 20ka/h Tire Speed 20kn/h- .
Tite Tyoe | Non-Studded - -} Tire Type Studded Tire - ]

Wheel Load ‘| 160+5ket | Wheel Load 150+5kgf x
| Tire pressure | 1.6%0.1kgf/ca® " | Tire Pressuré - | 1.6%0. kgf/cn® "

Temperature 20'C Temperature 7 7 0¥2C | ':‘“fg‘é

Camber Angle 1.5° Teasber Angle” " Gt

Width of Traverse | £50as _ - .. |Width of Trverse. '™ E50mm . .

Traverse Speed © | T - *“| Trverse Speed | TR ST

Cureing time . . .| 4h Cireing Time ' " |4 Wi o ;

Tracking Cycle

5,000 round

Tracking Cycle

30,000 round

Kater Spreading

2 9 /min

%Pre-Loading is a procedure that give settlement to the spacimen by tracking of

non-studded tire
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3. Development of a Method for Estimating Road Wear
Using the Spike Ravelling Test

3.1 Purpose

The relations between wear in existing roads and the results of the spike
ravelling test were not clearly identified, though the test had been known
to be effective for evaluating the unti-wear property of paving mixtures.
Thus, studies were carried out at the five insitutes to develop a method for

estimating the road wear using the results of the spike ravelling test.

3.2 Data Collection

Forty-five pavement sections in 32 areas were selected for survey from the
Bureaus that have snowy and cold regions. Roads nearvby ihtersection were
not included in these sections to eliminate the effect By the braking of
vehicles. A few sets of data as listed in Table-3.1 have been collected
from these sections. The spike ravelling test was also conducted on speci-
mens Cut’oﬁt from pavements of all sections. The characteristics of the
road surfaces were measured twice a year, in spring and autumn, to separate

the rut caused by wear from total rut depth.

Table-3.1 Kinds of Data Collection:

Data : = Testing Condition, Note

Traffic Trdtfic:Volune All Traffic, Heavy Trafflc _
Condition déing Studded tire' ' Percentage of Studded tire-equipeed vehlcle
Material Aggreggﬁe Gradings ;}
Properties Loss‘qfngsregates~ IS A L2

Wear Amdunt of Mixture .- Table-2.1
Surface Rut Depth N Measured in Spring and Autumn Each Year

Condition | Cracking Ratio
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3.3 Results
3.3.1 Traffic Volume With Studded Tires .

The proportion of vehicles with studded tirés and the period of use of
studded tires was surveyed to deteérmine the total traffic volume of vehicles
with studded tires in winter. To determine the period of use of studded
tires, the following data were recorded: (1) when studded tires begin to be
used, (2) when the proportion of vehicles with studded tires reaches a
maximum, (3) when the proportion begins to decrease, and (4) when the pro-
portion becomes nearly zero. The change in the proportion of vehicles with
studded tires was assumed as a curve shown in Fig.-3.1, and total traffic

volume of vehicles with studded tires was calculated by equation-3,1.

The total traffic volume were caluéulated for two cases where the effect of

heavy vehicles is or is not taken into account.

Nsp= (L12XSP/2+L2sXSP+LauaXSP/2) XN . . - (3,

Nep ¢ traffic volume of vehicles with studded tire during one winter;
(vehicles) '
N : total traffic volume; (vehic¢les/day/direction)’

SP : proportion of vehicles with studded tires; ' (%)
Li2y L2ay Las : Duration as defined in Fig.-3.1; (days)

‘Maxiuum Rate of Studded Tire (SP)

Rate of Studded Tire (%)

L2 La2s L«
Autuen <« - Spring

Fig.-3.1 Change in Proportion of Vehicles with Studded Tires
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3.3.2 Relation between Traffic Volume and Surface Characteristics

In first, relations betweeen the traffic volume and the surface characteris-

tics were examined.

(1) All Veehicles, Heavy Vehicles and Rut Depth

Examples of the relations in each bureau between traffic volume of all
vehicles apd rut depth are shown in Figs.3.2-3.5 respectively. In any
sections, the rut depth rapidly increased immediately after the road had
begun to be under use. This initial rut is associated with plastic flow.
Except for the initial rut, the rut depth increases more in winter than in
summer. Survey results suggest that the rate of increase in rut depth in -
summer and_wintgr_yaries significantly according to each section.

The relations between the rut depth and the traffic volume of heavy vehicles

have a similar tendency to those with the volume of all vehicles.

(2) Rut Depth and Traffic Volume of Vehicle with Studded Tires

In this examination, the increase in the rut depth dufing wihter, rut depth
measuped in spring minus that in the previous autumn, was calculated to
eliminate rut by plastic flow.

Figs.-3.6-3.9 illustrate examples of relations between rut depth in winter
and the traffic volume of vehicles with studded tires.. There can be
recognized a high correlation between both two factors in all sections. The
coefficients of correlation of regression equations are higher than 0.95 for
all the sections, indicating that there is>a ciose céfréiation betwéen the
increase of rut depth in winter and the traffic volume of vehicles with

studded tires.
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3.3. 3 Properties of Mixture and Increase in Rut by Wear: R
A regression equations for. .the rut by.wear and traffic.volume in each -sec”
tion were derlved in the following form by means of a procedure similar to

the one used in Section 3,3.2. ., ciioarcciaia oL ot snoTol S e

_;Reqxn+bm T e,
.:“‘}{' ruttlng depth (mm) . e e a
N‘; trafflc volume. (vehlcles) R LU S len e ”
By breonstant
DR AEEC TR N S 1 o A, N .
If the mixture used has poor resistance against wear, then the rut depth
must 1ncrease rapldly, ‘and glve a large gradiant "a". . The :value of gradient

"a" was determ1ned for:all sectlons, and the relations between gradient "a"

and the mixture properties were examined.

Tables-3.2-3.5 show coeff101ents of correlatlon between gradlent ta" and the
mixture properties. There seem to be no s:gnlf:cant relat1ons between the
mixture properties and gradlent "a" in the case of all veh1cles or heavy

vehicles.

Even in the case of vehicles with studded tires, there are also no signifi-
cant relations between the gradient "a", which is calculated from increase
in rut depth in winter, and the Los Angeles abrasion loss of aggregates. On
the other hand, a good correlations were seen between the gradient "a'" and
the ravelling wear in the case of Tohoku, while the correlation was slightly
good in Hokuriku. No correlation was seen in the measurements in Hokkaido
and the result calculated from the data of all bureaus. This may be at-
tributed to the fact that roads used only for one winter period accounted
for a large part of the sections in Hokkaido, as shown in Table-3,6, result-
ing in a dispersion among the correlations. The gradient "a" was also
calculated with consideration for the following two cases:

(1) assuming that the effect of a heavy vehicle on the wear is twice that of
a regular-size vehicle (to be called "heavy vehicle correction"),

(2) calculating gradient "a" without using a set of measurements of first
winter after paving, to eliminate the effect that degree of paving work has
on the rut increase (to be called "initial correction").

However, no great difference was recognized betwwen coeffients of corre-
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lation with correction and ones without correction. Thus, the follwing

analysis were made without consideration for both two Cbrrebtioné.

Figs.3.10-3,13 show the relations without correction bétﬁéén the ravelling
wear and the gradient "a" which is culculated from the volume of vehiqles
with studded tires and increase in rut in winter. In the Fig.;;3:10, ravel-
ling wear at each institute were converted into the value at fhe ?WRI:
Specific analysis was not performed for thé-Chubu'COnstruction‘Bﬁreau,
because the Bureau contained only one survey section, but the Chubu data

were included into analysis in the case of Fig.-3.10,

Table-3.6 Number of Sections Classified-by Period Under Use

Yinter Experience
1 2 3 4 5
Hokkaido| 9 2 3]
Tohoku 8 8 2
Hokuriku 10{

Bureau
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Table-3,2 Coeeficient of Correlation between Gradient "a"

and Mixture Properties (All Bureau)

Traffic Type - | Material Property égi:ég:ion 'R .
ALL TRAFFIC ¥ LOSS_IN LOS YES
« éﬁgﬂgs fﬁir N1
13-5em | NO
YEAR IN RAVEELING YES
» TEST ot ] N
HEAVY TRAFFIC YIGHT LSS IN LOS YES
R ngggs fﬁér »
13-5em NO
YEAR IN RAVEELING YES
; : TEST 1 No
STUDDED VEHICLE YIGHT LOSS IN LOS YES
UDDED VEHICLE ngﬁ{s 3%& 4
without - 13-5nm NO
Heavy traffic YEAR IN RAVEELING | YES
Correction TEST 1 No
STUDBDED VEHICLE YIGHT LOSS IN LOS | VYES -
. N és EgT cE
with - .- élg- nn} NO
Heavy Traffic YEAR IN RAVEELING | YES
Correction TEST ' - NO

Table-3.3 Coeeficient of Correlation between Gradient "a"

and Mixture Properties (Hokkaido) . -

. Material . | Initial _ .
Traffic Type Property Correction R
ALL TRAFFIC YES 0.170] .-
YEIGHT LOSS |—
FIGHT L0 NO 0.128
RAVELING | YES -0.493
o TEST NO -0.391
HEAYY -TRAFFIC . YES - -0.512
_ ¥ 0 :
L T -0.545
RAVELING - YES 0.064
TR TEST - o 0.237
STUDDED VEHICLE |- . YES 0,210 -
S G —
without , 3?! HT L0SS NO : -0.106 | -:
Heavy traffic RAVELING | YES. - -0.058
Correction TEST NO ¢ -0.352
STUDDED VEHICLE  |-:+ YES! | ivo.114
o , L0SS |———
with.- | YEIGHT LOSS 1= -0.236 |-
Heavy- Traftic’ RAVELING | ::.YES! ~0.307
Correction = TEST “ KO -0.295
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and Mixture Properties (Tohoku)

‘Table-3,4 Coeeficient of Correlation between Gradient "a"

. | Material Initial .
Traffic Type : Property .| Correction]: R
1 TRAFFIC YEIGHT LOSS’A'" ES
o NO
RAVELING - YES
d . TEST NO
E B
HEAVY TRAFFIC YEIGHT LOSS YES
NO
RAVELING YES
R . i TEST NO
STUDDE L v G
! DED VEHICLE SEIGHT L0SS YES
without * -NO
Heavy traffic RAVELING YES
Correction TEST NO
STUDDED VEHICLE YEIGHT L0SS YES
with NO
Heavy Traffic RAVELING - YES
Correction TEST - KO

Table-3.5 Coeeficient of Correlation between Gradient "a%

and Mixture Properties (Hokuriku)’

Material

‘Initial

Traffic Type - | property Correction| R
ALL TRAFFIC ~ YES 1 0.260
| YEIGHT L
HTLOSS ™40 0.068
RAVEL ING ' YES 0.299
L TEST KO 0.032
HEAVY TRAFFIC - YES 0.184 |
, : ¥ -
| MEIGHT L0SS |— = 0,002
RAVELING - YES 0.282
. TEST NO
STUDDED VEHICLE 1 ot ot Loss |1
without Coo NO .
Heavy traffic RAVELING " YES'
Correction TEST < NO .
S o
TUDDED VEHICLE |- - Loss |_YES HET
with - o NO 0.229
Heavy" Trafflc RAVELING 7| - YES. 10
Correction TEST (VI
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0.3

y=0.0856+x+0.0422 O
R=0.306

Gradient "a”

9.0 0.0 ‘ " 20.0
. Wear in Ravelling Test (cm?)

X each wear are converted into PHRI values

Fig.-3.10 Ravelling Wear and Gradient "a" (All Bureau)

93| y--0.086+x+0. 1342
=-0.352
o
5
3
5
9.9 g0 - 20.0

Wear in-Ravelling Test (ca®)

Fig.-3.11 Ravelling Wear and Gradient "a" (Hokkaido) .
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20.9

0.3 u=0.0158+x-0.030
R=0.864
"
g
5
3
5
0.9 g.0 ,
Wear in Ravelling Test (cm?)
Fig;-S.lélRavelling-Weér and Gradient "a" (Tohoku)
9.3 | -p.0069+x-0.015
R=0.573
s
=
2
-
5
©
. /%C)/ . . .
0.9 g.p

fear in Ravelling Test (cw®) -

Fig.-3.13 Ravelling Wear and Gradient “a" (Hokuriku)
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3.3.4 Relation between Road Wear and Ravelling Wear
From the measurements in Tohoku, where the highest correlation was fecog+
nized, the relation between the gradient "a" and ravelling wear was derived

as follows:
a=0,0198XM-—0.030 ' o ' ' ’ (3.3)

Assuming that the rut depth just after paving is O mm, rut depth caused by
wear in Tohoku can be calculated by Equation-3.4 which is derived from

Equation-3.3."

Maximum rut depth Raax= (0.0158XMr—0.030) XNsp ©(3.4)
Mr : spike ravelling wear in Tohoku; (cm2) - S

Ngp : traffic volume of vehicles with studded tires (vehicles)

Nsp= (L12XSP/2+L23sXSP+LaaXSP/2) XN

3.3.5 Modification 6f Equation for Wear Estimation

Because Equation-3.4 is based on results of the ravelling test carried out
by the Tohoku, and it cannot be applied to ravelling wear measurements made
at other institutes. The use of studded tires in Japan have been regulated
strictly year by year, and the shape and number of studs of one tire have
been changing. Then, modifications have also been made each year to the »
specifications of tires to be used for the ravelling test. Thus, there was
the possibility that Equation-3.4, which is based on the ravellingzﬁéar made
at Tohoku in 1988, could become invalid even for the ravelling wear made in

Tohoku, in the future. ‘ ’ RS

To cope with such modifications of the tire specifications, each of the five
institutes has established its own standard mixture. Wheh'conductiﬁgrspike
ravelling test in certain institute; the test should be also made on its
standard mixture, and variation of wear due to the specification_of the tire
can be corrécted using the wear of the standard mixture. Furtﬁépmﬁre}’aé
stated in Chapter-2,, standard tests have been carried out everjwyear‘at all
five institutes using standard mixturés preépared at the PWRI, and wear
obtained at each institute can be calibrated into the value at PWRI in order

to compare the raveliing wear obtained at different institutes,
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<
Thus, Equation-3.4 was mo_dified on the basis of wear of. the .standard mix- «
tures of bp_th institutes and PWRI, .

It was assumed that a given ravelling wear can be expressed in the form of-a
ratio to the wear of PWRI standard mixture, and that relation between this

ratio and gradient "a" and can be expressed by Equation-3.57 <517 i

S

, Mi
a=a’X —— +bp

STREIPN ¢ 73 ) IR
d4d

M:i : wear of a given mixture measured at a given time at institute,"i®

and converted into a value that might have been obtained at PWRI;
.. (em2), R

Mds : wear of PWRI standard mixture measured at PWRI-at a given time;
(cm2),

4 : gradient for increase in rut wear
a’s b: constant

Based on results of the staqdard test carried out each year at all .these: .:
insjgii;utgg _using PWRI standard mixtures, the following factor was defind to
cqn_\{‘er_t;_x:jaye_l_li'n_g test results at institute "i" into the value obtained at .-
oo eMada. o o R R S SR I R
e TaMar e e (36)e

eMa : wear of PWRI standard mixture at institute. "i"!, in a standard - .-:
. . test; (cm2) ..

e T T L. -
R O S S St

aMgq¢ ¢ wear of PWRI standard mixture at PWRI in a standard test; (cm2):

The s,t;and:!n_jdq test also covers the ravelling.test for. standard mixtures of ..
each institute. .The ratio !. " of standard mixture's wear of institute "i".
to the PWRI standard mixture's wear was defined as: . - ,-.. =i . .: - ' ...

AP R TR R S VTR NNE SN SET AP 7 £ S E S SRE NN S DR Sk L PTS R £ 58 R b S I S SR
- L st A St el B R K i .
aMaig
o ST SR U S R SEEE RIS PUTEERTE RN o< 1Y & B EErS
[ . 2Tl . tlise - PR L - N i A .

ﬁl -—;.l’- |20 TS A R
eMii , S ) . .

R R R P R Y AR SRS

eM_l_l‘n:A;;yl;gap.ig'f'..syaigdg_r.'d.,mi;;‘(j;pre of .institute Min at.standard- test; -.

i
. R -
<ok 7;:'.5(0'??)' v Ry i I i %8s :
. : - . -
B ‘ 2 IR LIS 3 vor i
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¢ miprqors g b SR -

Then M44 is expressed as: : : SRS
Msa= a1 XMsi = a1 X 81 XM f | T (3.8)

Mii : wear of standard mixture of institute “i"yéﬁ’a‘giﬁen time; (cm2)

Equation—3;5 can be modified as:

ai XM
BiXaiyXMii
=a'X'i X M-'-—+b | | | (3:‘5)
Bi Mii . ? )

A basic equation for estimating the wear rut was obtained as::
R=[a'X ~ x +b1 XN |
=la 2. Moo sp 3.10

BI Mi 3 v ( )

On the basis of Equation-3.9, Mi/Mii were plotted on the horlzontal axis and
gradients "aW were plotted on the vertical axis for all data collected 45

test sections. The result is shown in Fig.-3.14.

From these results, an equation for estimating the wear rut is obtained as:

Raox = [0.1008' X — X —— -0, 0301 XNsp (@)

B Mn
M; : wear of é éiven mixture at institute "i" at a given time; (cm2)
M;; : wear of standard mixture of institute "i" at a given time; (cm2)
Nsp : total traffic volume of vehicles with studded tires; (Vehicles)

~Bi : conversion factor of standard test mixture. = < = T 7Tt

Table-3.7 shows ai, Bi:and wear of standard mixtures of five institutes”in
FY1OBB. . - v oot wieme Leoe ot v ane e e T S R
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y=0. 1093+x-0. 002

oNe

0.3
R=0.515
2”
pre )
S
3
o3
]
0.0 g

X Relative wear

= (converted wear into

1.0
Relative Wear

Fig.-3.14 Mi/Mii and Gradient "a"

2.0

PHRI value of any lixture)/(Standard wear)

. Table-3.7 ai, Bi, Wear of Standard Mixture

INSTITUTE CERI TOHOKU | HOKURIKU | CHUBU P¥RI

al 1.325 0.649 0.722 1.218 1.000
STANDARD ¥EAR(cn®) | 6.05 11,293 | 6.5556 | 4.133 6.770

Bi 1.012 0.924 1.430 1.345 1.000

3.3.6 Application to Actual Pavement

Figs.-3.15, 3.16 illustrates plottings of Equation-3.11.-

depth by wear can be estimated for any traffic volume.

depth by wear can be estimated for any mixtures.

In Fig.-3.15, rut

In Fig.-3.16, rut
Then Fig.-3.16 is avail-

able for examining the design of mixture to keep road wear under a certain

level.

When using Equation-3.11 and the curves in Figs.-3.15, 3.16, a institute

should conduct the spike ravelling test on both mixture to be used in road

and its standard mixture.
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4, Afterword

Equation-3.11 for estimating the road wear heve been derived from the stud-
ies until FY1989. However. Equation-3, 11 does not estimate the road wear

with satisfactory accuracy, because there are a lot of sections in Hokkaido
and Hokurlku which have been used only for a short perlod. The surveys will

continue into 1990 to provide data required to further improve Equation-
3.11,
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ABSTRACT

The recent increasing need for the restriction on the use of studded tires
in Japan has led to the requirement of a higher-level control system of
roads in winter seasons, which does not imply only the quick snow removal to
make minimum transport possible but also the snow and ice control of pave-
ment surfaces to keep them safe for whole drivers. Such a system requires a
reliable sensor to detect and forecast freezing of pavement surfaces most
dangerous to driving. This paper presents a new detection method of freez-
ing, Dielectric Pavement Freezing-detector (DPF), which was developed to

measure and distinguish a variety of snow/ice conditions on pavements.

DPF, different from existing detectors which measure mainly temperatures and
moisture on pavements, is based on the measurement of dielectric constants
of snow/ice on pavements. DPF is installed on a pavement surface, which can
discriminate a wide range of pavement conditions: dry, wet, compacted snow,
ice film and ice crust. Thus DPF can also be used to monitor road heating
systems and de-icing chemical applicaions. The dielectric constants (k) of
snow/ice on a pavement is defined as a ratio (Cx/ca) of the electric capaci-
tance (Cx) of snow/ice on the pavement to that of air (Ca) on the pavement

without snow and ice.
The relationship between snow and ice conditions on pavements and the

dielectric constans was observed throughout two winter seasons (1989 - 1991)

with DPF laid on the surface in Sapporo city roads.
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SNOW AND ICE DETECTION BY
A DIELECTRIC PAVEMENT FREEZING-DETECTOR (DPF)

by

'Kiyoshi Takeichi, Department of Engineering, Hokkaigakuen University,
Norikazu Maeno, Institute of Low Temperature Science, Hokkaido University
and

Hiroshi Kubo, Civil Engineering Research Institute,

Hokkaido Development Bureau-

1/ INTRODUCTION

In North America and northern. Europe roads are kept clear of snow and ice
generally by spreading salt to keep pavements bare. Since around 1970
detection and warning systems of snow and ice conditions on pavements have
been developed and put in use particularly in North America for minimizing.
salt use and providing warnings to drivers. Similar detection devices are
used on some highways and trunk roads in Japan, but the use is limited due -

to problems with performance and installation costs.

Such sensors will play an increasingly important role in providing informa--
tion on snow and ice conditions on pavements. With the increasing concern - -
about regulations of studded tires in Japan, pavement-control policies in-
addition to snow removal will have to be introduced. On trunk and secondary:
roads, there are compacted sﬁbw; ice crusts and ice films!(by consolidation
of snow due to vehicles, and thawing and re-freezing of snow/ice),; which
easily become very slippery. The conditions on these roads change quickly,

1)

for example from wet in the daytime to frozen at night’

The development of the DPF. (Dielectric Pavement .Freezing-Detector):aims to -
provide road administrators and users with information on roads where: .. -
surface conditions are likely to change. The DPF will also be very useful in
identifying places where deicing chemicals should be applied, and in esti-
mating-the amounts. of chemicals. to apply.-: -

HE S
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The tests with this new DPF progressed as follows: Laboratory tests started
in 1987, and in-situ measurements by a trial- detector were made between
December, 1988 and the end of March, 1989, The equipment was developed
further and used in in-situ observations between January and March, 1990.
This paper presents the method for detecting pavement conditions by the DPF
and its use as a detection system on the basis of analyses of the laboratory

tests and.in-situ observations.

2/ PAVEMENT FREEZING DETECTORS AND SNOW AND ICE CONTROL
IN NORTH AMERICA AND NORTHERN EUROPE

In North America and northern Europe transport of people and commodities has
traditionally depended on roads to a great extent. Accordingly, there is a
long history of studies of road management in winter, and adequate systems
to control snow and ice are used in many areas. The following will outline-

such systems and. the  types of detectors used.

2.1/ SNOW AND-ICE CONTROL SYSTEMS IN NORTH AMERICA AND NORTHERN EUROPE

North America has researched and developed sensor devices to detect mainly
temperature and moisture on road surfaces.for a long time, such as the
Surface Condition Sensor for Bridge Decks, which was often used on bridge
sections. In some:states, weather and pavement condition criteria that
require salt application are specified,; and road management offices collect
meteorological information in their areas through weather forecasing consul-
tants. This assists in taking action to prevent road surfaces from freezing
and  to determine ‘the 'need for snow removal 2)'3); In some provinces in
Canada; particularly Ontario and Quebec, snow and ice control on roads is
managed with.similar control systems.

Switzerland tries to minimize use of deicing chemicals by estimating salt
content;. from air and pavement :temperatures and the moisture on- the'road
surfaces,; which .were collected by frost warning equipments and .weather.. .

PR
i

radari " Ut
s c e (RN , . ERUREERE B AT S

The UK has adopted an original formula:.to forecast road-surfacetemperatures

for road management. This formula is based on predictions of air tempera-
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tures and precipitation, obtained from the weather bureau. Recently, a.
research team from the weather bureau and a university has worked on the - "
development of a meteorological observation system and sensor devices to

detect freezing of road surfaces.4)

The French road bureau adopted a forecast model (PERIDOT) and information -
service system (METELOTEL) of road weather conditions with meteorological
radar and satellite. The bureau has also been developing a weather forecast

model for use in smaller areas.

In Finland, detection system with road-surface sensor (DR512) was developed,
which grasps the current state and forecast changes in pavement conditions -
over. several hours. The. sensor is designed to detect the condition on -a road
surface - frost, snow, ice, salt, moisture, etc. - based on electric con- .-
ductivity and pavement temperature.- But conductivity does not distinguish -
well among dry conditions, dry snow,.and black ice, so capacitance is$
measured- to detect black ice. Furthermore, the snow and ice control is -
researched and traffic accidents are analyzed by classifying pavement
conditions according to service levels based on the coefficient of skid

resistance.

Over the last ten years Sweden has created road weather maps and a road -
weather information system (VVIS) and area weather models have been devel-:
oped for road administration. Air and pavement temperatures and freezing
conditions of road surfaces are measured by observation cars to produce. the
weather maps.

-7 3/ PAVEMENT FREEZING-DETECTORS6X

Pavement  Freezing-Detectors are generally used. to monitor pavement freezing,
control roadhheatihg and snow-melting sprinkler systems, and.determine
application: of - salt.. Existing.detectors developed in North America; North -
Europe, Scandinavia, and Japan are classified into five types: (a):thermome-
ters, (b) pavement thermometers, (c) pavement moisture detectors, (d) a
combination. of . thermometer, pavement  thermometer, and pavement moisture:
detector, and (e) a combination of a pavement thermometer and moisture

detector.gThese,detectors,have‘varying,advahtages-and disadvantages depend-"
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ing on the measuring methods, accuracy of detection, installations, durabil-
ity, influence of external disturbances, extent of observed areas, and

maintenance costs. The five types may be summarized as follows:

(a) Thermometer
Air temperatures in close vicinity of the pavement are measured to estimate

pavement temperatures and determine freezing.

(b) Pavement Thermometer

Infrared Radiation Method: The quantity of infrared energy radiated from a
pavement is measured and converted to the temperature. The thermometer can
measure a large area of pavement, without laying works as it is non-contact
method, but it is easily affected by external disturbances like vehicles and
dirt on the pavement.

Buried Resistance Bulb Method: Platinum resistance.bulbs are buried lcm
under the surface of the pavement to measure temperatures directly. The
performance is reliable, is not affected by external disturbances, but needs

laying works and the exchange of resistance bulbs at pavement repair.

(c) Pavement Moisture Detector

Photoelectric Method: This detector is non-contact and requires no laying
work, measures luminous enerdgy of diffused reflection from pavement surfaces
lit by lamp, and is able to distinguish among snowfall, freezing, and water:.
It can measure large areas of pavement, but the lamp has to be exchanged
annually. It is susceptible to external disturbances such as vehicles, and
not good on uneven pavements.

Buried Electrode Method: Electric resistance between electrodes buried in a
pavement is measured to determine the presence of water. It detects snow and
ice by melting with a built-in heater. It is not affected by external dis-
turbances, but the observed area is small and presents the same problems as-
~the buried resistance bulbs. Performance of this detector depends on the
ability control of the built-in heater at the changing snow and ice

conditions.
(d) Combination of Thermometer, Pavement Thermometer, and Pavement

Moisture Detector

Air and pavement temperatures and pavement moisture are measured by shelter,
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infrared radiation, and photoelectric methods. The data is electronically
processed to determine pavement conditions: dry, wet, freezing, or snowfall.
The accuracy is superior because of the multiple data sources, but it is

susceptible to external disturbances.

(e) Combination of Pavement Thermometer and Pavement Moisture Detector .
Pavement temperatures and moisture are measured by buried resistance bulb
and photoelectric methods to distinguish among dry, wet, freezing and
snowfall situations. This method is more accurate than single measurements
despite problems with the combination of contact and non-contact methods. In
Hokkaido of northernmost island of Japan, contact methods are generally used
for measuring temperatures and moisture on pavements to control road heating

systems.

A method of detecting ice films with ultrasonic waves has recently been
deyeldped‘in Améficélfor the wings'of jet air planes.,Measutement of ice
thickhess'b§ ultrasonic waves is not new, but it is hoped that more accurate
détectorsvwill be developed. It does not seem to be'Véry suitable for de-

tecting a variety of conditions such as snow and ice on pavements.

The criteria for dry, wet, ice, and snow are not completely dlstlnct for the
five types of pavement freez1ng—detectors mentioned here. In partlcular, it
is theoretlcally dlfflcult to distinguish between snow and ice, the Dielec-
tric Pavement Freezing-Detector, however, can d15t1ngu1sh among dry, wet,

ice, and snow in principle.

’ 4/ PRINCIPLE AND METHOD OF DIELECTRIC PAVEMENT FREgZiNG-bETECTOR kDPF)
4.1/ PRINCIPLE OF DPF
Measurement of pavement temperatures and detection of moisture are necessary
to evaluate pavement conditions. However, even if existing detection methods

do detect moisture,.it is rather-difficult to distinguish among water, ice,

or Snow.- .

The Dielectric Pavement Freezing-Detector (DPF) has been developed to solve

these problems by the dielectric characteristics of snow and ice based on
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condenser theory. The DPF measures the electric capacitance'(dielectric -
constant) of a pavement and pavement temperatures by a thermosensor built
into the detector; .to distinguish the pavement conditions:(dry, wet, water °
film, snow, compacted snow, ice etc.). .The DPF utilizes the large differ-
ences in the dielectric constants of air, ice and water, roughly 1, 3 and 80

P

respectively.

As shown in Figure 1 and Photo 1, the DPF uses bronze electrodes and triple
rings to increase the electric capacitance, and provides a more accurate
measure of the state of the snow and ice. The first detector used polyacetal
resin as the insulator and there were some differences in the snow and ice
condition on the surface of the detector and the pavement when it was

installed.
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Fig. 1 Plan and cross-section of DPF Photo 1 Close-up view of DPF
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The improved detector uses resin mortar (a mixture of acryl'and sand)

as an insulator between the cylindrical electrodes so that the surface -
has the same textures as the asphalt pavement. Figure 2 shows a diagram of
the principle behind the DPF using a pair of parallél ‘electrodes. Ring~"

type parallel electrodes are buried to expose the ends on thé pavement
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and . the electric capacity between

the electrodes is measured. The . : . x':\rﬁfj? ¥ '1' : x
TR 7, snow/ice . *
electriccapacitance of snow/ice - : >t R L N
p now/i AP ,A/A\ . sirface
on a pavement is detected by the ;:r:. gé , o it st
. s . . -a "‘ O . -' Y
electric flux penetrating in it. e $4 AUAs | - o
The o1 . . h : . s 5 asphalt
e electric capacitance on the e, 9 ZEAR mjxtUFE‘
pavement varies with the pavement s ;§ 2 A
. e — o -
condition (air, water, ice and ° . ° .
snow etc.), and this makes the DPF o A
work. :
LCR meter —_

4.2/ MEASUREMENT AND ANALYSIS WITH DPF
Fig, 2 Diagram illustrating the

. . . rinciple of measurement by DPF
The dielectric constant of snow/ice p p , Y

or anything on a pavement (k) is

defined as the ratio of the measured electric capacitance (Cx) to the
electric capacitance of the bare pavement in air (Ca). We hereafter callkK
the DPF dielectric constant.

K = ch'/ c, - ~ : (1)

The electric behaviors of the pavement and electrodes are represented by an
equivalent parallel: circuit of electric capacitance‘and conductance. If the
conductance is measured simultaneously, the accuracy of DPF will -improve.
The measured electric capacitance (Cm) is expressed by the following‘
Equation (2), where CX is the electric capacitance of snow/ice detected by
the flux through it. Cd is the electric capacitance of the parallel elec-
trodes, and Cs is the stray electric capacitance due to elements such as
height differences of the ends of the electrodes and wiring,
Cm=Cx+C0+Cs : 7 (2)
The capacitance measured on a bare'pavement'(cl) is given by Equation (3):
Cl‘:=.‘ Cé;r& Co-"-l-'iCs.:» EOPT I RPN RSN ( 3 BT I SR SRS S RN
Here C. is:the electri¢. capacitance of airvon‘the'pavement.fConséquently,*ﬁﬁ
the. DPF d1electrlc constant-of the pavement is determlned by Equation (4)._
obtalned from Equations (1).and (2): ¢ v ‘ R -
=cx/caf S R S BIFTIU TR P PO S IR SET A N NS S S E NI
ST =,",,~C'r‘nai- (CO +,.‘CLS) E /‘CafE SRR () B
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Ca and (C0 + Cs) are constants determined by the parallel electrodes, the
properties of the insulator and the wiring which should be determined before
actual measurements. An LCR meter is commercially available.to measure the

electric capacitance.

There are no limitations on the size and shape of the parallel electrode for
the DPF. We obtained good results with both concentric circle and flat plate
parallel electrodes. More distinct signals can be obtained by connecting

several pairs of electrodes in parallel,
4.3/ METHOD FOR DETERMINING CONSTANTS

Two of the constants in Equétion (4), Ca and (C0 + Cs) are determined before
starting the measurements with DPF. Theoretically accurate values of the
constants are difficult to determine but relatively accurate values are

obtained from the measurement.

Two sets of measurements are necessary to determine the constants. First
measurements on a bare pavement gives the electric capacitance (Cl) in
Equation (3). Next, the electric capacitance (C2) is measured with a materi-

al with a known dielectric constant,(Kc) placed on the pavement. C_ is given

2
by Equation (5), by substituting Ca in Equation (3) for the known electric
capacitance of the material (KcCa).
=K + + ‘
C2 cCa C0 Cs : (5)
The two constants of Equation (4) are given by Equations (6) and (7) from
Equations (3) and (5).
= - = - K -
Ca C (C0 + Cs) (C2 Cl)/( c 1) (6)
= K - 4 -
Cy + Cg (CC1 C )/, - 1) (7)
Polymeric solutions such as methyl alcohol, ethyl alcohol, and glycerin wet’
completely the electrodes, are simple to handle, and so are convenient to
determine the constants. In-situ experiments of the DPF. using methyl alcohol
(KC,= 32.6 at + 20°C) gave Ca = 2.7 (pF) from Equation (6),land»co + CS'=
147.3 (pF). C1 and C2 values vary with stray capacitances depending on the .-
type and installation of DPF, but can be easily measured with the surfaces

of the detector bare and wetted with methyl alcohol.’ Thus the characteristic
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values for each detector, C0 + Cs' are determined by Equation (7).
Consequently the DPF dielectric constant, K, is determined when Cm for

different snow and ice conditions on the pavement are measured.

4.4/ FREQUENCY OF MEASUREMENT

Suitable DPF frequencies lie between 1kHz and 10MHz. It is rather difficult
to distinguish ice from water below 1kHz, because thejdielectric constant of
ice approaches that of water. In the high frequency renge,'the microwave
area, measurements become susceptible to external disturbances other than
the pavement state. A lower frequency inh the above range may be selected to
determine snow and’ ice conditions of pavements in more detall Lower fre-
quencies give higher dielectric constants for ice, and it is easy to distin-
guish snow/ice from water. The freduencies 1 and 10kHz were used for our

measurements, and lkHz for the in-situ experiment.

4.5/ RELATION BETWEEN THICKNESS OF ICE, TEMPERATURE,
AND DPF DIELECTRIC CONSTANT IN LABORATORY EXPERIMENTS

Figure 3 shows the experimental result at -10°C in a thermostatic chamber
for the relation between the DPF dielectric constant and the thickness of

ice film and ice. The relationship is nearly linear above 0.5mm.

Figure 4 shoWws ‘changes in the

DPF dielectric constant for the 180 -
16041 erer e e 9......
JE{1 e Bt Rt ft """" ceer
120- sfresccccenrcsecntasvsssepgadananaa e esmeseeaen e

ice film (1lmm-thick), the ice
(3mm thick), and the dry condi-

tion. The DPF dielectric con-

Dielectric constant(x)
2

stant for water films show large S| Temerature T
values, 1000 - 2000, which fall sod g ZI0CO
rapldly near 0°C where water and 20 B /ARSI SRR
ice coexist. The' DPF dlelectrlc T3 . ' . . .

0 2 4 6

constant for ice‘film and ice EE R S N T
thickness of ice (mm)
decreases with the temperature, SR o
but ‘it does not fall much below’ ' Ly
{ : ‘Pig, 3 Relatlonshlp between thlckness

~-5°C. DPF dielectric con- -
5°C. The e of ice and dielectric constant

stant for the dry condition is
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nearly constant independent of temperature. The relation between the DPF:

dielectric constants, and the surface conditions and temperatures proved:

6) .

very useful for the pavement freezing-detection.

X
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L

i
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b

DO OO O ettt bt o NN
SN WON BV ON
N e,

Dielectric constant ,"( KD

Teuperature( (1))

Fig. 4 Variations of dielectric constant on dry,
water and ice conditions depending on temperature

5/ PAVEMENT CONDITIONS IN IN-SITU EXPERIMENTS BY DPF *
5.1/ OUTLINE OF THE IN-SITU EXPERIMENTS -

The in-situ experiment used .the

DPF buried in a trunk road in - @._

Sapporo. The observation site has o 1. - DPF(C3)
a daily traffic volume of about L
10,000 vehicles and a commercial~:

vehicle ratio of 5%. As shown in

Figure 5, three detectors werei §'~

1nstalled at the- center of the; i T

road, and three others on the. 3;.

ey camera 1;

shoulders. A thermocouple thermo- : ~/
. observatlo

meter bu11t 1nto the DPF also ! n Stdt'on a
measured pavement temperatures. ol ~x.‘y//;i
In addltlon, thermocouples buried : , 5 :
under the pavement measured the Fig. 5.Plan of field test site and -.

...+ "locations of DPF L _
temperature dlstrlbutlon 1n the o S IS R S I ST

depth dlrectlon.
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Six LCR meters were installed at the observation station to measure varia-
tions in the electric capacitance of the DPF. The measuring frequency was

1kHz and the data were stored on a floppy disk at ten-minute intervals.

A video camera was installed to observe the relation between pavement
conditions and DPF dielectric constants, and pavement conditions were

continuously observed from January 1 to March 31, 1990.
5.2/ PAVEMENT CONDITIONS AND DIELECTRIC CONSTANTS OF PAVEMENTS

We investigatéd the changes in DPF dielectric constants and pavement condi-
- tions affected by weather and external disturbances (consolidation and
splashing of snow by vehicles), to determine whether the DPF could distin-
guish pavément conditions by the dieiectric constant and follow the changes
in the conditions. Figure 6, (a) - (d) show the relations between the
conditions and the dielectric constants of the pavement with the DPFs at the
center (C3) and on the shoulders (S3). Figure 7 shows transitions of snow/

ice on the pavement and their abbreviations used.in this paper.7)

, Temperature
High « Low » High
UNS ' QNS 1 , UfF .
wel new snow : ry ner snow| waterfnlm
: PS | WB : uet bare
p(lmder Snor DB : dry bare) :

HCS C
wet_compacted snow

QCS .
T ry compacted snou
m UGS eieleaeaenn JBGS - ] . i
€ |uetl grain snow - dry grain snow wet ice f:lm»
SL . DIF P
slush dry ice film ; 3
i . dry process(freezing)
e pIc ’ hanin
wet ice crust dry ice crust ket pr ocess(thawing)

Fig. 7 Diagram illustrating tranéitions‘ofisnpw/ice on the paVement

Figure 6 (a) shows the condition of compacted snow below 0°C for both air

(Tair) and pavement (?pav) teﬁpetatures. (b) and (di>5how variatiéns from
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wet pavement to freezing, where the pavement temperature rose to 5°C 'during
the day and fell below 0°C at night, and in (c¢) the pavement remained dry

and bare below 0°C at night and the pavement temperature rose above 10°C
during the day without snowfall.

5.3/ EVALUATION OF THE PAVEMENT CONDITIONS

As shown in Figure 6, K above 150 indicates wet or half-melted snow, not a
frozen pavement. With K below 100 and a pavement temperature below 0°C, the
pavement is covered with ice, ice film, and compacted snow, presenting a
very slippery surface. With K between 100 - 150 and a pavement temperature
between 0.5 - -0.5°C, water and ice often coexist in process of freezing on
thawing. This may also be estimated from the change in pavement temperatures
and pavement conditions as shown in (a) - (d) of Figure 8. In (b) and (d),
the pavement temperafﬁres in the process of changing from wet to frozen are
maintained in equilibrium for some time near 0°C, and the temperature
gradient is nearly zero. The pavement temperature of (e) where the change is
from wet to dry are not maintained in equilibrium near 0°C. The K value of a
dry pavement is often below 10, but fluctuated somewhat due to mud or water

splashes. It is occasionally difficult to distinguish dry pavement from thin

Temp. (°C)

_18_

_15.—

A g pessineiner i i) S
18 12 14 16 18 20 2 @ 2 4 6 8§
| Time 7

Flg. ‘s Relatlonshlp between pavement temperature and
- snow/iceconditions on the pavement’
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and compacted snow or ice film with small K. However, the algorithm inte-
grating weather information, sequential changes of K in snow and ice on a
pavement and the pavement temperatures could improve the accuracy of the

DPF,

Figure 9 shows a diagram of the relation between the pavement conditions,
DPF dielectric constants of pavements, and pavement temperatures. The
freezing pavement is classified as(I) the change to freezing (or the inverse

process) is @E, and else the pavement is wet or dry.

| snou fall I t snod fall

~ (DNS) (UNS)
3 300- 111l 1111l
+ ﬁ?\ .
5 £)
»
8
o 200
8 B)— —
o
=100
s

, = B)—— -,

¢ i ] : "

Low (-0.5) 0 - (0.5 ;High

Pavement temperature (°C)

Fig. 9 Evaluation diagram of the pavement conditions by DPF

Figure 10 is a flowchart based on the diagram, which was used to verify the
reliability of~predi¢tion by DPF. Weisampled measurement results (402 data)
in 4 days which éaily pa&emeﬂt cqnditions'chéhged to great extent, and
compared them with observation results by TV camera. As results of
comparisons, the coincident rate of both resu1t§ was 84 percent, Most of
inconsistent results lie in differences between classifications of snow/ice

depending on "eyes" of DPF detection and TV camera.
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5.4/ PREDICTION AND MINIMIZING OF
SALT APPLICATION BY DPF

DPF can be also utilized to
predict and minimize salt use,
though in Japan, salt applica-
tion is limited and much less
is used than in other countries.
We investigated the changes in
DPF dielectric constants on the
pavement by applying deicing

chemicals to the observation

site.
T:Pavement temperature (°C)

K :DPF dielectric constants
Figure 11 shows the relation be-

tween the pavement conditions Fig. 10 Flowchart for evaluatiﬂg
and the DPF dielectric constants, the pavement conditions by DPF

when spreading deicing chemicals

(ZOg/mZ) on 2cm thick compacted snow placed around the surface of the DPF.
After the application, the DPF dielectric constant increased to more than
1000, and high values continued till the snow and water including the
deicing chemical were splashed away by the traffic. Accordingly, the
dielectric constant indicates not only an effective duration, but also
enables a prediction to minimize salt use by the relation between ¥ and the

salt content.

N i

® 500, 13084) 5 ~
~ 7 ' (&)
4 °

= 4001 s te «”i“‘*éux:;gj; """""" 09
g 300.*f.,_x.':j.:.‘x................-...................:’:“.'rl: ------ -+ -5 -::;
< + Air lesperature S
2 2001- Application of —-=-r--\rormreromrmerea -10 £
5 cheaical X Surface temperature R3]
8 100- ----------- '— --------------- LB. ------------------------

v 8 B I8 ¥ 8 B @ B 18

= O_L a5 6 8 &8 ®

o . O Pav, dlelectrlc constant

[=)

7 8 9 10 11 12 13 14 15 16 17 18 19
Tlme (h)

" Fig. ‘11 vVariations of DPF ‘dielectric constants -
due to the application of chemicals
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6/ CONCLUSIONS

(1) The DPF is a contact type detector which needs underground installation.
Resin mortar with similar textures to asphalt pavements was used as an
insulator between the electrodes, resulting in minimal differences in the
snow and ice conditions on the surface of the DPF and on the pavement. The
DPF integrated measurements of the dielectric constant and the pavement
temperatﬁre, and it is not susceptible to external disturbances, and can

distinguish a wide range of pavement conditions accurately.

(2)'The DPF is structuraliy simple, easily operated and managed after
installation. The cost of installing of DPF is low, making a dense network
possible. It may be used to monitor local information on pavements in

detail, and to control salt application and road heating.

(3) The analyses of the data show that the DPF is useful to distinguish the
pavement conditiéns in real time. Future studies will be made to improve the
accuracy of detection by establishing an algorithm for evaluation. The DPF
can also be applied to pavement management systems including prediction of

pavement freezing by integrating weather information.
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SURVEY OF MEASURES AGAINST PAVEMENT RUTTING IN COLD REGIONS
by

Shunsaku Sawada, Hiroshi Kubo,
Kazuyuki Kawamura, and Tatsuro Mizushima
Civil Engineering Research Institute,

Hokkaido Development Bureau

ABSTRACT

Studded tires have become widely used in Europe and North America since they
were introduced in Northern Europe in 1959. They were also introduced in
Japan around the same time, and by 1980 more than 90% of all cars in

Hokkaido used studded tires.

The propagation of studded tires has caused an increase in pavement wear and
rutting, and resulted in higher road maintenance and repair costs. Rutting
of the road surface reduces traffic safety, especially at high speeds and
increase in dust in and around roads has a negative effect on the

environment.

The Hokkaido Development Bureau has studied asphalt mixtures for surface

courses in cold districts since 1954.

This paper will describe rutting damage to cold-district pavements and its

causes, as well as the problems of studded tires.

It will also discuss preventive measures against rutting; the future use of
studded tires, and the selection of admixtures and mixture designs for

wear-resistant asphalt pavements.
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1/ INTRODUCTION

A growing concern in Japan today is the problems caused by wear of paved
road surfaces by studded tires during the winter. The rutting produced by .
pavement wear places obstacles in the way of safe and enjoyable driving and
generates dust- that gives rise to environmental problems. The high
concentrations of such traffic generated dust in the air during early winter
and spring, when the paved surfaces are exposed, pose serious problems to

humans.

It is necessary to establish an integrated system of countermeasures by the
government and the private sector. The government acts as the manager of
roads and traffic with the responsibility to improve pavements, control the‘
use of studded tires, and impose speed limits during winter. Work to modify
and improve studs in tires, and also to develop more effective studless

tires will be the province of the private sector. -

The Maintenance and Management Section has conducted investigations.of the
effects of asphalt mixtures and modified tire studs together with a series.

of surveys on rutting of national highways.
This paper details .the status of wear of national paved roads, results with-

wear resistant asphalt mixtures, and the extent of -studded-tire use to

assist in forecasting future trends.::. . i e o



2/ WEAR OF NATIONAL PAVED ROADS
2.1/ OUTLINE OF SURVEY OF ROAD WEAR

The surveys were conducted on national highways at fixed points in three
periods from FY 1977. The first period, 1977 to 1981, investigated the
status of the wear of pavements constructed of three different materials:
fine and gap-graded asphalt concrete; straight asphalt and modified asphalt
(rubber added) 13F40; and dense and gap-graded asphalt concrete of modified
asphalt.

During the second period, 1982 to 1985, pavements of fine and gap-graded
{straight asphalt) and dense and gap-graded asphalts (modified asphalt) were
surveyed. As trial pavements, fine and gap asphalt concrete (13F50 and
20F50) composed of coarse aggregate in different quantities and different
maximum grain sizes, and asphalt mixtures using modified materials were also

studied.

buring the third period, 1986 to 1989, surveys were conducted on fine and

gap graded asphalt concretes (straight asphalt) 13F40 and 13F50.

In 13F40 and 20F50, the left numerals 13 and 20 indicate the maximum size of
coarse aggregate (13mm or 20mm), F stands for filler, and 40 and 50 indicate

the quantities of coarse aggregate (40% or 50%).
2.2/ TRAFFIC VOLUMES AND RUTTING

2.2.1/ SURVEY METHOD

The measurement of rutting is shown in Figure 1. A tripod-mounted steel rod
is erected vertically over buried pins. Then the height from the base line’
is measured transversely with a steel ruler to determine the differences
from the previous reading. The measurements were made twice a year, in
spring and autumn, and the" spring to spring difference représents thé annual
variation, the rutting depth, and the difference from-autumn’ to ‘'spring is’

the wear depth,

Unless otherwise specified, the rutting depth represents the maximum rutting
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deformation depth, and the wear depth the average wear depth of a one lane

wide road section.

2.2.2/ RUTTING VOLUME AND WEAR VOLUME

Figure 2 shows the relationship between annual average rutting depth and
daily traffic flows for all the data, and Figure 3 shows the relationship
between the wear depth and daily traffic flows. Figure 4 shows the ratio of
the wear depth to the average annual rutting depth (wear depth / rutting
depth), plotted against the daily traffic flow. This shows that the wear
depth accounts for more than 60% of the annual average rutting depth, show-
ing the strong effect of the studded tires. It also suggests that the some-

what low correlation coefficient, r=0.52, increases with the traffic volume.

Tripod-nounted steel rod
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2.2.3/ CAUSES FOR THE WEAR

The causes of wear of pavements are considered to consist of elements like
the number of studded tires passing over the pavement, the wheel load, the
configuration of tire studs, the type of studded tires, the number of days
which the paved surface is exposed, dryness, moisture, and temperature of
pavements, and the wear resistance of the surface layer mixture. Figures 5
to 10 graphically displays the survey results. The graphs express

accumulated wear and rutting volumes.

Figure 5 shows the relationship between wear depth and cumulative traffic
volume from 1977 to 1981, and Fiqgure 6 rxutting depth versus accumulated
traffic volume. The number of data sets were 83 and 75 with correlation

coefficients of r=0.73 and r=0,70,

Figure 7 shows the relationship between wear depth and cumulative traffic
volume, and Figure 8 rutting depth versus accumulated traffic volume, from
1982 to 1985. The number of data sets were 170 and 156 with correlation
coefficients of r=0.87 and r=0.82. These graphs were drawn from the fomula:
Accumulated traffic volume = daily traffic volume x days of winter road
surface exposure x studded tire ratio. This is determined by relating the
studded tire ratio, which is considered the most influential factor, with
days of exposure. The correlation coefficients are higher than those in

Figures 5 and 6.

Figures 9 and 10 show the relétionship between the wear depth and the
accumulated traffic volume,; the rutting depth and accumulated traffic volume
in the period 1985 to 1988 These graphs are the result of estimates where
the accumulated trafflc volume was considered 1.1 times greater, to account
for the influence of commercial heavy vehicles, in addition to the studded
tire ratio and days of road surface‘expoéure. The number of data sets were
44 and 41 with the correlation coefficients of r=0.74 and r=0.87, making the
correlation of wear depth and accumulated traffic volumé lower than the
r=0.87 in Fiqure 7. 1t is assumed that this was the result of the influence
of the use of skid chains mounted on commer01al heavy vehlcles during the

winter.

The 10% increase in the traffic volume is based on previous survey records
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which indicate that the average number of studded tires per commercial heavy
vehicle is 5.6. The number of large vehicles in Hokkaido accounts for 24% of
the total number of automobiles, making the wear volume per large vehicle
1.4 times that of a passenger car. Assuming all vehicles to be small

2)

translates to the equivalent of a 10% increase in the wear.

2.2.4/ WEAR VOLUME BY PAVEMENT TYPE

Figure 11 shows the differences in the rutting depth produced with different
quantltles of crushed stone and maximum grain 31zes in the aggregate.'It
shows that rutting with 13F50 is less than that with 13F40 in Naie town. The
20F40 and 20F50 with the larger maximum size of aggregate ptoduCed less
rutting than-13F40 and 13F50. This confirms that increasiné the quantity of
aggregate by 40 to 50% and using the larger maximum grain size of 20mm

3)

strengthens the resistance to rutting.

Fighre 12 shows the relationship between average wear and cumulative traffic
volume of a single traffic lane by type of pavement, during the period 1977
to 1985, There are very limited data on pavements with fine and gap—graded‘
asphalt concretes and with dense and gap graded asphait concrete (rubber
added), and there are gaps in the data. However, the figure shostthat the
dense, and gap-graded asphalt concrete produces less rutting. This is"=_

considered due to the differences in the quantities of crushed stone:

6 winters Uppere sec:Rutting depth. )
and 5 sumners Louser sec:Average traffic lane rutting depth
E 30 i 4 winters !
< and 3 surmers 3 winters and 3 summers
£ —278 218
Pl
£ : o] ]
° -n’—gg—ésl '
o] —243
5 =2
g H 228 —pR2s
2 el ' -
20 AN ! oz
—I?T | tac<)
{174,
‘ {159
LA -t
2 T ‘ S -1 1 3 IS g
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o .
: g 2! eg 33! 2 23828 8
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Figure 11 Rutting depth by different types of trial pavement
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2.3/ WEAR OF CONCRETE PAVEMENTS

Concrete pavements are generally considered to be superior:to asphalt'-
pavements in wear and plastic flow resistance. However,  such pavements are’
expensive to construct and also to maintain and repair. Further, they take
longer to construct and riding comfort is inferior to asphalt pavements.
This has prevented a wider use of this kind of pavement. The following -
presents the results of in-situ wear surveys conducted on several types of

concrete pavements,

2.3.1/ ON-SITE SURVEY ON WEAR | R S

The surveys were conducted at two locations; a section of the Shi_n—H_ipa;iSO
Tunnel constriucted in 1‘982, and the Mori By-pass of National 'Hi'g}i'wa'y';kS,'
rebaired by an overlaying method in 1984. The survey period of Ehe tuﬁr{el _
section was from November 1982 to May 1987 and for the By-pass from Nov.:embeir
1985 to May 1988. The types of pavement were: | . :

(a) Shin Hiraiso Tunnel:

Type of PaVemeﬂnt, “: e e Béﬁding strengtﬁh Compressiﬁelétrength
Normal Portland cement concrete b=53k<if/cm2§ c=—===

High strength ‘concrete " f e 'b=65kgjf/cm2f. ; c=5§2kgf/cm2 :
Steel fiber mixed concrete . b=67k.g‘f'/ém2k> o c=653kgf/cm2

cotae g

JEFA Gy il .
Steel fiber mixed concrete b=66_k’gf‘/qm2v_ﬂ‘,k o c»-—‘:5;488)?<grffh/cm2.

vt o
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(b) Mori By-pass

Type of Pavement Bending Strength Compressive Strength
2 2
Normal Portland cement concrete b=60kgf/cm c=604kgf/cm
2 2
Acryl resin mortar b=190kgf/cm c=801kgf/cm

Asphalt concrete (13F50)

Figure 13 shows the wear depth of the Shin-Hiraiso Tunnel. The wear depth of
high strength concrete, steel fiber mixed concrete (30mm), and steel fiber

concrete (20mm) were about 2/3 of the normal Portland cement concrete as of

June 1984.

Figure 14 is for the Mori By-pass. As of May 1988, the wear depth of normal
Portland cement concrete was half and acryl resin mortar was one third of

that with asphalt mixture (13F50), underlining the high wear resistance of

concrete pavements.

The relationship between wear depth and cumulative traffic volume in
Shin-Hiraiso Tunnel and Mori By-Pass (vehicles with studded tires, no
compensation for large vehicles) by type of pavement are shown in Figure 15
and Table 1, It is generally accepted that there is a correlation between
the wear depth of concrete and the compression strength. Figure 15 shows the
same trend with normal strength concrete having similar compression
strength, with high strength concrete, steel asphalt fiber concrete (30mm),
and steel fiber concrete (20mm). The correlation coefficients for these 4

types was a high 0.98 as shown in Table 1.4)

30

;/////‘
y ~

/ ' - ©© Nov.85 Hay.86 Hay.87 May.88 Hay.89

Date of Heasursent

Figure 14 Hear depth of the different types
of pavesent ‘

O Normal Portland concrete
O High strength concrete

& Steel fiber mixed concrete
Vv Steel fiber mixed concrete

OHomai Portlan:! concrete
vV Acryl resin portar
OAsphalt concrete {13750)

20 - e

Wear depth (mm)

Wear depth (mm)

o ' - -
Nov. 82 June. 83 June. 84 Hay. 87

o Date of Heasurment
Figure 13 Wear depth of the different types
of pavement
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3/ DETAILS OF STUDDED TIRES AND THEIR USE

3.1/ USE OF STUDDED TIRES

Studded tires began to be used on automobiles back in 1959, when they were
used as an anti-slip measure on frozen road surfaces in the Scandinavian
Peninsula. Before the appearance of studded tires tire chains were
predominatly used. Studded tires were superior to chains in durability and
riding comfort and their use quickly increased in Europe and North America.
The introduction of studded tires in Japan was around 1963, ih compliénce~
with the Hokkaido Pubiic:Safty Commission (Article 12. Road Traffic Law
Enactment Regulatlon) of 1972 that automobiles must be equlpped with v
non-skid dev1ces when dr1v1ng on snow and ice surfaces. Since then, studded
tires have rapidly spread in Hokkaido due to their simplicity and _
convenience. At the peak, around 1985, nearly 100% of cars and 75% of‘large

vehicles used studded tires, an average 93% of all road vehicees.

Surveys made by the Hokkaldo Prefectural Government on studded t11e use of
all vehicles by month and region in Hokkaido is shown 1n Flgure 16 6) The

figure shows that the rates increase in the order, East “South and Central,
and North Hokkaido.
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Figure 177) shows the changes in the rates of studded and studless tire use
in Sapporo. It shows that the rates of use of studded tires have been

decreasing since 1985, with a complementary increase in the use of studless
tires. The rate of studded tire use is about 80% of the peak period, still a

very high rate.

Get. Nov. Dec.

Figure 17 Rate of studded and studless lire use
== F.Y. 86 Rate of studless tire use

o———of.Y ‘87 " —
«F.Y.'88 -
~—~*r Y. 84 Rate of sludded tire use
o——oF.Y."88
o-----of Y. 86
x——xf ¥, 87
———f.Y.'88

‘Il
1|l|

5100 Y
§ 901 11‘ " A Korth Hokkaido
) O South Hokkaido
§ 801 1 O fast Koxdaido - Stud
* 70l ‘ , Pin type Hacarom lype (Reldmo)
=]
§ 60. Drmno Heldlng
=2
L ﬁﬂ 0pA E ﬁ
PR
o 401
,‘?30-
v Cip
20
131 Shank
... .- .Nov. Dec. "Jan. Feb.  Har. Apr. Hay flange .
‘. ] o (1985 1986) V o
‘Floure 16 Ihe rates of studded ture use by nonth . .. Fiyure 18 Configuratin of Studs
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3.2/ TYPES OF STUDS AND WEAR

Two types of studs are used; one is a pin type generally used on cars, and
the other is a macaroni type used on trucks, buses, and other commercial
heavy vehicles, the studs are installed by welding or driving.’ Figure 18 -

illustrates the configurations of studs.

3.2.1/ WEAR TESTS

Using abrasion testing equipment as shown in 4.2, wear tests were carried
out to investigate the effects of the number of studs, amount of protrusion
and shape of studs on the wear. The following items were standards for the
tests: drive and welded type studs with a flange diameter of 10mm,
protrusion 1.5mm, and the hardness 88.5HRA. Theltests were conducted by
changing types and quantities of these items and the results were compared.

The asphalt mixture for the tests was fine and gap-graded asphalt (13F40l.

(1) Number of Studs _

Figure 19 shows the relationship’between:the number of studs and the wear
volume. A comparison was made with a protrusion of 1.5mm and 78, 65, or 52 .
studs. It is seen that when the numbers of studs are reduced by 20% and 30%,

the wear volume is reduced by 12% and 25%.

(2) Pin and Macaroni types
Flgure 20 shows: the comparison of the wear volume with pin and macaronl type
studs. With 1dent1cal protrusion the wear volume of the macaronl type is 17%

larger than wlth the pin type.

(3) Protrus1on of plns j;} : i :
Figure 21 shows the relatlonshlp between the protru51on and the wear volume
with p1n type studs (welded and drlve types) When the protrustlon was
reduced fron l Smm to 1 2mm or 1 Omm,5w1th the flange dlaneter 10mm, the
wear volume of welded studs reduced by 23% and 22% and the wear w1th drive
studs reduced by 10% and 29% Drlve studs W1th a flange diameter of 10mm and
protrusions of 1.5, 1.2, or 1.0mm showed 20%, 7%, and 23% reductlons in wear

volume compared with welded studs.
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(4) Diameter of Flange
Figure 21 also shows that changing the 10mm flange diameters to 8mm reduced

the wear depth by 23% to 37%.

The results clearly show that reducing the maximum protrusion from 1.5mm to
1.2mm and the flange diameter from 10mm to 8mm in commonly used tires will
result in a nearly 50% reduction in wear volume. The results of other tests
conducted with different hardness and stud configurations are shown in

Figure 22,

- T ; ’
Pin type [ Drive type

Protrusion . yegnr= i © . — i
elded type C===» Flanje diazeter 10m
Flange diazeterjom= 120 €73 10 12— Flanse diameter 8o ]
P N l . . . 5 Coe — M 3 ¥elded type |
100 S— - E - . 09 | =~ Drive type
a A v 081—/ 4
] \ 81007 === e S S —— -] 3 , H
5 90 v 07 E
5 N S . | ]
u a : : \ : - . - g os i 1
. . . ) k
g 80 \ :;;3 80 — | *os : i |
% b
70 4 o —s ! P
60 ( }— 03 3 i g ] B
. s ] 1 !
100 B8O 62 (¥ 1.0 5 20 05 15 K- 12 " L2 12 10
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Figure 19 Wear of pavement Figure 20 Protrusion of studs Figure 21 Wear by Different Protrusions
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]
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3.3/ CONTROL AND FUTURE OUTLOOK FOR STUDDED TIRES

Since the debut in 1963, studded'tires'héve'quickly become accepted due to
their convenience and effectiveness as a winter-necessity in cold regions in
Japan. At the same time they have cteated serious social problems'by
damaging pavement éurfaces and'genéraiing harmful dust in many areas,

particulaily in Sendai and Sapporo.

3.3.1/ RESTRICTIONS ON STUDS '

There are currently no regulations or 6tdinanée that specify stud standards,
and the manufacture is left to thé discretion of the manhfacturer;. The
first standard was issued by tire ﬁanufacturers in May 1983 as §h6wn in
Table 2. The second in May 1986 spécifies different stud typeg'fof use on
buses and trucks superseded by heﬁ standards announced for carsrih May 1987,
The main modifications of the standards were the specification of smaller

9)

flange diameters and reduced numbers.

3.3.2/ RESTRICTIONS ON STUDDED TIRES

The use of studded tires has been informally restricted in Hokkaido. Table 3
shows the changing controls specified for the'use of studded tires in
Hokkaido. Since 1982, domestic tire makers have started marketing studless
tires, and local administiation has encourage their use while tightening the
controls on studded tirés._ | |

With the growih§ Vocal 6ri£iéisﬁ bverifhé.use of sfuddedﬂtiréé[ the leading
domestic tire hanufacturés are to discontinue the production of studded
tires in December 1990, and sales of studded tires will be stopped at the
end of March of the following year. In this environment, the Hokkaido Public
Safety Commission issued new regqgulations with penalties to control the use

of studded tires effective from April 1,:'1990.:

"The Hokkaido Public Safety Commission Regqgulations" on studded tires:' -
Period when use is not allowed: April 10 to October 31.
Penalties for violations: Fine of not more than 50,000 .yen::"h 7 .0t/ "
*: Commercial heavy vehicles: 7,000 yen-i: =~ - ..~
. {- Passenger cars;-two wheeled' vehicles: 6,000 yén - -

;- Motorcycles (50cc’ and less): 74,000 yen ‘i s
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VT_abIe 2 Stud Particulars

. New standard iginal standard
Tire Shape € dare Original
of Stud Stud
: Rim stud | Number| F12nge [protrusion| Number| Fl2nge [Protrusion
TP | gametar | StrUCI Mox |2 Max (nm)| max {Spamoror) Matmm)
2 i 122 .
Passenger Al Radiat Pin 122 8 1.5 10 15
cers Bias 88 10 80 12
Bellow | Radial . 104 10 )22 12
in
14 Bias 80 10 80 12
Small -
trucks |- aagiat . | P 102 12 102 15
Over Macaroni 62 1" 72 15
15 -
Bias - Pin | 80 )-12 80 15
: Macaroni 60 H 72 . 15
Trucks
Y R macaron 60 16 72 175
buses : : Bias 60 16 72 1725

Table 3 Restrictions on the use of studded tires

in Hokkaido

Enforcement '
o -'~’ Area North : East Ceéntral
N TR Period o south
: | Apr. "84-0t. *85 | Hay.1 - Oct.15 | Hay.1 - Oct.31 |Apr.15 - Oct.31

Oct. "85-Apr. "90
Apr. 790~

Apr.20 - 0Oct.31
Apr.10 - Kov.10

Apr.20 - Nov.10
Apr. 10 - Nov.20

Apr.10 - Nov. 10
Apr.1 - Nov.20

4/ STUDY OF WEAR RESISTANT ASPHALT MIXTURES - -
4,1/ OUTLINE OF STUDY
4.1.,1/ CHAIN-MOUNTED RAVELING TESTER :
The first full-scale bituminous pavement road installed in Hokkaido was

completed-in 1953 between Sapporo ‘and Chitose (35km), with a surface layer

of an equal mixture, of .Topeka’ and medium- graded asphalt concrete.
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At this time tire chains was used for snow and ice on the road. The rutting
by the chains were 5mm to 10mm, -and reached maximum 50mm in one winter
season in some places. To improve on this, asphalt mortar mixed with high' -
penetration type asphalt were placed as a top or wear course. In 1954, a
tire chain-mounted raveling tester was installed, and basic indoor tests
were started by the Development and Civil Engineering Research Institute of

the Hokkaido Development Bureau.

Since around 1967, the feasibility of asphalt mixtures containing coarse -
aggregate was evaluated and in 1968, the optimum coarse aggregate content of
surface layer asphalt mixture, which is currently standard on the national -

highways, was reported.

4.1.2/ ABRASION TESTING EQUIPMENT

With increased general use of studded tires, the traffic volume increased by
dramatically, causing heavy wear of pavements and environmental pollution
problems due to dust. This has made a review of the design of wear resistant
mixtures necessary. A series of basic research u51ng ‘abrasion testlng
equipment (stud ravellng tester) were conducted from 1981. The researcn'
1ncluded studies of the effect of wear of pavements, relatlng stud wear to
the trafflc volume, and the de51gn of asphalt mixtures including the
1nfluence of asphalt filler, and coarse aggregate on wear resistance. ‘This
text details test reSults by abrasion’ testing equipment compared with tire

chains.
4.2/ STUD RAVELING TESTER

4.2.1/ OUTLINE : . .
This testlng equ1pment uses test spe01mens of asphalt mlxtures and concrete.
The system works w1th studded tlres of passenger cars, w1th one wheel
accerelated and one wheel braked with a hydraulic motor ‘and hydraulic pump,
with 18 test specimens on the rotation board. The tire is under enough load
to rotate the specimen. The rotation board rotates in a fixed direction at a
set speed, and the test specimens are worn by the studs on the wheel. It is
equipped with a shift mechanism to enable stabilized:wear of the'specimens. "
The tester :is dillustratediin Figure:23,::: irrif 0 oo e T ety )

TP SR SRS RS I SPGB SRR SRS IERE L S I e
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The equipment consists of: Primary unit, hydraulic units, control panel, and
measuring board. The ambient temperatures can be varied from -20°C up to

+30°C.

Specifications:

Rotation board: 200cm

Wheel load: 200 - 500kg

Traveling speed: 10 - 40km/h

Torque: 10 - 22kgm

Standard tires: 6.15 - 13 or 6.95 - 14

Test specimens: 18, each a trapezoid 288mm and 410mm wide, 350mm high, and
with a thickness of S50mm,

Shift: +50mm

Sprinkler: 10 1/min. (aprox.)

2300
I
fsoo |

Figure 24 Sectional measuring
positions of specimens (mn)

3450

-

1700

s | — |

] !
= % ‘, ) Shift cechanisn
!

Il

1230

= o T L '  m— L = .
;E? g \H_H/ E 7
7‘ , I | . iff ——— 5 ' Ai

Figuré 23 Stud raveling tester

2000
300 o

4.2.2/ SPECIMEN PREPARATION
The method of manufacture is based on that of wheel' tracking specimens. With

a mixing temperature of Saybolt-Furol viscosity/85 sec., compaction
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temperature of Saybolt-Frol viscosity of 1,000 sec., it is compacted by a
roller. The compaction is done in the following sequence: with a line
pressure of 20kg/cm, the surface is compacted by a steel roller in 11
passes, then 22 passes by a rubber roller, and a further 5 passes by a steel
roller. The compaction is carried out to bring the compaction strength to

100+1% of the Marshall density.

4.2.3/ TESTING METHOD

The 18 specimens are arranged so that adjacent specimens have less than lmm
differences in height and are mounted on the rotation board. Prior to the
raveling test, the specimen is subjected to a preload by summer tires to:
ensure that the specimen and the rotation board are well fixed. The test

conditions were:

Preload Raveling
Temperature - \ . +20°C +0°C
Number of wheel passages . -.5000 i 30000
Tires bias 6.15-13 bias snow 6.15-13
Air pressure. - , 1.7kg/cm2 S 1.7kg/cm2
Load - . 335kg - "335kg
Speed 30km/h 40km/h

The wear volume is measured with an automatic sectional area guage on five

sections (see Figure 24), and then averaged.
4.3/ REVIEW OF WEAR RESISTANT ASPHALT MIXTURES

Stud raveling tests were conducted to determine the effect of various types’
of asphalt mixtures on the wear resistance by varying the asphalt
penetration, coarse aggregate content, size of aggregate, and quantity of

filler.

4.3.1/ THE PENETRATION OF ASPHALT AND F/A (D/A). -

(1) ‘The Penetration of Asphalt .~ .. . - o

Figure 25 shows-the relationship between thé penetration of asphalt and the
wear volume. There were four types of asphalt with penetratiéhé of .40-60,"

60-80, 80-100, and 100-~120, The grading of the mixtures were based on the
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standard fine and gap graded asphalt concrete (13F40) specified by the
Hokkaido Development Bureau. The grading of the coarse aggregate was 0-60%.
The fiqure shows that the wear volume by studs is not related to the

penetration of asphalt.lo)

Figure 26 shows the wear volume of asphalt mortar determined by varying the
penetration of asphalt, and using the two-way type chain-mounted raveling
tester. The specimens of the aéphalt mortar with F/A (D/A: the content of
fines below 0.074mm in the filler to the asphalt) of 1.16 (1.0), 1.5 (1.3),
and 1.85 (1.6), combined to obtain the maximum Marshall stability, It is
11)

seen that greater asphalt penetration causes less wear.

(2) F/A (D/A)

Figure 27 shows the relationship between differences in F/A and wear volume.

The wear volume becomes smaller with increasing F/A irrespective of coarse
10)

aggregate content. Figure 26 also shows that, with chains, the wear

volume decreases when the F/A becomes greater.

Figure 28 shows the relationship between F/A and the optimum asphalt content

(O.A.C.). Here the 0.A.C. becomes smaller with increases in F/A.lz)

Overall, increases in F/A improves the wear resistance and is economically
advantageous through smaller 0.A.C.'s. However, considering workability, an

F/A of 1.7 is advantageous.

4.3.2/ COARSE AGGREGATE AND MAXIMUM SIZE OF AGGREGATE

(1) Coarse Aggregate

Figure 29 shows the results of tests with the stud raveling tester, -and “
indicates that wear becomes smaller with increases in the quantity. of

crushed stone for all F/A.lo)

(2) The Maximum Size of Aggregate

Figure 30 shows the wear with different maximum grain sizes of aggregate- and
different quantities of crushed stone (50, 55, ‘and 60%) for maximum grain’
sizes of 13mm and 20mm. The results show the ‘20mm crushed stone to be

13)

advantageous. " . -
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4.3.3/ GRADING OF AGGREGATE

Gaps-graded mixtures are considered advantageous with tire chains, due to

the higher amount of fines which cause an increase in the quantity of

asphalt and results in stabilization. Wear resistance was investigated with

smooth and gap-graded mixtures by chain and stud reveling testers. The

grading of mixtures is shown in Figures 31 and 32.

Figure 33 and 34 show a comparison of wear with gaps and smooth grading

mixture, with tires chains and stud raveling testers, with 40% or 50% coarse

aggregate. The results show no appreciable differences in the wear volume by

differences in grading.

With tire chains, an increase in the gap grading decreases the wear both

with 40% and 50% of coarse aggregate.l4’
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4.4/ REVIEW OF FREEZING AND THAWING TESTS

In areas that are subject to snow cover, the surface layer of pavement is
influenced by freezing and thawing, causing stripping and cracks, and it is

necessary to consider countermeasures against this.

Tests were conducted with mixtures of different grading by repeated freezing
and thawing, followed by stud and chain raveling, and wheel tracking tests.

The tests used the same aggregate as in 4.3.3.

4.4.1/ GRAIN SIZE OF AGGREGATE AND WEAR VOLUME

Figures 35 and 36 show the relationship between the wear volume and the
grain size of aggregate with the stud raveling tests before and after
freezing and thawing. The resutls show that both with 40% and 50% aggregate
the post freezing and thawing wear are irregular with no apparent trends by
differences in grading. There are no significént differences in the wear
after freezing-thawing. However the freezing—thawing~generated wear volume

tends to be greater with 50% aggregate.

With tire chains, both the 40% and 50% aggregate asphalts show smaller wear
with increasing gap grain sizes without freezing and thawing as shown in

cFigures 37 and 38. The wear volume is irregular after freezing-thaWing.

4.4.2/ GRAIN SIZE OF AGGREGATE AND DYNAMIC STABILITY

Figures 39 and 40 show the relationship between the dynamlc stablllty (D.S.)
after freezing-thawing and the grain size of the aggregate. Without
freezing-thawing D.S. is very similar for different grain sizes with the 40%
aégregate, bﬁt‘with 50% aggregate D.S. becomes greater Qith'increasing gap
grain sizes. The post freezing-thawing D.S. is not always smaller than that

15)

without freezing-thawiﬁg.
4.5/ MODIFIEB ASPHALT
Eighteen types of wear resistance and flow resistance modified piant mixed
materials and five of premixéd modified aspﬁélts, all currently used, were
selected to investigate the effect of wear resistance. Details of the

modified materials is shown in Table 4. The mixtures were fine and gap
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PRSP,

graded asphalt concrete (13F50). The optimum quantity of asphalt was
determined based on the Marshall test, and the modification for the plant
mixed types was the additive to the 0.A.C. in accordance with the internal

and external additive specifications by the manufactures.

Figure 41 shows the results of the stud raveling tests. With the plant mix
type, some mixtures have higher wear resistance than the straight asphalt.
There are no clear trends among the 3 types of materials, ru:bbe;:, resiu, and
rubber and resign, mixed. However, the premixed mlxtures showed more stable

values than with stralght asphalt.

Wheel tracking tests were conducted with compounds which' iv‘e:)fe jiopularly used
for flow resistance and whlch produced good results in the stud raveling
tests. Figure 42 shows the test results. There are no spec1f1c wear

resistance expected with the modified asphalts, but they generally show flow

resistance.ls)
Table 4 Selected modifiers

Texture .} Ingeredient | Properties Additive Remarks
Rubber A SBR Latex 4:100

ditto - | B SBR ditto 7: 93

ditto C CR ditto 7: 93

ditto )] SBR ditto 7: 93

ditto E SBR ditto 7: 93

ditto F SBR ditto 8:100

ditto G CR ditto 7: 93 > (modifier : asphaltratio)

ditto H CR ditto 7: 93 : L
ditto 1 CR ditto 7: 93 ) Plant mix
ditto J BR Liquid 6: 94 r lype
Resin K EEA Powder 5:100 :

ditto L | Epoxide resin Liguid 23: 77 ) :

ditto M | Heopren resin | - Grain 1:100 (modifier : asphaitratio)

ditto N _[Polyolefine resin| - - Powder 4:100) -

Rubber /resin] O |  SBR+EEA “Powder 5: 95 L (modifier : mixture ratio)

ditto P _WR tiguid 7: 93 - = :

ditto Q1 BR Liguid 6: 94 :

others - | R ] Cement processed - Grain 6:100 ~ (modifier : mixture ratio) |

Rubber S SBR - : DA i _
Resin '| T - EVA —_— : B : Premixed

Rubber /resin] U SBR+EVA — : . > type

ditto v SBR+EVA _

ditto w SBR4EVA _

—365—



B Rubber type

Resin type
Rubber-resin

combined typ#

n

&

>

-

" _

e ST Sy =

] e eercecee]

J .

o TS
P T

Test values for stud raveling tests

ABCDEFGHI J

Figure 41

areydse
ubteass

- 10.04

9.01

©

ANEDv UNTOA ZXEdM

7
]

B Rubber type

Resin type .

o

-resin

Rubber
combined typ

_,_::_:_ N

(1111 | ]
E:E__ ! __:__E:_::E___

—3

" E3 other types

§ 7Y § &

—3

- [ TR TR TR

R /_//_,ﬁ/_//_/////////
{
Y
, TP CA LA CR

U

w naem ]
(unu/Koudnbaxy

K3TTTRIS OTWRUAQ

EFGNR.

STU

Figure 4 2 Results of wheel tracking'test

— 366 —



e,

5/ SUMMARY

The results of the research on wear resistant asphalt mixtures may be .

summarized as follows:

(1) The wear caused by studded tires can be significantly reduced by

changing the number, protrusion, and configqguration of studs.

(2) A greater penetration of asphalt produces significant advantages to

counter tire chain wear, but this has no effect with studded tires.

(3) Wear resistance is improved with increased F/A, and approximately 1.7

is optimum when considering workability.

"(4) Wear resistance and dynamic stability of asphalt mixture are greater

with 50% coarse aggregate than with 40%.

(5) There are no differences in the effect of freezing and thawing on wear

resistance with different aggregate guantities and grading.

(6) Modified asphalt shows positive flow resistance, but no appreciable.

increase in wear resistance. -

From the results, the Hokkaido Development Bureau has embarked on trial'pav-
ing projects with 13F50 and 20F50 mixtures modified from fine and gap-graded

asphalt concrete (13F40), which is standard for wear resistant mixtures.

6/ POSTSCRIPT

Improvements in wear resistance of asphalt mixtures have been attaihed as
described here. However there is limited scope. in preventing rutting of-

pavements by research and development: of asphalt mixtures.' Studded tires

will be subject to tighter restrictions and research and development of-

pavements for the:post studded tire era,is a pressing ‘requirement.

We wish to express our thanks to the staff who have-‘been engaged. in the!

research and development activities since the time of.thé now defunct:- -:

Pavement Section.
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ABSTRACT

The problems, causes, ‘solutions’, remedial measures and action plans
for mitigation of asphalt pavement rutting, in the Canadian context and
focusing on plastic deformation/instability (flow) rutting, are
summarized from RTAC Rutting Seminars held in Vancouver, Calgary,
Edmonton, Regina, Winnipeg, Toronto, Montreal, Fredericton and Halifax.
(Spring of 1989, with some 279 contractor, consultant and agency staff
involved.) Rutting of asphalt concrete on highways and city roads has
become a serious and expensive maintenance problem across Canada. The
Seminars provided the opportunity to both determine the extent/sig-
nificance of the rutting problem, and to draw from the extensive
laboratory and practical experience with causes and possible solutions/
implementation. While wear and structural deformation were considered,
plastic deformation/instability rutting as a function of environment
(hot weather), traffic (loadings, replications, tire types, tire
pressures, axle configurations, buses, vehicle speed/stopping, early
traffic, etc.) and asphalt mix materials and design (aggregate
characteristics, asphalt cement stiffness, voids, design methodology,
etc.) was the major concern. It appears that the prime ‘solution’ to
rutting is through aggregate selection (dense grading, crushed, coarser,
etc.) with engineered asphalts currently a secondary ‘solution’ along
with, of course, improved mix design/testing procedures. Alternative
approaches such as portland cement and roller compacted concrete were
also discussed. It was generally agreed that rut resistant asphalt
mixes can be designed and placed, but contractors will have to take care
to avoid segregation and to achieve necessary compaction levels for the
‘harsh’ mixes involved. A number of Canadian agencies have field trials
in progress incorporating engineered asphalt cements for both rutting
resistance and durability enhancement. It was concluded that there is a
real rutting problem across Canada, but that it can be mitigated through
the use of quality aggregates and/or engineered asphalt cements, with
appropriate mix designs and quality control testing.
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1.  INTRODUCTION

In common with many city and highway paVement systems internationally,
the significant and 1ncreas1ng p]astic deformation/instability rutting
(permanent deformation) of asphalt concrete across Canada has become a
primary asphalt technology problem requiring cost effective mitigation
for both existing and new pavements. The Roads and Transportation
Association of Canada (RTAC) first focused group attention on the
Canadian rutting problem during a 1986 Special Workshop “Rutting in
Aspha]t Pavement - A Natlonal Problem”. This Workshop, through a series
of technlca] papers and dlscu3310ns, covered a wide range of topics
related to aspha]t concrete rutting as a maJor national pavement
problem: how ruttIng occurs; materials considerations; traffic impact;
des1gn 1nf1uences construct1on methods and maintenance alternatives;
future research needs and the effectiveness of current activities.
This 1986 RTAC Rutt1ng Workshop initiative continued through the
act1v1t1es/presentat1ons of both the RTAC Soils and Materials Technical
Commlttee and Pavements Technical Committee as part of universal
research and deve]opment activities to 'battle’ rutting (SHRP, C-SHRP,
PICA,»TRB,;NAPA; and AI for instance). ‘

G1ven the cont1nu1ng 1mportance of implementing balanced (other pavement
performance factors such as fatlgue reSIStance durability and
fr1ct1onal characteristlcs must be considered), technlcally—sound ‘cost-
effect1ve solutlons to the ruttlng prob]em, an RTAC cross~Canada one day
Pavement Ruttlng Sem1nar was deve]oped and held during the Spring of
1989 1n Vancouver (31 part1c1pants) Calgary (18), Edmonton (17) Reglna
(48), Winnipeg (21), Toronto (42), Montreal (46), Fredericton (28) and
Halifax (28), (total attendance of some 279 contractors, consultants and
agency staff 1nvo1ved) The organ1zat1on, general references,
contractor/consu]tant/agency/moderator 1nteract10n and genera] f1nd1ngs
of the ‘séities: of Rutting Sem1nars are glven in follow1ng sect10ns 1n
p01nt“form 68 summar1ze the cons1derab1e technica] informat1on 1nvolved
focus1ng on p]ast1c deformat10n/1nstab111ty (flow) ruttIng.» In
add1t10n,,the technlcal presentat1on 1s supp]emented with slldes, as was

the cisé‘at -each Rutting’ Seminar, 1nd1cat1ng’hoth the\rutting problem:<:
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across Canada, local experience in the Seminar area, and the remedial
measures/action plans adopted to mitigate asphalt pavement rutting.

2.  ORGANIZATION OF PAVEMENT RUTTING SEMINAR

2.1 Theme

The 31gn1f1cant and 1ncreas1ng ruttIng (plast1c deformat1on/1nstab111ty
rutt1ng) of many c1ty and highway asphalt pavements has become a primary
asphalt technology problem requiring cost-effective, .technjca]]y—sound
mitigation for both existing and new pavements.

2.2 Technical Program in Each City

There were two technical moderators throughout for the Rutting Seminars
(A1 MacDonald and John Emery), :plus local -technical representatives for
each- presentat1on area in Canada to ensure that the ‘local ‘experience’
with rutt1ng and its m1t19at1on was made ava1]ab]e Empha31s was p]aced
on obtaining input from all in attendance through a workshop component
and this objective was achieved.

1. VBackground of the Asphalt Pavement Ruttlng Problem (Moderator)

2. workshop
e ' Delegates worked in small groups to consider rutting in
. terms of local experience. Topics covered. included:
. significance of the problem; causes; so]utions ‘and”
- implementation of solutions. workshop f1nd1ngs were
summarized at the end by Moderator.

. .Comments on Workshop Findings. (Local Chalrman) )
Local Case Study of Rutting and Its So]utlon (Loca]
Representative(s)).

5. Morning Discussion and Questions.

6. Asphalt Pavement Rutting - Extent, Types and Causes
(Moderator).

~ 7. Asphalt Pavement Rutting - So]ut1ons, Remedial Measures and
BT ImplementatIOn (Moderator) IR i .

8. Final D1scuss1on and Quest1ons (Local Representatlves and
*" "Moderator$).:ti -t denh e

9. 1w8ummary (Moderator)
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3. MAJOR REFERENCES

The major references used by the Moderators and Local Representatives to
supplement the extensive technical literature on the subject were:

i. City of Lethbridge Pavement Rutting Study (A1 MacDonald -
RTAC, CTAA)

2. Asphalt Concrete Rutt1ng Study - Metro Toronto Roads (John
Emery ~ RTAC, CTAA)

3. Rutting - How Serious is the'Problem? " (AASHTO)

A Study of Permanent Deformation of Asphalt Concrete Pavement
in Alberta (Alberta Transportation)

Natural Sand vs. Manufactured Sand (City of Calgary)

5

6. - Asphalt Pavement Rutting Report (City of Winnipeg)

7.  Pavement Rutting Study (New Brunswick Transportation/UNB)
8

Etude sur. les Mélanges Bitumineux Conventionnels en Function .
de leur Rés1stance a L’Orniérage (Transports Québec)

9. ' L’ 0rn1érage un Probléme Complexe (CRCAC)
4. ASPHALT PAVEMENT RUTTING BASICS

Slides and summary notes were developed coverlng asphalt pavement ‘
ruttlng basics to facilitate the WOrkshop and summary of the overa]]
Seminar f1nd1ngs It is of interest that there was general unanimity by
contractors/consuitants/agen01es/moderators by the end of the nine
Seminars, and that these slides covered the essence of the rutting
problem and its hoped for reduct1on. ‘These summary notes are given in
following sections. Co R T ' BRI '

4.1 Types of Rutting

1. Wear in wheel paths (wear rutting).
. 2. Permanent deformatlon

A. Deformat1on of entire pavement structure in wheel
hpaths (structura] ruttlng) “and L

(Focus) B. Plastic deformat10n/1nstab1]1ty in the form of
densification (‘compaction’) and/or shear of asphalt
concrete in wheel paths (plastic '’
deformation/instability rutting).

3. combinations of above (combination rutting).
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4.2 Problems Caused by Rutting
(Particularly Plastic Deformation/lnstablllty Rutting)

‘1. Safety:
"A. Vehicular - hazard changing lanes, loss of control,
: water ponding in wheel paths (spray,
*hydroplaning’), ice forming in wheel
paths and/or snow and ice removal
difficult; and -
8. Pedestrian - vehicle stopping distances increased at

cross walks during inclement weather.
Nuisance to pedestrians - splashing by vehicles.
Appearance -~ - poor publlc percept1on and political reaction.

Cost to m1t1gate - improved new ‘pavements, timely repairs,
~traffic flow interruptions, etc., at a
time of fiscal constraints.

4,3 Causes of Rutting

1. wear ruttlng
' vA., Studded tires (not permltted now by many agencies);

B. Poor mix - low asphalt cement content, hardened

SRR asphalt cement, low durability
aggregates, mix design not
appropr1ate, etc.; and/or

,::T C: Inadequate compaction.
2. Structural rutting:

A. Poor drainage;

- B. Frost action;

-~ C. - Replication and magnitude of ]oadlngs -
actual traffic (AADT) exceeds design assumptions,
... axle loadings greater than legal allowable (or
.. design loadings), and/or overloads at critical
Q‘per1ods (spring thaw ‘softened’ subgrade for
’1nstance)

D.: " Poor and/or contam1nated aggregates;

E. Poor construction practlces and/or inadequate
cquality control and inspect1on,’

bﬁkiét’str1pp1ng of asphalt concrete aggregates and/or

. Deterioration with time of pavement structure (wheel
i path a]ligator cracking for instance), etc.

(Focus) 3. ’3Plastic deformation/lnstabi]ity rutt1ng
A. Environment (hot weather),

fery nw Ty
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B. Traffic (truck and bus) - . o e _
. ‘increased axle loadings Y 3 'significant
. increased tire pressures :];combined
. trend in tire types effect
“(radial replaclng bias) ' B
. growth in heavy vehicle (truck and bus)
traffic o e
T axle configuration/]oad1ngs (high steering
axle loadings)
. ‘floating’ axle use (abuse)
. vehicle speed (slow) and/or stopping/starting
. early traffic on new asphalt concrete;

C. Hot mix materials and design -

. aggregate physical characteristics (natural,
rounded particle blend sands for instance)

. asphalt concrete too ‘fine’ (small coarse
aggregate top size) and/or coarse aggregate
content low

. aggregate gradation (pronounced ‘VMA’ hump for
instance)

. asphalt cement stiffness too low at higher
temperatures

. in-place air voids too 1ow (less than about two
percent) and/or coarse aggregate ‘floating’ in
asphalt cement/sand matrix -

. mix desigh methods not app]1cab1e to rutting
problem (applicability of Marshall method?)

. stress/strain in asphalt concrete more severe
than anticipated (composite concrete/asphalt
pavements and deck waterprooflng for 1nstance)

4.4 ‘'Solutions’ to Rutting

i. Wear ruttlng - ‘pan’ studded tires, proper hot mix
. design, durable aggregates,:good
compactlon, etc.

2,j"Structura] rutting - " provide dra1nage control frost
’ “action,” design adequate pavement structure
(anticipated rep11cat1ons and magnitudes
of loading), select durable materials,
- construction quality control, spring load
restr1ct1ons etc

(Focus) 3. k P]ast1c deformatlon/1nstab1llty rutt1ng -
u‘(thtle Contro] Over Env1ronment and Traff1c)

£3

',A.¢: Aggregates —;__,

';;fh19h crushed content (preferab]y 100 percent
o crushed _coarse and fine aggregates)
. dense’ aggregate ‘grading =
. good.quality: aggregates -.:: "
. coarse aggregate - high content and large top
size
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: . fine aggregate - high angu]arity, etc.;
B. Aspha]t cement -

*. high stiffness at higher temperatures
. engineered (modified) asphalt cements, etc.;

<G+ Improved mix d351gn/test1ng procedures -

. app]1cab1]ity of Marshal] Hveem and Gyratory
methods of mix design?
.. use of rational mix design procedures (ro]e of
‘,flllers for instance)
. use of resilient modulus, creep comp]1ance,
wheel tracking and fat1gue tests, etc.; and

D. Alternate approaches -

. pdrt]andigement concrete
. others?

4 5 Remed1a] Measures for Rutt1nq

'1." Wear rutt1ng - spray patching, “wheel path paving, thin
overlay, mill/thin overlay, heat
reformlng, etc.

2. Structura] rutting - drainage 1mprovements structura]
: Phoner b over]ay, reconstructlon, etc.

(Focus) "3:2‘5P1a3t1c deformat1on/1nstab111ty rutt1ng

A. New construction using improved hot mix (materia]s,
design and placement) or alternate approach
(concrete for instance); and

B. . Repair/mitigation - mill/overlay - adequate depth
and improved hot mix,
- Removal/replacement - improved hot mix or alternate
e e n e ; .. approach.

Vit

4.6 > Action Plan for Rutting Mitigation :
(FOCUS on Plastic Deformation/Instability Rutting)

Ident1fy rutt1ng problem (type(s), extent magn1tude)

l-.

2.”’ Determ1ne cause(s) of ° rutt1ng.
3. Establish approprlate remedlal and des1gn measures

4. Implement cost-effective, technically-sound measures (improved
hot mix for instance) with appropriate quality control and:
mon1tor1ng e e ‘ ,

P 1 o r ol W
v R B A I

B GTAGRTYD Fzioien 0 oy ot nad lu:_;,—’;s A R R

-

4.7 Extent of Rutting Problem 1n North Americ Yy we,»z

Rutt1ng < How Serious iis. The Prob]em?
AASHIO, December 1988 - P]astic Defornat1on/1nstab111ty Rutt1ng

1. Rutt1ng is a sign1ficant prob]em for:most agencies:”
2. Many of the causes of rutting are well known.
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4.8

4.9

4.10

3. Long lasting, high performance pavemants can be built with
asphalt concrete.

4, Pavement must be properly designed and built to carry the
loads.

5. Quality aggregates and asphalt cement must be specified with
appropriate mix designs/testing.

6. ‘ Construction must be monitored.

7.  Use of marginal materials cannot continue as the long-term
maintenance costs become too great ("rut-plagued road system"
for instance).

Portland Cement Concrete as an Alternate
(New Construction and Whitetopping)

1. CPCA Thickness Design for Concrete Highway and Street
Pavements (PCA, 1984),
Fatigue analysis (to control fatigue cracking) and -
erosion analysis (to control foundation and shoulder
erosion, pumping and faulting).

2. PCA Guide to Concrete Resurfacing Designs and Selection
Criteria (PCA, 1981).
Resurfacing of both concrete and asphalt pavements -
concrete overlay of asphalt (whitetopping).

Asphalt Cement Selection

Canadian General Standards Board
Asphalt Cements for Road Purposes
Temperature Susceptibility ‘Groups’:

Group A -~ Inc]udes aspha]t cements which have a high v1sc051ty at
60°C and at 135°%C (for a given penetration at 25°).

Group B -~ Includes aspha]t cements which have a medium v1scos1ty at
60°C and at 135°C (for a given penetration at 25°%C).

Group C - Includes aspha]t cements which have a low v1sc031ty at
60°C and at 135°%C (for a glven penetratlon at 25 C)

(Group A has H1ghest St1ffness at H1gher Temperatures)
'ideai’ Engineered‘(hodfffedixAspha1t Cement
1. Higher stiffness at high temperatures to resist rutting.

2. Lower stiffness at co]d temperatures to r931st cracking.

3. Lower stiffness at process1ng temperatures to’ exped1te"
pumping,’ spraylng, mixing and compactlon.

’4;‘”'Improved adhes1on to aggregates in presence of moisture ‘to

reduce stripping.
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4.11 Types of Modifiers

. rubbers (latex, SBS, reclaimed rubber, etc.)

. plastics (polyethylene, EVA, PVC, etc.)

. extenders/stiffeners (sulphur, 11me, carbon, etc.)
. combinations of above.

4.12 Trends with Engineered (Modified) Asphalt Cements

use increasing

address specific prob]ems

improved performance

monitoring of field trials in progress
specifications and test1ng methods needed.

5.  TYPICAL LOCAL EXPERIENCE

An example of the 1oca] experlence with rutt1ng d1scussed during the
Seminars can be lndlcated by a summary of the general findings and

research on the rutt1ng problem 1n Metro Toronto where bus traffic is a
319n1f1cant factor

5.1 Aspha]t H1x Techno]oqy Contr1but1nq Factors

1. Pronounced VHA ‘hump developed by using natura], rounded
blend sands.

2. Low in-place air voids

. Less than about two percent i
. Coarse aggregate ‘floating’ in matr1x.‘

5.2 Severity ‘ o L - L
1 Compoéite oaVements more severe than anticipated..
2 Bus bays > stoozareastAturnilanesv> ourb‘lonesi>'re5t.
3. Mainly in binder codrse(s).
4 ‘Buckling’ against curb.

5.3 Recommendat1ons For Rutt1nq M1t1qatlon N

Binder Course Component of Comp051te Pavements-‘
High Stability HL 8 Mix : :

1. 100 percent crushed aggregates (natural or slag).
2. Aggregates from approved sources.
3. Reduced VMA ‘hump’

. Manufactured sand, or
. Steel slag fine aggregate.
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4., Marshall optimized for stability SR o

. Air voids, SSD (percent) -4
. Flow (0.25 mm) ; 8 to. 14
. Minimum stability (N) : 14000

5. ‘Group A’ 85/100 penetration asphalt cement.
6. Minimum compaction of 97 percent.

Surface Courses R
DFC, High Stab111ty HL 1 Mix oo

1. Generally as for High Stab111ty HL 8, not1ng spec1f1c
aggregate type requirements.

Minimum stability of 14000 N.
3. ‘Engineered’ asphalt cements?

6. °CAUSES OF RUTTING AND SOLUTIONS/IMPLEMENTATION =~ = " 7

It is of interest to summarize the Horkshop f1nd1ngs w1th regard to the
causes of rutting and solutions/implementation. This’ 1s done in the S
following sections through prioritization listings wlth an 1nd1cat1on of
the number of delegates advocat1ng the spec1f1c cause or solut1on

6.1 Causes

. Increased loads and/or tire pressures L 20
. Hot mix quality (too sandy, low vo1ds poor R 15
aggregates, etc.) ' o
. Uncrushed coarse aggregate
. Increased bus and truck traffic
. High natural sand content and/or f1nes ( -15 um)
. Pronounced VMA hump: - Pioaa e
. Deter1orat1on in asphalt cement quallty
. Lack of fine aggregate angularity
Slow, stop and start heavy traffic . @ 5 it
Poor compaction - P
Studded tires o o S
High summer temperatures
Allowing traffic on new pavements too soon i
. and many others (1 éach); ‘specifications, mix"
criteria,: higher. penetrat1on asphalt .cement ,-étg’:

(32 in all, much overlap.) {fdnil duill

NN WWHRLONOO N~

. . ) - .
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6.2 Solutions/Implementation

Engineered asphalt cements

Manufactured sands

Higher crushed content coarse aggregates
Improved mix design method(s), Hveem?

Larger top size aggregates

Alternate materials such as portland cement concrete
Control nature and amount of fines (~75 um)
Improved asphalt technology education

Quality RAP

Proper compaction

Steel slags

Higher laboratory compaction standard

and many others (2 or 1 each); test for rutting
resistance, higher coarse aggregate content,
improved specifications, reduced VMA hump, etc.
(77 in all, much overlap.)

- - . . . e e

]
WE PN NOO -

7.  CONCLUDING COMMENTS

It is recognized that this presentation has been brief and it is hoped
that any PICA 4 participant with an interest in obtaining further
information on the Roads and Transportation Association of Canada
*battle’ against asphalt pavement rutting will obtain the full detailed
report on the Pavement Rutting Seminars from RTAC or the author.
Hopefully, the technical presentation and slides deve]oped’for PICA 4
have both indicated the extent of the rutting problem in Canada and the
positive action being taken with balanced, cost-effective, technically-
sound solutions across Canada from Pacific to Atlantic.
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STATISTICAL STUDY OF FACTORS CAUSING RUTTING OF EXPRESSWAY
PAVEMENTS IN COLD AREAS IN JAPAN

by

Kazuo Kaneda, Head, Pavement Division,
Takashi Sakate, Deputy Head, Pavement Division,
Yoshio Takayanagi, Researcher, Pavement Division,
and
Keizo Kamiya, Researcher, Pavement Division,
Nihon Doro Kodaﬁ Laboratory
(Japan Highway Public Corporation Laboratory)

ABSTRACT

Pavement repairs on Japanese expressways are mainly concentrated on rutting
and, in particular, rutting caused by abrasion in cold areas is increasingly

becoming a serious problen.

The Japan Highway Public Corporation has been working on the development of a
pavement management system which consists of a data base and a subsystem for
evaluating repair plans in order to create efficient pavement repair
procedures. The most important and difficult task involved in the development
is a procedure for estimating prospective rutting depths.

1t is considered that the progress of rutting on a road surface may be defined
by. a mnultiple regression analysis where the criterion variable is the
increasing value of rutting depths and the explanatory variables are a number
of factors possibly contributing to the progress of rutting. Results thus
obtained are expected not only to help improve the reliability of the pavement
management system but also to provide us with valuable information to create
the type of pavement less prone to be rutted.

With this report, we intend to describe the outline of the corporation's
pavement management system and also the current state of our efforts for
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analyzing factors which contribute to rutting in the pavement.

In analyzing the causes for rutting, we take climatic conditions (the maximum
and minimum temperatures, the numbers of summer and winter days, and the
number of snow-covered days), horizontal alignment, 1longitudinal grade,
traffic flow volume, ratio of heavy vehicles to the traffic flow, pavement
data (asphalt content, penetration, softening point, Marshall test values,
specific gravity : of aggregate, and grading), etc. as possible factors for
rutting. ¥e have first processed qualitative data using the quantification
theory of the first type, and summarized other quantitative data through
principal component analysis. We have then performed multiple regression
analysis with the .portion of rutting depth increment which could not be
defined by the quantification theory I as a criterion variable.
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"' A STATISTICAL STUDY OF FACTORS CAUSING RUTTING OF EXPRESSWAY . @ :f
PAVEMENTS IN COLD AREAS IN JAPAN ° ‘

by 't e e e

Kazuo Kaneda, Head, Pavement Division,‘
Takashi Sakate, Depnty Head, Pavement Division,
Yoshio Takayanagi, Researcher, Pavement Division,

| and . .
Keizo Kamiya, Researcher; Pavement DiviSien,
. Nihon Doro Kodan‘Laboratory
(Japan Highway Public Corporation Laboratory)

1. INTRODUCTION

Since its foundation in'1956 the Japan Highway Public Corporation has been
engaged in the construction and maintenance of Japanese expressways on behalf
of the government. The total planned length of Japanese expressways is 11,520
km of which 4,660 km is now in service as of the end of fiscal year 1989 and
the extension work is continuing at the rate of 200 to 250 km per year.

The annual cost of pavement repair of 14 to 16 billion yen (USSlOO million) is
consumed mainly for repairing of rutting ' In particular rutting caused by
abrasion on'the road has become a serious problem in cold areas. ' " 107 il

‘ RERRAEIREY
The Corporation has been in the process of developing a Pavement Management
System which consists of a data base and a subsystem for the evaluation of
road repair plans-and, with this paper; we intend to report on’the results " of
our - statistical :study we have made to date.of the factors :‘causing “rutting,

using the data collected in our data base. i+ :>0 Gl arnenas . olanmiion

: ; ST SRR SO S S S SN TRFITEO S PERPIE PULFUNE FICT SRS I R LRI PR AR O vl
1.1 THE.OUTLINE OF THE:PAVEMENT MANAGEMENT SYSTEM =& v :7 = noan  silaguwin
R O T B SRR AITITE AV IDIE PIE ECI PSRRI WY B SR TR B ESTE SU L N TE TR F LR

The pévement :management-system’is.a concept devéloped in'the "U;S.A} "aroind
1970 with'the purpose:of defining the best/way for providing safeé; comfortable
and economical pavement::for:-the benefitiof:road:users:’~*A‘ book:"Paveiient
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Management Systems" was written and published by Dr. Haas and Dr. Hudson in
1978 and the significance of the system was soon recognized among the
engineers of Japan who are involved in road pavement. (Sce Fig. 1 for the
basic concept of the system described in the book.)

- ™ s

PLANNING DESIGXN ACTIVITIES
ACTIVITIES
® Assess Network Input information on
Deficiencles Materlals, Traffic,

Climate, Costs, etc.
® Establish Priorities

® Program and Altermative Design

Budget Strategles
Analysls‘£:}’
Econorlc Evaluation
\\‘7 \\;7 Optlnlzatloq,/

waf CONSTRUCTION
S\ ACTIVITIES

ssthums MAINTENANCE
CTIVITIES

PAVEMENT
— EVALUATION

& A IR T AR
RESEARCH |
ACTIVITIES

Fig. 1 Basic Concept of the Pavement Management System

The Corporation started to develop its own system in 1980 and has so far
completed the initial data base and maintenance subsystem and put them into
operation.

The main items of the data base are as shown in Table 1. The items related to
an- individual construction or repair service are prepared in writing by each
contractor concerned in a prescribed form to be submitted to the Corporation
which then are collected and entered into the data base by the Corporation's
laboratory once a year. Data concerning rutting and cracking are collected
through investigation using crack and rut surveying vehicles (see Fig. 2)
performed once every 2 to 3 years on magnetic tapes and are stored by the
respective operation bureaus while a copy of the tapes :is sent to the
Corporation's laboratory for entry into the data base.
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The maintenance subsystem is to supply necessary documents for developing
repair plans, and Fig. 3 shows cxamples of the output documents. With regard
to the data collected on the rutting depth, the data obtained in the year when
the regular investigation was made will have to be corrected for the
difference in values added between the year investigated and the year when the
repair is to be planned (or the year the repair is to ber made) . In this
system, such correction is made by adding an estimated additional depth per
year multiplied by the number of years passed to the maximum rutting depth for
each 100 meter section as obtained by the regular investigation.

Table 1. Main Input Items for Pavement Data Base

<Construction outline data>

Section of paving work (KP), length, construction period, date

service started, geometric design, road structure {(cut or embankment, °
tunnel, bridge), traffic direction, lane

<Structure design data>

Subgrade type, subgrade materials, design CBR, design.traffic flow volume,
conversion equivalence thickness (TA)' paverment structure :

<Mix design data>
Aggregate grading (Surface & binder courses), Harshall test values.
dynamic stability, optimum asphalt content, designated asphalt content

<Material data>

Various test values of asphalt used, various test values of aggregates
used

<Construction data>
Degree of compaction at site, density at site, course thickness,
flatness, skid resistance values, equipment used

<Surface condition data>

Maximum rutting depth, rutting profile (at 5 points across), degree of
cracking, date surveyed

35mm pulse éamera

'/ﬂalrllne.
projector

MHalrline projector contrbl'unii .
@ Caera control unit . . - " "5.0m (Road wldth to 1
@Pulse signal transalission device be photographed)

iy

Fig. 2 Surface Cbndition Surveying Vehicle

—-391 -



<Sections requiring repa1r>

i‘iEES
FOA : ARRREDH :
B8 (1010) ' WZAEER

Sﬁﬂ? wEE

LIS BB 1 U =Y008 /5000 T

’i’&iff-& !m{mff!f k
E{ESER - BMOSTR
g

Aoy,
ety

Pt

N STE N SR I I Y 2% - B s
LF $Q,Eﬂ§22!&n¥£ﬂi b K s B oR
GOV e (Y () C(E) () - (aw) e : o
FO BIEH ¢ 3,100 - 3,600 S00 . -:16.2° B 16.2B 16,28 16.2B15.2B16.2 °
T MUIEIT ¢ 3,600 - L.10D 500 16.2 B 16.2B16.2B15.2816.2 B 15.2
Fo WIET ), 4100 - 4600 S00¢ 16,2 B 16.2B16.2B 16.2B 5.2 B 18.2 .
Fh WIEIT ¢ 6600 - 5100 500 16.2  BiS.Z 182 162 1.2 162
Fo, O WLEG ¢, 5100 - 5600 500 162, 16.2 16,2 . 16.2 B 15.2 B 15.2 o
TO FUEFF v 5600 - 6.300 500 16.2 B 16.2B 162 152 15.2 1.2 '
FH WUIET, 4 6100 - 6.§00 300 16.2 . - 162 162 162 162 182 B - Bridge
TH HWUER ¢ 6.600- 7.100 S00 16,2 16.2 162 162 152 [1e2 T - Tunnel
To SIEH ¢ 1100 - 1600 500 16.2 16.2 16.2B15.2B15.2 B 16.2
FThr 8 B $0.400 - 50.990 560 15.9 150 15.0 15.0 5.0 15.0
Fo 8, #. ¢ .50.800 - $1.400 . 500 15.0 15.0 150 15.0 150 15.0
Fu 8 8B ¢S 100 - 51,900 $00 15.0 15.0B815.0B15.0 15.0 15.0 s Consecutive
Ty 8 B ¢ 55900 - 52.400 $00 15.0 15.0 150 5.0 15.0 15.0 Section
jTo B 8 . 15.0 15,0 15,0 150 150
: ST v 15.0 15.0 150
<Surface Conditions> . - - = . .. S
¥ . N
§ SFIE = 58 HBEEH vvbh HIBNESH
i B (101 R gLymEE bi:sEh : FINTEsH
i am 2 B T BINNESH .
1 iy AR ) i
+~<h ph '
" K Ig’ ____________________________________________________  F_
. NEo [)5 [
H s ol
) B fons'
'y {mm) 10,
: v U 5
: M 0 1g5E-
: % [o5
: B:it
K. PTip.
tkm TSP E e a -
Epicucr xpalS o — 7 ¢ % % E P
nlosa  ass|ii L AL AN I & i 8 EH
F| 40 pE} ,
A e
‘n NBO szs T
1 D a__ AR ‘4
P RELI S T T R A S vy

<pPistribution of Rutting>

FREFRE  BINVFR EEER : I0SIFR

B U : MRS
1C:¥H
EF :f|§')

—~WaNk
Hitg : B—ET

BBEE: Ll
¥PAT . ti&iﬁfi!mﬁﬁ

-HERR: 77 A}

< HHERSER->

<EHEINRUNSE>

79 IBEND DM . 579 u anezzszw
Ve Tl
Fig 3 Output Examples
stoidny cateayant patiilbanh copfingy ©

—392—

H




=3,
Er
=
¥
2,
¥
&
o
)
§,
L
27
&
=
5%
g
g;
*
i
&
kS
EY
P
'
3
5
I
4
z
x
i
i
5
£
i3
=
I
&
£
1
¥
3

‘The -maximum - rutting. depth per.100 meter section means the . average .of the

maximum -rutting. depths measured at two.or more cross .sections within the
section. ;; The estimated additional depths per.year are given.to :each 'sector
between interchanges,  lane, and road structure (cut or embanked section,
bridge,: .or tunnel) in the regular survey year and stored as yearly. increased
rutting ~depth data. by the laboratory. All data required for the . maintenance
subsystem are prepared by the laboratory and supplied.to each operation bureau
as a set of a magnetic tape and a floppy disk.

The data flow is as shown in Fig. 4.

C%?itructlon .

Office Operatio )

(Operation B!t):?eau‘ n ) Laboratory
Office .

Construction
( or repalr service g‘é’ég%‘gu@ :
contractor

Daia o
nodulation

Surface
Conditions MT

Road Surface

| Survey Data Sﬁ{gaﬁgge
‘ . modulation |- NT
r/////// Q /77
/ Haintenance /Paverent /]
/Subsysten / ,Data Base /
S Vv

: ¢ Deteraination of Rutting
) ; S .., Depth:Increment
I ‘ l : . ‘e Entry of other necessary
. ftems
 “Fig.4 Data Flow

f ’-".’ R
H

1.2 THE DESCRIPTION OF PAVEMENT DAHAGES AND REPAIRS

Figure 5 shows the. changes in the length%of pavement repaired by the types of
repair based on’ data stored in the database.; Although some repair service

data are omitted due to delays in collection or checking processes, it 1is
clear that the majority of damages caused to expressway pavements are by
rutting and that rutting caused by abrasion has substantially increased as the

AL AT

length of expressway in service has increased in cold areas

[
S
AR [P
.
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The total repaired lane length per year by types of damage and the ratio of
lane ‘length with a maximum rutting depth of 20 mm or more to the total 1length
are shown in Figs. 6 and 7, respectively, by the respective routes. The
rutting caused by abrasion progresses faster than rutting produced by flow
and, consequently, pavement repairs in cold areas occur more frequently - than
in other areas.  In spite of the more frequent repairs, the pace of repair
cannot apparently keep up with the pace at which rutting progresses in cold

areas.
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Fig. 5. 'Changes in the Length df Pavenment Repaifs on Japanese Expressways

by Damage Types (Data Stored Iin the Data Base)
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Fig. 6. The Length of Repaired Road on Major
Expressways by Damage Types
(The average values of 1982 - 1987)
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2. ANALYSIS OF FACTORS CAUSING RUTTING IN PAVEMENTS IN COLD AREAS

Since pavement has to be maintainedfand repaired for use over a long period,
necessary investments on pavement must_benplanned on the basis of its entire
service 1life and, the premise of desiénfand repair plans for pavement is to
minimize the service 1ife costs. The pavement managenent system may be
defined as the tool for serving such purposes provided however, that it is
possible to estimate adequately secular changes in various types of damage
affecting the serviceability (or change in the inclusive evaluation index).

The pavement management system has been under development by the Corporatlonf
as mentioned earlier. The service life consideration has not yet beenl
incorporated in the systen mainly because, its estimation of prospective-
rutting depth is still made only on the basis of 4rutting depth actually
measured in each sector. The system, therefore, is not applicable to a’ newly
constructed sector of which such neasured values are ‘not available and,
furthermore, the system cannot cope with any changes made to the’ pavement'
after a repair (such as the type of pavement or mixing deslgn) or changes .in
the traffic conditions. .

In this chapter, we intend to discuss the results of our .statlstical study,
made for the purpose of formulating the progress of rutting on expressways in
coid areas, using such information incorporated in the current pavenent data‘
base as rutting depth per 100 m and other pavement data together with the
prevailing traffic and climatic conditions. ' iV :

2.1 SELECTION OF ROAD SECTIONS FOR STATISTICAL STUDY

¥e ,have;'se;écted road :sections for statistical study according to the
following conditions:

1) Located to the‘north of Koriyama Interchange (IC) of Tohoku Expressway,
2) No repair has been made during the period between two last road surveys,

3) A part of the nearside lane of a circular curve is built on a cut or
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.- embanked section,

4) Rutting data are obtainable at least at two sections located in a sector of
. -the 'same construction between the same two interchanges,

5) If sections were repaired in the past, the repair was by milling and
overlay method and made not more than once.

The reason for limiting the location to sectors on Tohoku Expressway (to the
north of Koriyama IC) is partly because expanding the target area
unnecessarily would render the study inefficient when we have not yet clearly
defined the factors affecting the progress of rutting and, also because we
anticipate some information on the relétionship between climate and rutting as
the route stretches over a 1dng distance from south to north in a succession
of varying climatic conditions. |

Road surface inspections were performed over Tbhoku Expressway recently in
May, 1985 and September, 1987. ¥e have decidéd to take the increase in
rutting depths over the period (28 months) between the two inspections as the
needed data. Sections of the road which have undergone repairs between the
two inspections have been excluded as data sources from the analytical data.

With regard to different types of road structures,' lanes and horizontal
alignments, we have determined that it would be better to analyze one type of
them separately rather than treating them as variables. Therefore, we have
selected one type of each for the analysis. Ve have selected sections cut or
embanked which comprise 70% bf‘the entire eXpressway as the typical structure
type, the nearside lané for the fypical lane where rutting develops faster and
also selected sections of circular curve rather than of clothoid curve as it
is easier for numerical evaluation.

The reason why we have made it a condition to be able to obtain rutting data
at’ least —at :two sections of the same construction between : the ! same ‘two
interchanges-is-because wé:wanted to avoid:evaluating the quality of : pavement
with dataiobtained from a:limited:part:of:the’ pavementi: ! il e :

] . oL, . RN A e T I Sren oy s R N W e e e
SITTRNRPEITOR IS SR AT FESED BN YL BRI ST FACRA BN 0 S B b i DEIR AT SIS FUY AL B SR B R A TR IR TR SAE LI S
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¥e have limited the type of repair work acceptable to the milling and overlay
method and also the number of repairs made to only once because we have
determined that the method represents the typical type of repairs done to
expressways and that the pavement which has undergone repair only once usually
retains pavement characteristics similar to a newly paved surface.

The distribution of 1025 sections thus selected is as shown in Fig. 8.

“Tohoku
Expressvay

The figures represent the nuaber

of sectlons selected.

(The parentheslized figure Indicates
the number of constructions.)

Koriyaas !

Fig. 8. Distribution of Sections Selected for Analysis

2.2 QUANTIFICATION THEORY OF TIE FIRST TYPE

Factors determined as pertaining to rutting are listed in Table 2. The
selection of factors, however, has been limited to those easily available with
due consideration to the possibility of extending the analysis to the entire
Japanese expressway system. Road characteristics, construction conditions and
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the details of pavement have been limited to those actually stored in the
pavenent data base and also to such items commonly input at regular paving
work. With regard to information related to traffic characteristics, we have
adopted the cross section traffic volume by cars classified according to toll
road vehicle classes. With regard to climatic conditions, we have chosen five
factors; the maximum and minimum annual temperatures, the number of summer
days (days of the highest temperature of 25°C or higher), the number of winter
days (days of the lowest temperature of 0° or lower), the number of snow-
covered days (days with snow depth 3 cm or more), from the "Annual Report of
Climatological Stations" published by the Japan Meteorological Agency. Ye
have collected average values of these factors as recorded at climatological
stations nearest to the related road sections during 1979 to 1986 to be used
as climatic data for the analysis.

Table 2. Items Inspected as Factors Causing Rutting

<Road characteristics>
Circular curve radius, right hand or left hand cur\e. longlitudinal grade,
traffic direction

<Construction conditions>
Construction month

<Climatic conditions>

Annual maximum temperature, annual minimum temperature, annual nueber of
supmer days, annual number of winter days, annual number of snow- covered
days

<Traffic characteristics> o

Cross sectional traffic volume, cross sectional traffic volume of heavy
vehicles (heavy and extra heavy vehicles of 3 vehicle types according to
toll classification), percentage of heavy vehicles

<Pavement characteristics>

Elapsed tige since pavement applied, Marshall test values optinum
asphalt content, designated asphalt content, penetration, softening
point, penetration index, specific gravity of aggregates used, aggregate
- grading

‘
I

The increase in rutting depth is obtained from the following equation:
Y = Constant~+,f(ri) + f(ci)~+ f(mi) + f(ti) + f(xl).i;.a(l)-

where: [ RSO S P T
Y

'y

increment of rutting depth

variable to represent road characteristics
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¢j = variable to represent construction conditions
m; = variable to represent climatic conditions

t; = variable to represent traffic characteristics
Xij = variable to represent pavement characteristic

Xy remains same for all sections within a paving work, and we can -also
consider m; and t; to remain same within a paving work since a : paving work
does not normally extend further than 20 km. Therefore, numbering -a ' paving

work '"n", it can be expressed as follows:
Y = Constant + f(ri) + f(cl) + f(n).....{(2)

where:

the radius of a circular curve

|
ro = right or left curve

rg = longitudinal grade

Ty = upslope, downslope, or level
cy = the'month of paving work

n = the paving work number

Quantification theory I is a multivariate analysis method uﬁéreftﬁe rriterion
variable is quantifatiuely measurable and - all eiplén&tury 'variables are
qualitative and, the estimation formula for the increment. of rutting depth "y
can be :obtained with this method where ry (the radius of a circular curve)
shall be expressed 1in a hierarchical rank and r3 (longitudinal grade) as
upslope, downslope or level.

The combinafions ~of various items, multiple »dorrelatipn’ éoefficients and
residual éténdard deviations in Quantification theory 1 are shown in Table 3.
Most of - these were found to be meaningless with’' the exception i of - the ' work
number and the radius of circular curve (multiple correlation coefficients and
residual standard deviations can not be largely improved) and,: therefore,: the
desired rutting depth would be expressed as in equation (3) below, using the
work number and the radius of circular curves only. RIS

. . . .
LSRR S S A Tat ool
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5 The category scores Work number i ;
: of work number 12...16
Y =:9.53 + (a;, ag, ..., a5;) 1 E
s T
§ 0
s. ............................................... PO, ‘"]:____‘é)

semsmmcecim e on e
.

The category scores
- of circular curve

Circular curve
radius ranks

-radius ranks 12 ...11 ; cei
+ 1(by, by, ..., byq ) 1; J peeee(3)

. 1o

S SRR § B
Therefore: - .. Circular curve (m). .
fa; 1 -2.11] [by ] [-9-19] ~ 500
ay -0:11 by | |-2.24 500 o 750
ag |4 -1.95| "|bg |=|-2.00] 750 ~u1000
ay -1.94 by | [-1.32] 1000 1500
ag | |-18.083 bs | |-1.57 1500 ~, 2000
ag -0.21 b | [-1.73] 2000 . 3000
aq 1.34 by | {-2.28| 3000 v 4000
ag 6.44| |bg | |-2.23] 4000 o 5000
ag 0.00f [bg || 0.00] 5000 7500
ajo|| 2.47] |byg] | 0.00] 7500 cv1r0000
ajy 3.56| |byy] [ 0.21] 10000 ~
ajg 1.73 . ,
aja 1.61
ajg|| 6.61 Multiple correlation coefficient: 0.644
a5 900 o § v, B TN T SN S
a6 1., 2-92] .. Residual standard deviation . : 4.452 -,
The equation :(3): above can be ditided into two parts,’:(h3‘ and (B),iiv:i
expressed as i YA + YB YB indicates that the larger the circular chrve
radius (the closer it becomes to a straight line). the faster the rutting
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progresses, whereas Y, provides no information as it is, but must be expressed
by my, ti' and Xy instead.

Multiple regression analysis performed will be discussed in 2.4 below and, it
must be noted that the residual standard deviation im the Quantification
theory I is an estimation error at this stage and is not to be solved by the
subsequent multiple regression analysis. The final estimation error of
rutting depth should be the sum of the estimation errors derived from the
Quantification theory I and the multiple regression analysis. In other words,
although it is not possible to determine the residual standard deviation at an
accuracy above the level of 4.45 mm, it should be considered tolerable as seen
from the 1level of actual measurement accuracy of rutting depth (+/-3 nmn
tolerance is accepted as the measurement is taken from a vehicle running at a
speed of up to 60 km/h) or the partial inconsistency of pavement resulted from
actual paving work.

Table 3. The Combinations of Items at Quantification Theory I

Iteas

Cosxbinatfion Kultiple Residual
nuzber Paving | Clrculer] Paving | Longitudinal] FH or Traffic correlation| standard
vork curve work grade LH curve| direction | coefficlent | deviation
puzber { redlus nonth
1 o 0.602 4.546
2 [} o 0.644 4.452
3 o [ 0o 0.649 4.433
4 ] [ [} [} 0.650 4.433
- o [} o [} [} 0.651 4.433
[ [} [} [} o [} o 0.651 4.435

2.3 PRINCIPAL COMPONENT ANALYSIS

As mentioned, climatic conditions chosen as influential to the progress of
rutting depth are the maximum and minimum annual temperatures, the numbers of
summer, winter, and snow-covered dayél VThere'are strong correlations betweeﬁ
the maximum annual temperature and the number of summer days and between the
mininun annual temperature and the number of winter days (see Table 4).
Therefore, a possibillty exlSts:that'the problen of multicolinearity may::bé
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generated by using all these factors as explanatory variables 'in -a - multiple
regression analysis. Although the problem may be-eliminated by excluding the
maximum temperature (or the number of summer days) and the ninimum temperature
(or ' the number of winter days) from the explanatory variables.. We -were
concerned that insufficient number of explanatory variables might result in an
insufficient explanation and, therefore, we have decided to retain  at - least
these five elements which are considered necessary to express climatic
conditions throughout a year properly. '

The principal component analysis is a method of analyzing an object as a whole
instead of scrutinizing each factor separately. We can utilize this ' method
for ~ solving the problem of multicolinearlity as mentioned above. It ‘'derives
from the fact that, for example, even if there is a strong correlation between
factors x4 and'sz, such a strong correlation may 'not “in -principle ' be
applicable to ' their principal’components"zl and z, (See Fig. 9). ~Even if
either of -2; or z, needs-to be left out of the ~explanatory variables, the
influence of both x4 and Xz can still be evaluated with the: remaining

Lt

component.

Table 4. Correlation Coefficient Matrix
of Cllmatic Factors

Annual Annual Annual Annual Annual nuzber X2
raxisun sinicua nunber of nuaber of of snow~ i
tesperature| tesperature | sugzer days ylnter days] covered days

2.

Annual
waxizua
teaperature

-0.646

Annual
aininua
teaperature

Annual
nusber of
sunzer days

Annual
nusber of
winter days

X

Annusl pusber
of snow-
covered days

Fig. 9. Concept of
Principal

L Sl e o I _ Component
: Correlation ccefficlent zbove 0.70 L ‘ Analysis

‘
13

: - Correlaticn coefficieat above 0.90 -
- ’ i :

H
H
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In- the analysis of principal components, a large number of variables, Xy,
XgseswsXps shall be substituted by a small number of independent general
indices 2z, 2g9,..., z, where principal component "zi“ is expressed as zj; =
a11X1*8 9Kt . . tajyxy+. .+ 85X, The vector of coefficients {ajy, ajg,..., ajp}
are called i-th-eigenvectors and are calculated so as to minimize the loss of
information. : Furthermore, the eigenvectors are orthogonal to each other. The
value of each sample on the zy axis Is called the i-th principal component
score of the sample and will be used as an explanatory variable in the

subsequent multiple regression analysis.

The results of a principal component analysis performed on the five factors
representing climatic conditions are as shown in Table 5. The scope of - this
analysis ..was extended to include seven other main expressways besides Tohoku
Expressway - to meet our prospective need for nationwide analyses in future.
There . are two different units of the temperature (" C) and the number of days
to - the factors and, also, the factors can not be directly compared with  each
other even. _if .they take the same unit. The data, thefefore, have been
standardized so that each factor becomes 0 in the average value and 1 in the

standard deviation (x — (x—xmean)/ Sx)'

Table 5. Results of Principal Component
Analysis of Climatic Conditions

: Eigenvectors
Cliratic conditions
: 1st 2nd o 3rd - |- 4th- 5th
Annual maxigum 0.448 '0.530 - 0.256 -0.670 0.060
temperature : : ‘ '
Annual minimum = 0.463 -0.456 0.213 0.095 0 0.724
temperature ) : '
Annual number of . | 0.460 0.480 0.127 0.725 | -0.124
sugner days : : B
, _Annual number of -0.452 0.529 -0.225 0.091 0.676
: ;ﬁlnpgr days _ ’ i
 Annual number of -0.412 . 0.021 0.907 0.088 -0.002
- snow-covered days : T : .
Eigenvalue 4.008 0.533 0.388 0;045 ;"0.026'
Proportion 0.802 0.107 0.078 0.009 0.005
Cumulative 0.802 0.908 0.986 0.995 1.000
proportion
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The next problen is how to evaluate the aggregate gradings The influence of
aggregate grading can not be evaluated siuwply by the volume of aggregates
passing through a 2.36 mm sieve. but it needs to be nore precisely analyzed by
values on which the entire grading curve is reflected Although the grading
curve 1is usually represented by the cumulative distribution of percentages,
there are inevitable correlations between the adjacent percentages of passing
aggregate volumes and using all of the grading passing sieves of different
sizes as explanatory variables will most probably(result in generating the
problem of multicolinearity like in the case of ciimatic conditions. This
problem, however, can be solved by depicting the distribution of different
particle sizes by the;mixing ratio of aggregate'(See:Figi'lo, Table 6.)

However, it will result in the inefficiency of depicting one grading curve
with 10 explanatory variables, therefore, it is moreirecommendable to perform
the principal component analysis as in the case of cximatic conditions.

The results of the. principal component analysiS-on the mixing ratio of
aggregate are 1listed in Table 7. The scope~of anaiysisiencompasses 7 main
expressways in addition to Tohoku Expressway in the ‘same manner as for
climatic conditions ‘where "the data were collectedg from 379 paving works
selected according to the same rule as the selection of road sections for the
rutting depth increment data :

(%) Do S o

100 | ] ¥ — T T 23 - ; >~‘
90 ! H | oy : i A1
ool P S A 20 | (b)Distribution by (=]
g curve ARE : - particle =
79 b oy e - slzes -
60" o a 1l 15 - {
Lo Ay
501 ! : 1
40 : : | : : : : 10 4
30 b ot
' t ot . '
. 111
20, b RN °1
10 1 I DR B B
1 1 ' i r- 1
ol ———1 -+t +i - 2 llsst e =
0074 015 03 0§ 25 5 101329 < 0-0074 . 0,i5-03  06-25 5-1010-1313-20
. 0074-0|5 03-06 25-5
Sieve size(mm’ o ’3: : 1 ; Particle size (mm

Fig: 10. Expression of Aggregate Grading

L H

— 405 —



- 90F -

Tablggsuf5Correlation}CoefficientnMatrix‘of,Aggregate Mixing Ratios}by‘Pgrtic1¢781ieé'

19.0 mn or more |13.2°- 19.0 |9.5 = 13.2 [4.75 - 9.5 {2.36 - 4.75 | 0.6: = 2.36| 0.6 - 0.3 0.15'~ 0.3 | 0.075 = 0.15 |0.075 mn or less
19.0 mm or more -0.236 -0.602 -0.386 =0.005 0.040- | :*. 0,085 ... 0.003 =~ "20.025
13.2 - 19.0 -0.267 -0.434 -0.125 0.135 .. 0.101 i| ..-0.069. |. 0.011
9.5 - 13.2 . =0.236 ~0.267 -0.245 10.159 0.043 -0.036. | .-0.1947 | .. 0.106% |.. -0.213 .
4.75 - 9.5 -0.602 -0.245 0.044 -0.032 | -0.121 ' | T-0.014 . |  -0.048 . 0.129
2.3 = 4.75 | ....=0.386. .=0.434 ... | .. 0.159 10,044 -0.015 | -0.243 | -0.227 _| - 0.105- | "-0.543
0.6 - 2.36 -0.055 -0.125 0.043 -0.032 -0.015 -0.421 | ~-0.484 - | ~ -0.006>- [ .-0.050
0.3 - 0.6 0.040 0.135 |~ -0.036 -0.121 -0.243 -0.421 |- -0.136 - | -0.276 - |T  0.223
0.15 - 0.3 " 0.085 ©0.201° -0.194 -0.014 -0.227 -0.484 | -0.136 ““-\\\;‘ . =0.073 - 0.122
0.075:= 0.15 ~-0.003 © <0.069° | " 0.106 -0.048 0.105. -0.006. | -0.2761.| _-0.073 -0.202
0.075 mm or ess | .. =0.025. ..|- -0.011 -0.218 0.129 -0.543 -0.050 |:0.223 -'| .- 0.122 . =0:202 . |-
- Corrclation coefficlent above 0.70




Table 7. - Results of Principal Component -
Analysis of Aggregate Grading - -

- Efgeavectors
Particle size
1st | 204 3rd | 4w Sth

19.0 nx or pore - - 0.510 -0.245 | 0.040 -0.121 -0.097
12,2 -19.0 0.551 | -0.208 | - o0.012 | -0.035 } -0.m15 |
9.5 - 13.2 -0.18¢ | -0.213 | -0.123 | o0.443 | o.593
475 - 9.5 -0.376 | 0.5 |- o.081 | -0.223 | -0.125
2.3 - 4.75 - | -0.315 | -0.285 ] -0.m2 | o0.076 | -0.420
0.6 - 2.35 -0.145 | -0.282 | o.702 | -0.129 | -0.025
0.3 - 0.6 | o192 | o.283| -0.101 | o0.6s3 | -0.089
0.15 - 0.3 0.168 | 0.213 ] -0.4ss | 0425 | o145
0.075 - 0.15 -0.098 | -0.286 | -0.165 | -0.310 | o.520
0.075 2x or less ] o.ass | .o0.4s5] o.37 | o.om | o0.364
Efgenvalues ) 2761 ] 1909} 1.3s2 | 1.216 | o0.948
Proportion ] 0.216 | o0.191 | .0.138 | o.128 | o.095
Cusulative proportion 0.276 0.467 0.603 0.731 0.826

2.4 MULTIPLE REGRESSION ANALYSIS

In this multiple regression analysis,pthe criterion variable is " the’ portion
(A) of - the above equation (3) and the explanatory variables used are as
follows:

mzg: the “i-th" principle component score related to the climatic
conditions (i =1 - 5) ~

ty: accmmblated cross sectional traffic volume between two road surface
inspections, ty: accumulated cross sectional traffic volume of heavy‘
venicles.’t3: the'percentage of heavy vehicles

xq: the number of elapsed months since the last pavement work
Xg:- density, x3 stability, X4° air voids, 7
xsfh'flow value. x6' residual stability, Xq: the value stability/flowf
XB{ 'the optimum asphalt content x9 the designated asphalt content :
xloﬁ the penetration, xli softening point x12 penetration index,u f
‘-':xléi‘specific gravity of aggregate,vr ;

g2y * 'the "i th" principal component score of aggregate grading (1 =1- 5)

R
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Table 8. Correlation Coefficient Matrix of Explanatory Variables
Applied to Multiple Regression Analysis

iy 22y w2y [t (223 3 2 ty LY 73 1y 3 13 1
15t clisatlc priacipal cceponest sgore a -0.4%1 |-0.527 J0.211 § 0.449 -0.657 {0.112 ]-0.235 } 0.053 |o.4s1 | 0.422
234 clisatic prieclpal cosponeat scote L7 -0.4H 0.113 lo.a17 [-0.¢89 }-0.2¢¢ |-0.251 [-0.035 | 0.100 [0.168 -0.218 1-0.642 | 0.128 | 0.4
314 clisatic priecipal coepozeat score ety -0.527 | 0.779 0.2% | 0.214 2 ©.519 [-0.485 FO.IT¢]-0.2K
4th clfaatte sriscipal ccupozeat score 2y 0.211 §-0.477 | 0.2%¢ 0.692 LFo.131 [-0.093 | 0.030 ] 0.169 Jo.001 | 0,358 j-0.221 0.138 | -0.C58
Sth clisatic priscipal cospozent scoce nty 0.449 [-0.633 | 0.21¢8 | 0592 L0.118 |-0.925 { 0.235 | 0.234 }o.232 | o.44X 1-0.228 [0.109 -0.01¢

Acceaalated crose sectlozel traffle voltee ) -0.244 -0.131 [-0.178 }0.035 ]-0.673 ] 0.245 | 0.583 | 0.42¢4

Az¢sazlated cross sectlozal traffic welese ~0.2%1 -0.038 | -0.028 0.045 1-0.626 | 0.234 | 0.553] 0.453

of Eeavy veklcles Tz

Percestape of Bexvy vedlcles : LI -0.€35 [-0.458 0.0 | 0.255 0.2%4 1-0.420 |-0.¢37 1 0. 484§ 0.387

FosSer of sxatis elepsed sioce paveaceat -0.6¢7 § 0.100 ©0.168 | 0.23¢ 0.031 | 0.652 {-0.c85 |-0.671 | -0.5K

27911ed . n _- .

Farasdsll test values: 2aity ;, 0.312 |-0.1¢s | 0.003 Jc.001 ] 0.292 [-0.095 f o.cis | .23} 0.0 0.523 [-0.519 [-0.185 | 6.200
Stadility Iy <9285 [-0.278 § 0.579 | 0.336 | 0.444 ]-0.673 ]-0.628 }-0.420 | 0.652 ] 0.50) -0.435 |-0.378 ] -0.1558
Alr volds L 0.030 [|-0.042 [-0.455 J-o.221 J-0.228 [ 0.255 | 0.234 ]-0.087 [-0.045 [-0.51% -0.438 -0.100 | -0.074
Floe velce 15 o.4s1 | 0.125 [-0.31¢ | o.188 [-0.109 | 0.503 | 0.563 | 0.4k8 ]-0.6471 [-0.185 [-0.31¢ -2.10Q 0.297
Renldzsl stedility 15 0.451 |-c.11¢ [-0.254 [-0.086 |-0.016 J 0.424 | 0.453 | 0.387 |-0.504 0.2 -0.158 1-0.07¢ | 0.2
Stedllity/floe valee 1y -0.493 [-2.224 ] 0.523 [-0.001 | 0.242 -0.55§ -0.455 s g 5] -0.193

Optle=s 23581 coateat 1 0.c69 | 0.103 ] 0.25¢ Jo.257 | o.189 [-0.147 |-0.138 |-0.017 | 0.103 [0.547 |-0.214 0,261 ] 0.184] ©.C47

Deslgaated aspialt costeat - . Y -o.018 | 0.033 ] 0.323 1 0.233 ] 0.201 }-0.248 [-0.23¢ |-0.0T} 0.153 |-9.509 |-0.188 | 0.771 |-0.017 ] -0.03)

Pesetratiss at 25°C I -0.150 {-0.357 | 0.011 }-0.338] 0.033 [-0.214 [-0.222 [-0.433 ] O.343 { o.M 0.451 | 0.035 ]-0.612] J.0M

Saftealag polist m 0.229 1 0.630 ] 0.033 [ o.637 | 0.235 | o.119] 0.152 ] 0.353 | -0.150 }-0.195 |-0.203 }-0.183 | 0.515 | -9.221

Pesetratioa Isdex LYY 0.237 |-0.210 | 0.182 0.437 [-0.090 ] 0.c47 | 0.188] 0.072 [-0.053 | 6.C47 |-0.097 0.257] -0.2%4

Specific grevity of sggrefate 133 0.238 f-0.201 | 0.174 | 0.135 | o.s10 {-0.238 [-0.033 | C.451 ] 0.125 | 0.552} 0.203 -0.245 {~0.262] 0.062

1st graifeg principal conjoaest score w; |-o-419 ] 0.297 ] 0615 J-o.317 )-0.035 §-0.499 0.413 |-0.¢610 -0.35¢

254 graileg priscipal coxposest scors [£7Y 0.512 1-0.203 [-0.35t  0.25¢ | 0.027 | 0.558 | 0.555 | c.479]-0.624 | 0.276 {-0.259 }-0.251 ] 0.331] 0.25)

3rd gredieg prizcipal cesposeat score oy ~0.235 |-0.611 | 0.428 [-0.12¢ | ©0.353 f-0.653 {-0.502 {-0.181 ] o.625 | o.m2] ©.541 ] ©.152] 0.542] -0.233

4th graifeg 2rlscipal conpodent score [ 7] -0.016 [-6.199 | o.58¢ | o.14s5 | 0.263 |-0.591 {-0.323 ]-0.457 ] 0.835 } 0.212 ©.655 |-0.237 ) -0.6M4 ] -0.175

Sth gradleg priacipal cospoccest score (213 0,630 ]-0.145 |-0.681 | 0.051 | -0.11% 0.522 ~0.433 [-0.048 0.319

} 3 s 1y 19 - 2 1y o 2 T3 iy

13t clfastlc principal cospcaent scote 3y -0.458 | 0.cs90-0.018 ]-0.150] o0.229 ] 0.237] 0.238 ] -0.679] o.512 |-0.235] -0.31¢

234 clisatle priecipsl coaposeat scote 1y -0.2c3 | 0.103] o.038]-0.357] o.080 |-0.210]-0.201] 0.297] -0.233 [-0.071 | -0.1%9

3rd ¢linatic principal ccapoacet score ary ©.523 ] 0.25¢ | 0.323]1 o0.011 0.5%4

4th clfastic prisclpsl coszpozeat score [TH -p.001| 0.257] 0.203 1-0.38 0.143

Sth clisatic principe} cexponeat score azg 0.2¢5] 0.183] ©€.201 1 0.00) 0.25%

Azcursleted cross secticzal traffic voluae 1t 2 ~9.2¢48 1-0.214 -0.5%1

Accorsleted cross sectlosal traffle valexe -0.234 [-0.222 -0.583

of Beavy velicles T3
Peccentsge of Reavy vedlcles ty -0.071 |-0.433] o0.353 ] o.185] o.a51] -0.453} ©.«4i9 |-0.162]-0.467] 0.522
Foader of saatks elapsed slece paveseat 0.193 | 0.34%] -0.183 | 00712 0.€25) ©.635
239l R 1y . %
Zarsiall test valuves:| Ueasity 1 -0.347 0.131] -0.195 | -0.099} 0.562] c.c30] 0.27¢ | e.M12] ©0.212] 0.0
StaMlity 1y ~0.2:4 0.as1]-0.233 | o0.ca7| ©.209] 0.413] -9.259 | 0.541] 0.455]-0.483
Alr volds . xq -2.058] ©.261 o.ces) -0.109 | -0.097] -0.245] -0.010] -0.281 |-0.152] -0.337
Flov valce L1 0.144 -0.613] o.518] o.257] -0.262 9.3351 |-0.542] -0.634 2
Resiézal stadillty 3¢ -0.195] e.ca7 0.03¢] ~0.221 [-0.234] o0.052 0.23 |-0.233] -0.175] .37
Stadlity/{lcy valee 13 ] -2-192 0.660} -0.50¢ [ -0.192| ©.273 ~0.431 | 0.¢37 ;
Optiszs ssptalt coatest E 1Y -0.192 .331} o0.333] o0.247] 0.19} ©.602] -0.131 j-0.07¢
Designated sepdalt cals:l By ~p.o17 -0.258] 0.250] o0.160} o0.2¢8] o.145] -0.164 | 0.020] -0.022] -0.2%
Pezetratloa at 25°C 13 0.650] -0.321 ] -0.255 ~0.063] 0.451] -0.2¢¢ ] 0.235| ©.%41]-0.33¢
Softeatng polat ‘- “iayy [ rocsce] o) o250 ©0.153] -0.438] 0.320 [-0.337] -0.342] 0.25¢
Pecetrstios fafex LIV ~0.192] ©0.247] 0.160 0.185] ~0.287] o0.231 j-0.264] -0.C45] 0.107
Speciflc gravity ef aggregate 53 0.273] o.1%0] o.2¢8]-0.ca3 ) 0.153 ] 0.118 0.17¢] 0.07¢ ] 0.508] o0.029] -0.347 Cosrelutles
1at qrading priscipal cesposeat score '™ i] o.002| e.tas| oesaf -e.a3sl-0.287] 0aa7¢ -0.630 | 0.61] o502 Cefrictent

204 gradlag priocipsl cospozeat score (73 -0.431] ~0.171{ -0.164 [ -0.248} 0.320] ©0.231] 0.07¢} -0.6%2 -0.1%] o.¢ls
3rd gradieg priscipal capocent scere 61y ) 0.sa1) -0.016] ~0.020 | 0.295] -0.337{-0.26¢] 0.505] o.6m1 6.313] -0.¢s¢
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The correlation coefficients between the. respective explanatory variables are
as shown in Table 8. It is generally understood that the existence of a
number of correlation coefficients above 0.90 between explanatory variables
may result in generating the problem of multicolinearity. Although a strong
correlation ‘can be observed between some of the explanatory variables 1listed
here. we have determined that the omission of such explanatoryv variables
should not result in a vital lack of information. The reason why Ea
significant ~degree of correlation exists between some ~of the climatic
conditions or aggregate grading may be traced to the fact that, however the
principal component scores were obtained from the nationwide data, the scores
used here have been limited only to those obtained from the selected sections
of Tohoku Expressway. A

We have selected 4 to 7 explanatory variables to obtain combinations where the
multiple correlation coefficients would be the maximum as shown in Table 9 :
There "is a distinct difference observed between variables selected from 7
explanatory variables and variables selected from 4 to 6 explanatory variables
(as‘ the 4th principal component score related to climatic conditions and the
5th principal component score related to grading would then hardly be
adopted). Therefore, the optimum number of explanatory variables ‘may be
determined to be 6. | o

¥e believe that the 4th principal component score related to climatic condi—
tions, softening point and the lst and 5th principal component scores 'related
to aggregate grading which - may ‘be often selected for the 6 explanatory
variables are quite significant ‘Since both the penetxation and penetration
index have strong correlation with the softening point and it is difficult in
practice, to make a requirement to ignore this correlation at the selection of
asphalt to be used. Therefore, the penetration and penetration index are not
so important that they should be selected in preference to other- variables

The multiple regression analysis was performed on the combinations with

asterisks as shown in Table 9 on the basis of such determination
‘ .
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The results of the multiple regression analyses were obtained as shown in
Table 10.- There are no noticeable differences between the residual standard
deviations by the ten equations as shown in the table, and the results
indicate that Y, can be deducted with standard deviation errors of not more
than 1.3 mm through any of the expressions However, as mentioned earlier,
the estimated accuracy of the rutting depth increment (Y = YA + YB), is the
sun of the residual standard deviation obtained through Quantification theory
I under the paragraph 2.1 above and the same obtained by this multiple
regression: analysis, and the result should then be about 5.8 mm.

With regard to climatic conditions, the analytical results indicate that the
rutting depth increment becomes smaller as the 1st and 4th principal component
scores get' larger and it becomes larger as the 2nd principal component score
gets larger - The factor loading (the correlation coefficient of the principal
component and " the sourceh variable) of the lst 2nd and 4th principal
components - is as shown in‘Table 11. The 1st principal components score
becomes larger in a warmer climate and the 4th principal component score
becomes larger .as the number of summer days increases The_,fact that the
rutting depth increment gets smaller as these_ scores increase clearly
indicates that the rutting depth increment becomes‘smaller'as the prevailing
clinmate becomes ‘milder and, therefore, we can determine that the fact
correctly represents the relationship between the rutting increment and the
prevailing climate However, the 2nd principal component score gets larger in
areas of 1arge temperature fluctuation and, it is difficult to determine the
implication of .the fact that the rutting increment becomes larger as this
score increases; - There is a certain element of negative correlation between
the 2nd and 1st as well as between 2nd and 4th principal component ‘scores and
it is suspected to have certain influence on the trend

The reason why the regression coefficient related to the traffic volume is a
negative value may be due to the fact’ that the cross sectional traffic volume
on Tohoku Highway is correlated to the changes in climatic conditions (there
is greater traffic volume in warmer sections of this expressway)
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';‘abie 10. . Results,ofmMuitiple}Reﬁg*'re‘ssién Analysis S

: Yo. R S N 3 30 | 4. | .si) s CANCH - Y B E T3

Constants - . . . . |=89.110]-96.351| +77.925 |-70.35 | ~66.181 | -85.103| -97.300 | -88.038. | ~131,207 | -130.802 "

1st cllmutlc"‘prlnc'ipa];‘comﬁoncn: score xizl - L[ De=l.286 00 . A R 1o -1.800 | ) . =1.851 |- -1.911 7|

2nd climatic.principal component score - mzy . - - - | 5 N &) £0.550 | - SR SR B

4th climatic principal.component score .- mzy ) : ~10.863 | <12.572( ~12,141 |~11.142 =10.050 | -11.148 -8.909 | -11.591 | -~10.215 ©2=10.804 -
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of heavy vehicles = . . .. 7"ty (10,000 vehicles) |. : v . N P =0.0036

Marshall test values: .{Denslty T xp (efea®) i L |-11.870 | =15.247 -14.920 | -12.754 -13.526 <2757 % | e

v [stabiitey X (kef): - T , R -0.007

‘|Alr volds X %) 0 o B D : Yoo 0.999 Y

Rcsiglual stabllitx xg (%) = - - . . o ‘ -0.082) N N PO e

-1y —
Regression coefficient

Stabllity/flow value x; (100 kgf/cm) . o o] -0.302

Optinum asphalt content - - xg (%) - : N A I ) . S s TS I R OF 1.1.

Softenlng polnt >~ . S L 2.728 | 3.081f .2.701 | .2.561| 2.364 | -2.276| 2.445| ‘2.787 | = 2.920| 2.744 |

ist grading principal component score . gz; - . |/ =4.325 | "-4,757| -4.830 | -4.474 ~4.484 | =4.773) <3.863 | -=4.44G. | . -3.819 [ -4.036 -

4th grading principal -component score - B2 . S| - 0,426 Sl =] -0.693 el T

- N ad Py e o
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Table 11. - Factor Loading on Climate ..
Related Principal Components

; ol R Principal componentsi
Climatic conditions. T

; - o 1st - 2nd 4th
Anﬁua}lmaxlmum‘ggmpgrature 0.897 | 0.387 -0.141
Annual minimun temperature 0.926 | -0.332 | 0.020
Anﬁua%lpumber of summer days 0.920 0.351 0.i53
Anéua} number of winter days 1 -0.905 0.386 0.619

. . padl S :
Annual number of snow-covered days -0.825 | 0.015 | 0.019

It can be detérmined from the regression coefficient related to ﬁarshall test
values that %it;is-a more efficient measure against rutting toé use asphalt
nixture which is high in density, stability, residual stability and the value
of stability/flow .and low in-air voids. : The analytical - results where the
rutting increment proves to be smaller.with a mixture with less amount-of - the
optimum asphalt content may be: explained by the fact that the optimum : asphalt
content is in a negative correlation to the density, stability, - and
stability/flow value and positively correlated to the air voids.

With -regard : to:the softening.point of asphalt,:the analytical -results : show
that the rutting increment increases with it, however, it will not - allow an
immediate comparison of the suitability of different grades of asphalt - since
the range of softening points of asphalt-used in the analysis have a small
spread between 44.5 and 47.5 C.

As to the aggregate grading, the rutting increment tends to become smaller as
the 1st and 5th principal component scores get larger and becomes larger with
the 4th score gets larger. The factor loadings of the 1st, 4th and S5th
principal components are as shown in Table 12. It seems to be more efficient
a measure against the rutting increment to use more of aggregates of 13.2 mm
or larger and 0.3 mm or smaller and less of aggregates of sizes between 2.36
mm and 9.5 mm.
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Table 12. Factor loading on Aggregate
- " Grading Principal Components

B S S Principal component

Aggregate mixing ratios Ist ond T ath
19.0 ma or above 0.847 -0.136 -0.094
13.2 - 19.0 0.915 | -0.040 | -0.112 |
9.5 - 13.2 “0.306 | o0.501 | 0.578
475 - 9.5 “0.625 | -0.251 | -0.122 | ¢
2.36 - 4.75 -0.622 | 0.086 | -0.209°
0.6 - 2.36.  |.-0.243°| -0.146 .| -0.024
0.3 - 0.6 0.320 0.748 | -0.087
0.15 - 0.3 0.279 | -0.480 0.142
0.075 - 0.15 . .| -0.163 | -0.350 .| 0.507,
0.075 or below . | 0.262 | 0.013 | 0.354'

The above results have been obtained from the study only of Tohoku Expressway.
¥e mnust  wait until other expressways are properly surveyed and: the results
verified before - we can judge that:those results may be applicable: to ‘all
expressways -in cold areas. o et Coo Tt

The influence of traffic volume and the grades of asphalt could not be
thoroughly studied, as our study has been limited only to Tohoku ‘'Expressway.
We anticipate that the future expansion of the scope of our study should help
clarify these points. - - e B R I RS

' N B [ P B : R S T IR A P
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3. CONCLUSION

Investments for pavement must be planned so as to grasp the pavement service
life in its entirety and to minimize the general service life costs. We: need
to be thoroughly informed of the secular changes of damage to the pavement
and, in: particular, of rutting depth since the major part -of repair works
performed on Japanese expressways are to repair rutting.

¥hile there are many factors affecting the rutting increment, we can ' safely
surmise from the results we have obtained in the study performed on : Tohoku
Expressway that it is substantially dependent on the horizontal alignment of
the road and the rutting becomes more pronounced as the radius of circular
curve increases (as it gets closer to a straight line) whereas the difference
between right hand or 1left hand curves, longitudinal grade, traffic .
directions, the month of paving work have 1little influence on rutting.

It has been verified that the rutting increment gets smaller in warmer
climates according to multiple regression analyses where the portion of
rutting depth increment, which could not be explained by the circular curve
radii, 1is used as the criterion variable, while climatic conditions, traffic
characteristics, the Marshall test values of asphalt mixture, the optimum
asphalt content, the softening point of asphalt used, and the aggregate
grading are used as the explanatory variables. With regard to rutting due to
abrasion, on the other hand, it is more suitable for the prevention of rutting
to use asphalt mixture where the density, stability, residual stability,
stability/flow value are larger and the air voids and the optimum asphalt
content are smaller. As to the aggregate grading, it is more effective to use
more of grain sizes of 13.2 mm or larger and 0.3 mm or smaller and 1less of
grain sizes between 2.36 mm and 9.5 mm.

However, it is yet to be determined whether the analytical results obtained
from Tohoku Expressway are applicable to pavements on all expressways and they
need to be verified by performing similar studies to all other expressways.
The influences of the traffic characteristics and the grade of asphalt on the
rutting depth increment could not be clarified in this analysis, but remain to
be determined in the future.
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