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1. Introduction

When vehicles pass across asphalt pavements at high temperatures, rutting is
observed on the surface of the pavement. Recently, the rutting of pavements using
modified asphalt has decreased, but longitudinal cracks are frequently observed in
asphalt pavements at high temperatures in Japan. Many longitudinal cracks occur even
at the center of traffic lanes outside the areas where the wheels of moving vehicles
directly contact the asphalt pavement. The causes of the longitudinal cracks have not
been fully elucidated.

Much research has considered the longitudinal crack to be caused by shear stresses
arising from the moving vehicles at high temperatures [1-5]. It was supposed that those
cracks may be occurred by large strains for short periods at the asphalt mortar in
mixture under the wheel of the passing vehicles, when they exceed critical strain
values [6]. This paper examines where in the asphalt the cracks arise using two
methods. One method is to measure the tensile strain and shear strain in mixtures. The
value, the position, and the direction of the those strains were measured which arises
around aggregate in asphalt mixtures under wheel tracking test (TRRL Type) at high
temperatures for three types of asphalt compositions, using the ARAMIS system (GOM
MbH., Germany). Other method is to measure a three dimensional crack in mixtures
using CT scanner (Shimazu Corporation, inspeXio SMX-22CT) and soft ware (ExFact
Analysis 2.0 for Porous/Particles, NVS LtD.) for small specimens after wheel tracking

test.



The results show that tensile strain and shear strain were accumulated under
repeated loading at high temperatures and the cracks in the asphalt mixtures were
caused by accumulated strains which exceed specific values. The cracks were mainly
caused by tensile strain rather than shear strain.

This paper shows ARAMIS system and three dimensional crack analyses were very
useful to measure the strains and cracks in mixtures under wheel tracking test at high

temperatures and the quality of asphalt mixtures can be evaluated by those methods..

2. Experiments and methods
2.1 Materials
2.1.1 Asphalt
The characteristics of the asphalts, which were used in this study, are shown in
Table 1.
Type kai asphalt (Type kai) is a modified Type that is commonly used in Japan.
Asphalts No.3 and No.5 are high viscosity asphalts, according to the Kyoto

specifications as detailed below [7].

2.1.2 Composition of mixtures
Four types of aggregate mixture compositions were used in this study: a gap type
coarse mixture with an upper limit in the grading curve (Upper: SGU), a gap type
coarse mixture with a mean limit in the grading curve (Middle: SGC), a gap type
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coarse mixture with a lower limit in the grading curve (Lower: SGL), and a hybrid type
(KW', ahybrid type mixture of porous asphalt and dense graded type mixture) in

Table 2. The void ratio of mixtures in this study was shown in Table 3.

2.2 Methods
2.2.1 Wheel tracking tests (Hokkaido University Type)

Wheel tracking test of Hokkaido University Type was used in this study. The
outline of this test, test conditions, and the method how to make the specimen are as
follows.

The specimens (5 x 30 x 30 cm) in this test were made according to the
specifications of a pavement manual [8] commonly used in Japan, and the wheel
tracking test of Hokkaido University Type [9] is the same type of Road Research
Laboratory in UK, but the one end provided with transparent glass. Mixtures were
compacted by the same type of roller compactor in Road Research Laboratory. The
rutting depth in mixtures under following conditions at 2,400 passes was 1 mm or

smaller for all compositions in this study.

Contact pressure of wheel: 0.54 MPa (5.5 kg/cm?)

Width of solid rubber tire: 5 cm

Moving speed of wheel: 42 passes/minute, Test temperature in room: 45 C
Steel frame for holding specimen: One end provided with transparent glass
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The nearest distance of wheel path: It is located 5 mm apart from the glass
Side conditions of specimen: Three sides were covered by insulating layer (3 cm) and
steel frame.

Asphalt specimens (5 x 30 x 30 cm) were cut 3 cm from the end of the specimen
with a diamond cutter to measure the strains. The specimen was placed in the holder
with the cut surface facing the transparent glass.

Method of Photography: Two CCD cameras were set at angle in front (glass side of
specimen) of the samples and photographed the end of the specimen using the two
cameras simultaneously.

The timing of photographs (pass number of the wheel and the stage number) for an
experiment with a total of 2,400 passes of the wheel (10 Stages) was at: 0 passes (0
Stage), after the first pass (1 Stage), at 50 passes (2), 100 passes (3), 200 passes (4),

400 passes (5), 600 passes (6), 1,200 passes (7), 1,800 passes (8), and at 2,400 passes

(9).

2.2.2 ARAMIS System
2.2.2.1 Details and Principles of the ARAMIS System
The ARAMIS System is an optical system for measurement of 3D deformation
and strain [10]. Precision of this system (strain: 0.01 %) had been confirmed by gauge.
This system uses two cameras taking photographs with so-called digital image
correlation (DIC). In this case, the cut end (5 x 30 cm) of the specimens was sprayed

7



with white and black in a random pattern. The ARAMIS sensor using a stereo method
and DIC analysis of the random pattern (dot diameters: 1 mm or smaller) are enables to
determine the 3D strain and the 3D displacements on the surface of the specimen.

It can measure the deformation in the blink of an eye for the end section of
asphalt mixture under wheel tracking test at high temperature using CCD camera.

Thereafter, the strains and the direction of strains were analyzed by ARAMIS system.

2.2.2.2 ARAMIS Analysis
The sprayed markers (diameter: 1 mm or smaller) and points at the four corners

of the steel frame holding the specimen were used as standard points to measure the
deformation and strains across the specimen. The images of photographs for end of the
specimens (50 x 300 mm) were divided into about 2,400 facets (one square of facet :
25 x 25 pixels, 6 mm?/facet). The resolution of CCD camera was 5M pixels = 2448 x
2050 pixels. The value for the changes in positions of the four corners of the facets and
the centers of the facets between images of photographs (taken after different pass
numbers) were measured. The direction of the shear angle of facets (shear in the
following) and tensile strain of the facet was obtained using the difference from the
initial position (initial coordinate) and the deformation gradient tensor [10].

The value of the shear (in degrees) was expressed with the inclination angle of
facet between the initial position and that at some later stage in the experiment. The
shear strain was obtained as the tangent value (tan) of the angle (between the initial
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position and the later ones). The values of the various parameters determined here
(tensile strain, shear strain and others) determined for an each facet, the direction of
the strain, and the angle (shear) were quantified and visualized in colors. This
arrangement allows the measurement of a local value and an overall value for the
tensile strain and shear strain of a specimen. Average and maximum values of the
tensile strain and shear strain were also calculated by soft ware of ARAMIS system.
The tensile strain and shear strain in 2D are mainly examined in this study.
3. Results and discussion
3.1 Tensile strain and shear strain at the end of a specimen
3.1.1 Relation between the strain in the specimens and longitudinal cracks
The relationships between the tensile strains and the width of crack in
mixtures using ARAMIS system and CT scanner were examined. The outline of three
dimensional crack analyses and CT scanner in this study were as follows.
The whole specimen (5 x 30 x 30 cm) was cut after the wheel tracking test
(2,400 passes) to obtain the specimen of CT scanner. A sample of CT scanner (2.5 x 5.0
x 8 cm) was cut from the end of the specimen facing the glass, including the width of
the wheel track (5 cm). The resulting image (3D image) obtained by the CT scanner
(Shimazu Corporation, inspeXio SMX-22CT, 16 bit grey scales, 512 x 512 pixels,
1,440 sheets, size of pixel: 0.06 x 0.06 x 0.06 mm) was analyzed by software (ExFact
Analysis 2.0 for Porous/Particles, NVS LtD., Minimum crack width: 0.185 mm) as
detailed elsewhere [11]. The crack width was divided into seven colors such as red,
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orange, yellow, green, blue, indigo and purple. The precision of three dimensional
analyses was confirmed with the artificial crack of 0.6 mm by researchers [11] and the
many cracks in mixture at 45 C under the same test conditions for various mixtures
were also found using CT scanner [12]. It was confirmed that many cracks were also
occurred in samples taken from the asphalt pavement in service [13].

Fig.la. and Fig.1b. in Fig.1. show the 3D images obtained from the three
dimensional crack analyses and ARAMIS system in specimen of SGL-3. The minimum
crack width was 0.185 mm (red), and maximum crack width was 1.295 mm (purple) in
this specimen (SGL-3) at 2,400 passes in Fig. 1a. and Fig. 1b.. The longitudinal black
bar at the left side of the image in Fig.la., Fig.1c. and Fig. 1d. were expressed the
wheel (5 cm).

Fig. 1a. shows the cracks in 3D image of CT scanner for side (5 x 8 cm) of
specimen were concentrated at the surface of specimen due to repeated loading under
wheel. The cracks were not almost observed at middle part or bottom of specimen.

Fig.1b. shows the 3D image of CT scanner for surface (2.5 x 8 cm) of specimen. It
shows that the cracks (point of arrow: yellow line) were observed under wheel, which
were located at the right end of specimen, which side was measured by ARAMIS
system.

Fig.1c. and Fig.1d. show the 2D images of tensile strain and shear strain in
specimen SGL-3 for side (5 x 8 cm) of specimen, which were measured by ARAMIS.
The maximum values of tensile strain under wheel in Fig. 1.c was 3.69 %, while the
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maximum value of shear strain under wheel in Fig. 1d. was 3.1 % (see below Table 4).
The shape of crack is similar to the shape of the tensile strain at Point T, but the shape
of shear strain at Point S was not similar to that of the crack. Then, it seems that cracks
were caused by tensile strain rather than shear strain.

Fig.1c. shows the crack points were expressed by yellow areas in this figure. It
appears that both crack points (Fig.1la. Fig. 1.b. and Fig. 1.c.) does not completely
coincide to each other, because of different image of 2D and 3D, but both points are
reasonably coincide to each other.

From those results, it was found that the yellow lines of 0.555 mm (maximum
crack width in this area in Fig. 1a and Fig. 1b) shown by arrows in Fig.1l.a.and Fig 1.b
correspond to the maximum tensile strains of 3.69 % shown in orange spots (maximum
tensile strain at arrow point in Fig. 1c) in the Fig. 1c.. The same relations were also
obtained in other specimens.

It suggests that the tensile strain is related with the width of crack in mixture.

3.1.2 Tensile strain (45 C, 2,400 passes) in the asphalt mixture during the wheel
tracking tests
Fig. 2. shows the distribution of tensile strain and the direction of tensile strain
using specimen of SGC-3 (Middle grading curve, asphalt No.3) after 2,400 passes
(Stage 9). The small black arrowheads show the direction of tensile strain. The
longitudinal color bar (maximum strain: 2.0 %) in the right side of the figure (Fig. 2.)
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shows the values of tensile strains (%) in this specimen. The points from Point A to
Point E were selected to examine the longitudinal crack using the maximum tensile
strains in those points. The points from Point 1 to Point 5 were selected to examine the
degree of change in tensile strains from Stage 0 to Stage 9. The strains at those points
(Point 1 to Point 5) showed the maximum values at 50 passes (Stage 2) and it was
found that the tensile strains in this specimen increased, together with the increase of
tensile strain at those areas. The tensile strain at those points behaves like core which
was progressed from those points. But the values of those points were not always the
maximum in this specimen.

Fig. 2. also shows the brown areas which are expressed with the direction of
strain at the surface and at the bottom of the specimen. The values of maximum tensile
strains (brown areas) from Point A to Point E were as follows. Point A: 2.35 %, Point
B: 3.06 %, Point C: 2.0 %, Point D: 8.63 %, Point E: 14.31 %. The direction of tensile
strain in those areas does not always is a horizontal and it sometimes is a vertical, but
the direction of tensile strains at just surface or bottom of specimens are always a
horizontal in this study. It seems that the horizontal strain is related to longitudinal
crack, and the vertical tensile strain is related to delamination in specimens.

Fig. 3. shows the change of tensile strain of SGC-3 from Stage 0 to Stage 9 at
five points (Points 1-Point5). The values of tensile strain from Point 1 to Point 5 at
2,400 passes were as follows. Point 1: 4.98 %, Point 2: 2.70 %, Point 3: 2.79 %, Point
4: 4.36 % and Point 5: 4.92 %. It maintains similar appearances of the strain
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distribution under the test in this study. It was found that the points (Point 1-Point 5),
which were maximum tensile strains at 50 passes (Stage 2), behave like core, but those
values were not always maximum at Stage 9 in this specimen.

It is clear that those tensile strains increased with the increase of stage, but the
degree of change at those points were not the same. It means that the tensile strains at
those points did not increase with the same speed under repeated loading (Fig. 3.).

Fig. 4. shows the distribution of tensile strains along the three lines (line 0, line
1, and line 2 in Fig. 2.) across the specimen and at different distances from the
specimen surface in the sections of the SGC-3. The positions (lines) of line 0, line 1,
and line 2 and the tensile strain from Points 1 to Point 5 were selected to examine the
tensile strain distribution along the three lines in the cross section of the specimen.
The tensile strains were concentrated under the wheel (Fig. 2. and Fig. 4.), but the
tensile strain with horizontal arrow at Point C (Fig. 2. and Fig. 5) was 2 % out side the
path of the wheel at 2,400 passes (Fig. 5.). It suggests that cracks in the mixture would
occur not only under the wheel but also outside the wheel path.

It was reported that all aggregate (2 mm or larger) of the end of specimen (5 x 30
cm) facing the glass in porous mixture (void ratio: 19.9 %, content of binder :5.0 %)
remarkably moved (1 mm or more) and rotated (5 degrees or more) under wheel
tracking test at high temperature (45 C) [14] and the large strains (500 % or more)
occurred around the aggregate in mixture at 600 passes (Stage 6) of wheel under wheel
tracking test (45 C), in spite of small rutting (5 mm)[15]. This suggests that tensile
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strains under repeated loading at high temperatures were accumulated with time.
Therefore, it appears that the shapes of the spotted tensile strain areas were related
with the distribution of accumulated tensile strains in the mixtures.

Fig. 5. shows the distribution of tensile strain and points (Point 1-Point 5) at 45
C at the first pass (Stage 1) of the wheel for the mixture of SGC-3 and the appearance
is similar to the tensile strain distributions at 45 C with all the compositions tested
here. Points 1 to Point 5 are the same points in Fig.2.. The large tensile strains
occurred at just surface and bottom of specimen regardless of the location of wheel.
Tensile strain is not always large at the bottom of specimen and distribution of strain
was mixed with the tensile strains and compressive strains. The values of tensile
strains from Point 1 to Point 5 at the first pass were as follows. Point 1: 0.26 %, Point
2: 0.29 %, Point 3: 0.16 %, Point 4: 0.18 %, Point 5: 0.19 %. It shows that the tensile
strains at Point 1 and Point 2, which are located in the middle part of specimen, are the
larger than values of other Points. The tensile strains at the first pass of the wheel
(Stage 1) in all compositions were approximately 2,000x107° (0.2 %) to 4,000x10°
(0.4 %) at 45 C (Table 3). Those values were very large which were not expected in

this study.

3.1.3 Shear strain in asphalt mixtures in the wheel tracking test (45 C, 2,400
passes)
Fig. 6. shows values of points (Point 6-Point 13), the distribution and the
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direction (arrowheads) of shear strain in SGC-3 at 2,400 passes. Small black
arrowheads which were shown in the directions of shear strain, is the same expression
in tensile strain in Fig. 2..

Fig. 6. shows that the distribution patterns of shear strains in whole specimen are
very similar with the distribution patterns of tensile strains in Fig.2., but the values of
both strains were different to each other. Shear strain was relatively small, comparing
with that of tensile strain in Fig.2.. The distribution of shear strains is irregular and the
shape of distribution in the shear strain from 50 passes (Stage 2) to 2,400 passes (Stage
9) was changed. The shear strain has gradually increased with time for all
compositions (Table 4). Table 4 shows that the maximum tensile strain is not almost
larger than the maximum shear strain in all compositions, but average tensile strain is
always larger than the average shear strain in this study.

Fig.6. shows the distribution of shear strain (warmer colors), compressive shear
strains (colder colors) and the direction of shear strain. Shear strain was locally spread
under the wheel, but compressive shear strain was also observed under the wheel. The
direction of shear strains is diagonal at warmer colors areas (large shear strain) and the
direction of shear strain was designated the same direction, in spite of increase of
Stage. Fig.1la. shows the cracks concentrated at surface of specimen, but the shape of
cracks at surface of specimen was not always vertical. Then, it appears the cracks in
Fig. 1a. and Fig. 1 b. were not caused by shear strain.

Fig. 6. shows the values and the direction of shear strains at several points (Point
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6-Point 13) at Stage 9. The values are as follows. Point 6: 0.86 %, Point 7: 0.72 %,
Point 8: 0.80 %, Point 9: 0.17 %, Point 10: 0.51 %, Point 11: 0.30 %, Point 12: 2.12 %,
Point 13: -4.00 %. The shear strains in these points are relatively large in surface and

bottom of specimen and it is relatively small in the middle part of specimen.

3.1.4 Strain under the wheel width and strain of the whole specimen

The distribution of tensile strain and shear strain for the specimen under wheel
width (Wheel) and whole specimen (Whole) were examined using five following
factors under the wheel load at high temperatures at Stage 9 (2,400 passes) for all
specimens. It was investigated for Maximum tensile strain, Average tensile strain,
Maximum shear strain, Average shear strain and the ratio of tensile strain of Whole and
Wheel.

Table 4 shows the effects of the properties of asphalt and the composition of
mixture to the distribution of tensile strain and shear strain using five factors. It shows
the maximum tensile strain (Max.), the average tensile strain (Average) in the area
(Wheel) under the wheel width (5 x 5 cm), and for the whole specimen (Whole)(30 x 5
cm), and ratio of Wheel versus Whole specimen (Wheel/Whole) for the average tensile
strain for the three different asphalts.

Table 4 also shows the maximum shear strain (Max.), average shear strain
(Average) in the area (Wheel) under the wheel width (5 x 5 cm), and for the whole
specimen (Whole)(30 x 5 cm), in angle in degrees (Deg. and (%)) for the three
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different asphalts. It showed that distribution of strains depend upon the composition
of mixtures and properties of asphalts.

It was concluded that the results in Table 4 and Table 5 (below) show that the
distribution of tensile strains were different for the different properties of asphalts, and
that the average strain (Wheel; Average) under the wheel width and the average strain
(Whole; Average) of the whole specimens was the lowest when the asphalt kai used in
the mixture.

The difference between the tensile strain (Wheel; Average) under the wheel in the
specimen and the tensile strain of the whole specimen (Whole; Average) was the
smallest (Max. strain in Whole: 3.3 %, Max. strain in Wheel: 3.3 %, Average strain in
Whole: 1.35 %, Average strain in Wheel: 1.35 %) in this mixture (SGC, asphalt No.
kai). The tensile strain here was the most evenly distributed over the whole specimen.
The average strain (Wheel; Average) under the wheel in the specimens of the other two
mixtures (SGC-3, SGC-5) was relatively large in this study, showing them to display
poorer load distribution qualities.

The ratio (Wheel/Whole) of the average strain within the wheel width and the
whole specimen was different from 2.5 to 2.9 (Table 4), when the quality of asphalt
was different. Table 4 shows the quality of asphalt affects a remarkable influence on
the distribution of the tensile strain, rather than in an effect of the composition.

Table 5 shows the effects of the composition of mixture to the distribution of
tensile strain and compressive strain using following factors. It shows the maximum
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tensile strains (Wheel; Max., Whole; Max.), average strains (Wheel; Average, Whole;
Average) in the area under the wheel width (Wheel) and in the whole specimen
(Whole), and the ratio (Wheel/Whole) of value under the wheel versus the whole for
the average tensile strains, and maximum compressive strains (Whole; Max.) for
various asphalt (specimen) compositions (45 C, 2,400 passes, Stage 9).

It was concluded that the tensile strain was different for four compositions in
Table 5, and the strain (Whole; Average, Wheel; Average) in the SGU composition was
relatively small. The ratio (Wheel/Whole) of the average strain in the area under the
wheel width in specimen (Wheel) to the whole was from 2.4 to 2.7. Table 5 shows that
the smallest average strain (Whole; Average and Wheel; Average) in the whole
specimen and within the wheel track in the specimens among the four types of
compositions in this study was SGU-3.

It suggests that the quality (load spreadability) in asphalt mixtures was able to

evaluated using distribution of strains such as tensile strain and shear strain.

3.1.5 Maximum tensile strain of point at surface and bottom

It is an important subject that where does longitudinal crack occur in mixture
under wheel tracking test. We assume that it was caused by horizontal tensile strains at
surface and bottom under wheel tracking test.

The maximum horizontal tensile strain at surface or bottom of the specimen, and
the average tensile strain of the maximum horizontal tensile strains at several points at
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the specimen surface or bottom were rearranged again to compare the values for all
specimens. The average tensile strain (Average) at Surface or Bottom of specimens was
calculated by computer at several points with maximum horizontal tensile strains at the
Surfaces or Bottoms of specimen. The maximum horizontal tensile strain points in
Table 3 did not necessarily locate at the specimen Surfaces or Bottoms.

Table 6 shows the values of strains which occurred and the points exceeding
below value. They are shown in bold in Table 6, when the horizontal tensile strain in
the asphalt mixture exceeds 3.69 % (described before in 3.1.1).

It was examined that what is the most preferable type of mixture for prevention of
crack at high temperature under moving load in this study. Table 6 shows the smallest
average tensile strain at the several points of maximum tensile strains at Surfaces or
Bottoms of specimen in the mixtures of the four kinds of composition and three types
of asphalt was the mixture with the upper grading curve of composition (SGU) using
asphalt type No.3. This mixture (SGU-3) can be postulated to be the mixture which
makes the occurrence cracks least likely among the mixtures investigated in this study.

It seems that the possibility of longitudinal crack can be evaluated using the

maximum horizontal tensile strains of points at Surface and Bottom of specimen.

The cause of cracks obtained from above research was summarized as follows.
It was summarized that the cracks in Fig.1la. and Fig. 1b. were mainly caused by
horizontal tensile strains rather than shear strains, considering with the shape of crack,
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location of crack, distribution of strain, the direction of strain, the value of strain and

location of strain.

SN

. Conclusions
The conclusions of this study may be summarized as follows.

1. The cracks with different width like a net type in asphalt mixtures were observed at
near surface of specimen after wheel tracking test at high temperatures.

2. The cracks in mixture under wheel tracking test at high temperature were mainly
caused by tensile strains, and large horizontal tensile strains were sometimes located
at surface or bottom of specimen under the wheel.

3. Some tensile strains reached the maximum value at 50 passes (Stage 2) of wheel and
gradually increased with time, but the degree of change at those values was
different.

4. ARAMIS system and three dimensional crack analyses were very useful for analyses
of cracks in mixtures. The quality in mixtures after wheel tracking test can be
evaluated by those methods.

5. The specimens with small rutting (1 mm or smaller) which were used in this study,
were caused to large tensile strains due to wheel load. It appears that the relationship
between tensile strains (3.69 %) and width of crack (0.555 mm) in asphalt mixtures
exists.

6. The distribution of tensile strains at first pass (Stage 1) under moving load at high
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temperature was almost uniform, but tensile strains were accumulated at several
points with time, together with the widening of width in tensile strains, and large
horizontal tensile strains also occurred outside the direct path of the wheel.

7. The maximum tensile strain at the first pass (Stage 1) of the wheel at 45 C for all
compositions varied from approximately 2,000x10° (0.2 %) to 4,000x10°® (0.4 %)
and those were not located at the bottom of specimen under the wheel.

8. Load spreadability in asphalt mixtures under wheel tracking test can be evaluated

using the distribution of strains under wheel tracking test.

We are now preparing experiments with new multi-layered specimens using
techniques similar to the indoor experiments reported here, these experiments will be
conducted in the field and based on actual in-situ temperature distributions. This will
make it possible to evaluate the quality of each layer in pavements and offers the

potential for developing more durable pavements with longer service lives.
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Figure Captions

Fig. 1. 3D image of crack and 2D image of tensile strain in a SGL-3 specimen (Lower
grading curve, asphalt No.3)(45 C, 2,400 passes, Stage 9)

Fig. 2. Tensile strain distribution and tensile strains at various points in a SGC-3
specimen (2,400 passes, Stage 9), (Line 0: -1.25 cm from the top surface, Line
1: -2.5 cm, Line 2: -3.75 cm)

Fig. 3. Horizontal tensile strains at the points (1 to 5) marked in Fig. 1., at the

different stages of the experiment (SGC-3, Stages 0 to 9)

Fig. 4. Tensile strain distribution and tensile strains at points (1 to 5) in a SGC-3

specimen (45 C, first pass, Stage 1)

Fig. 5. Tensile strain distribution along the three lines across the specimens (Fig. 2)

after 2,400 passes of the wheel (for the SGC-3 specimen, Stage 9). Line 0: -1.25 cm,

Line 1:-2.5 cm, Line 2: -3.75 cm (distances here are the depth below the top of the

specimen)

Fig. 6. Shear strain distribution and shear strains at points (6 to 13) in SGC-3 (45 C,

2,400 passes, Stage 9)

Table Captions

Table 1 The main characteristics of the asphalts

Table 2 Compositions of mixtures



Table 3 One pass strain (tensile) within the width of the wheel (45 C, first pass of

wheel, Stage 1)

Table 4 The maximum tensile strain (Whole; Max., Wheel; Max.), average tensile
strain (Whole; Average, Wheel; Average) in the area under the wheel width (Wheel: 5 x
5 c¢m) and for the whole specimen (Whole: 30 x 5 cm), and average tensile strain ratio
of wheel versus Whole (Wheel/Whole), and the maximum shear strain (Whole; Max.,
Wheel; Max.), average shear strain (Whole; Average, Wheel; Average) for the whole

specimen in (angle in degrees: Deg.) and (%) for three different asphalts.

Table 5  Maximum tensile strain (Whole; Max., Wheel; Max.), average tensile strain
(Whole; Average, Wheel; Average) in the area under the wheel width (Wheel) and for
the whole specimen (Whole), and the ratio (Wheel/Whole) of wheel versus whole for
average tensile strain, and maximum compressive strain (Whole, Wheel) for the whole

specimen with different asphalt compositions (45 C, 2,400 passes, Stage 9)

Table 6 Maximum tensile strain (%) at the Surface or Bottom of specimens, and the
average tensile strain (%) of maximum tensile strain at several points of the Surface or

Bottom of specimens (45 C, 2,400 passes, Stage 9)
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Fig. 1. 3D image of crack and 2D image of tensile strain in a SGL-3 specimen (Lower

grading curve, asphalt No.3)(45 C, 2,400 passes, Stage 9)
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Fig. 2. Tensile strain distribution and tensile strains at various points in a SGC-3

specimen (2,400 passes, Stage 9), (Line 0: -1.25 cm from the top surface, Line
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Fig. 3. Tensile strains at the points (Point 1 to Point 5) marked in Fig. 2., at the

different stages of the experiment (SGC-3, Stages 0 to 9)
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Fig. 4. Tensile strain distribution along the three lines across the specimens (Fig. 2)

after 2,400 passes of the wheel (for the SGC-3 specimen, Stage 9). Line 0: -1.25 cm,



Line 1:-2.5 cm, Line 2: -3.75 cm (distances here are the depth below the top of the

specimen)
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Fig. 5. Tensile strain distribution and tensile strains at points (Point 1 to Point 5) in a

SGC-3 specimen (45 C, first pass, Stage 1)
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Fig. 6. Shear strain distribution and shear strains at points (Point 6 to Point 13)

in SGC-3 (45 C, 2,400 passes, Stage 9)



Table 1 The main characteristics of the asphalts

Asphalt Type Penetration Softening Ductility  Fraass Breaking
(25C) Point(C) (15C) Point (C)
Modified Type kai* 56 68.5 71 -18
Modified Type No.3 65 112.5 100+ -19
Modified Type No.5 59 117 80 -24

*: Modified Type Kkai: It is named modified type ILin Japan

Table 2 Composition of mixtures

Sieve SGU SGC SGL Hybrid Type
Opening (Upper) (Mean)  (Lower) (KI)
(%) Gap type coarse
19 mm 100 100 100 100
13.2 mm 98.6 98.5 98.5 98.5
9.5 mm 83.3 82.8 81.7 82.4
4.75mm 38.3 36.3 32.6 35
2.36 mm 30.8 27.3 24.4 26.4
0.6 mm 19.8 17.7 16.2 18.7
0.3 mm 14.5 133 12.3 15.3
0.15mm 9.4 8.9 8.6 12
0.075mm 7.7 74 7.3 15
Asphalt 4.6 5.2 55 5.6
Content(%)

Table 3 One pass strain (tensile) within the width of the wheel and void ratio (45 C,
first pass of wheel at Stage 1)

Specimen Max. strain  Max. strain position Void ratio
Composition Asphalt No. (%) in the specimen (%)

KI No.3 0.4 Bottom 3.7
SGL No.3 0.18 Middle 55
SGC No.3 0.29 Middle 55
SGU No.3 0.36 Middle 55
SGC No.kai 0.17 Middle 55

SGC No.5 0.28 Bottom 5.5




Table 4 The effects of properties of asphalt and composition of mixture on the
distribution of tensile strain and shear strain.

Max.  Average Ratio of Max.  Average
Composition (Tensile strain) Wheel/Whol (Shear)
Asphalt No. (%) (Average strain) Deg. and (%)
SGC No3  Whole 24 0.6 12.17(21.6) 0.02(0.03)
Wheel 24 164 2.7 12.17(21.6) 0.12(0.2)
SGC No5 Whole 191 04 3.14(5.5)  0.0(0.0)
Wheel 155 117 2.9 3.14(5.5)  0.16(0.28)
SGC Nokai Whole 3.3 0.36 1.35(2.4)  -0.02(-0.03)
Wheel 3.3 0.89 2.5 1.35(2.4)  0.43(0.75)
KI No3 Whole 10.7 0.56 9.81(17.3) -0.05(0.08)
Wheel 10.7 134 2.4 9.81(17.3) -0.02(-0.03)
SGL  No.3 Whole 3.69 0.52 2.70(4.7)  -0.02(-0.03)
Wheel 3.69 1.29 2.5 1.79(3.1)  0.03(0.05)
SGU  No.3 Whole 47 0.44 15.37(27.5) 0.01(0.02)
Wheel 531 1.15 2.6 5.86(10.3) 0.11(0.2)

Table 5 The effects of composition of mixture on distribution of tensile strain
and compressive strain

Composition Max.  Average Ratio of Max.
Asphalt No. (Tensile strain) Wheel/Whole (Compressive strain)
(%) (Average strain) (%)
KI No.3 Whole 10.7 0.56 -1.74
Wheel 10.7 1.34 2.4 0.3
SGL No.3 Whole 3.69 0.52 -0.461
Wheel 3.69 1.29 2.5 -0.004
SGC No.3 Whole 24 0.6 -0.896
Wheel 24 1.64 2.7 -0.011
SGU No.3 Whole 37.1 0.44 -0.176
Wheel 5.3 1.15 2.6 -0.009

K I : Hybrid type, SGL: Lower grading curve, SGC: Middle grading curve,
SGU: Upper grading curve



Table 6 Maximum tensile strain (%) at the Surface or Bottom of specimens,
and the average tensile strain (%) of maximum tensile strain at several
points of Surface or Bottom of specimens (45 C,2,400 passes, Stage 9)

Specin]en ésphah NQ hdax (O{Q) é!ﬁ[age (O{Q)
KI No.3

Surface 6.58 3.02

Bottom 3.49 2.49
SGC No.3

Surface 2.31

Bottom 14.31 8.63
SGC No.5

Surface 3.67

Bottom 11.83 7.39
SGL No.3

Surface 2.35 1.87

Bottom 3.03 2.96
SGU No.3

Surface 0

Bottom 2.88 2.72




	CBM1LTextM
	CBM1L,Figure,Table CaptionsM
	CBM1LFigure newMF
	CBM1LTableFMF

