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SUMMARY

I. Research Title
Development of a test method for estimating high-temperature deformation

resistance of asphalt concretes.

II. Research Objectives and Necessities

The final objective of this study is to develop a test method for
measuring resistance against deformation of asphalt concrete and to suggest
the method as a standard procedure for estimating permanent deformation of
asphalt mixture.  The objective of 1st year study is to establish basic
procedures of the test method based on correlation analysis with actual field
performance and the performance under the simulated field circular wheel
tracker (FCWT), providing basis for 2nd and 3rd year study.

Rutting is one of the most pronounced distresses in asphalt pavements, but
the potential of it is not easy to predict by a simple test on asphalt mixture
to be paved. Therefore, in general, the rutting potential of hot-mix asphalt
(HMA) mixture is evaluated through repeated or cyclic loading tests, such as
asphalt pavement analyzer (APA), wheel tracking (WT), dynamic-load creep
(DLC), resilent modulus (MR), three-dimensional test [ASTM D3497] and in
a larger scale, accelerated loading facility (ALF). Though these are
well-established analyzing techniques for rutting estimation of asphalt mixture,
equipments for these tests are relatively expensive and some procedures are
rather complicated to follow in many cases.

There are several static tests for measuring property of asphalt concrete,

including Marshall stability (MS), Hveem stabilometer value (ASTMD1560),
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indirect tensile strength, compressive strength (ASTMDI1074), immersion
compressive strength (ASTMD1075), etc. Most of these test procedures are
relatively simple, buthave been known to show a little correlation with rut
characteristics of asphalt concretes.

Several studies were made on this issue to recommend the simple
performance test (SPT) for permanent deformation evaluation of asphalt
mixtures. As an example, Witzak recommended three candidates as SPT;
dynamic modulus, static creep and repeated load permanent deformation tests.
Some studies were found to evaluate asphalt mixtures by using punch test
concept. Jimenz investigated asphalt mixtures for measuring double punch
tension and durability of asphalt materials. A uni-axial penetration test was
investigated for its suitability to characterize shear resistance of HMA. They
use static and cyclic loading through a steel rod (without round edge) with a
diameter of 28.5 mm to find out the relationship with tri-axial compression
test results for estimation of shear resistance of HMA. The static creep test
technique was also used for rut potential estimation of HMA. But those
recommended procedures for rut estimation purpose in laboratory are not
widely used. Therefore, a simple strength test method needs to be developed
for estimating rutting potential of asphalt mixtures.

This research was established to achieve this goal by adopting the strength
against deformation, or deformation strength designated as Sp, which has been
found to have a relatively high correlation with WT results for various mixtures, not
only for dense-graded but also for some gap-graded mixtures. The R’ values
between the Sp and the rut depth of WT were found to be 0.95 for some mixtures,
with 0.90 being the average as presented in earlier studies.

Since the Sp showed this high correlation with WT data, it is hypothesized that
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the Sp can be a potential tool for measuring the rutting susceptibility of asphalt
mixtures. In addition, as this test measures mixture strength in the static mode, it is
relatively simple and practical to use. However, this procedure needs to be further
evaluated through additional laboratory work (e.g., repeatability and loading speed)
and field data. Therefore, this study, focusing on the field research, presents the
results of correlation analyses of Sp with field rut depth and other laboratory
mixture test data. The test methods used in this evaluation include APA, DLC, Mgr
and FCWT tests in addition to the WT test.

Regression analyses were performed between mixture Sp and rutting properties
based on volumetric property and aging condition. Specifically, the objective of
this study is to examine the correlation of Sp at 60°C with field and laboratory
rutting data and to show the suitability of the test as a method for predicting rutting

tendency of asphalt mixtures.

III. Research contents and scope

The magnitude and frequency of loads, environmental conditions and
engineering properties of the asphalt mixture are major contributing factors to
rutting. In this study, adopting a static loading, the frequency of load is not
a concern and the environmental condition was assumed to be fixed at the
temperature of 60°C in the laboratory. It is a well established concept that
the rutting is a result of permanent deformation due to the combined stresses
of compression and shear forces. This study hypothesized that rutting is a
resultant deformation of the external loads inducing the deformation against
the shear and compressive resistance of the asphalt mixture. Therefore, the
rut resistance can be formulated as a function of the load creating

compressive and shear stresses and the deformation induced. Based on this
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hypothesis, a new static test protocol was developed for measuring
deformation resistance of asphalt mixtures at a high temperature. The value
measured by this test is called the strength against deformation or the
deformation strength designated as “Sp” in this study. The Sp value is
assumed to be a representation of rutting resistance level of the HMA
mixture under a fixed laboratory condition.

A numerous number of HMA mixtures were used in the wheel tracking
(WT) test and the field mixtures actually prepared for many highways in
South Carolina were used for asphalt pavement analyzer (APA) test. The Sp
test was performed for each mixture for which WT or APA tests was
performed, and those results were compared to estimate correlation between
WT and Sp or APA and Sp test values. The objective of this study is to
establish Sp test protocol and suitability of the Sp as an engineering property
for predicting rut tendency of asphalt mixtures at a high temperature.

At high temperatures, such as 60°C, asphalt concrete behaves rather plastic
manner and mechanical tests used for elastic materials are not applicable to it. The
Marshall Test has been accepted for measuring the integrity of asphalt mixtures for
more than 50 years. However, it measures the resistance of the mixture against
inward squeezing pressure, (Kim et al 2004), the loading mechanism of which is not
similar to the loading on the pavement surface by vehicle wheels (Li ef al. 2001,
2002).

The rutting of asphalt mixture at high temperature is a localized deformation
at the area where the wheel pressure is applied. The mixture local resistance at the
area where the load is directly contacted may be needed to correlate it with rutting
potential of the mixture. Therefore, a test method which might account for the

plastic deformation at the localized area before failure was developed. To simulate
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a load-induced deformation which is similar to the one created by a static wheel
sitting on pavement with a circular tire imprint, a loading head was invented for this
test. The hypothesis is that if the load-deformation information of the loading
through the head at 60°C is properly implemented in its calculation, the calculated
strength would represent the resistance of mixture against deformation.

The deformation strength (Sp) test, developed based on this hypothesis,
applies a load vertically to the flat surface of a specimen to create a concave form of
deformation using the loading head having a round edge. This test, designated as
"Kim Test," actually measure a static strength at peak point of the vertical load,
inducing compressive stress and the shear stress which is considered to be the
primary cause of rutting on asphalt pavement at high temperatures (Brown and Gibb
1996).

The loading head is an important medium in deformation strength test. Figure
S-1 illustrates a loading head being pushed into an asphalt mixture at the depth of y,
with D and r representing the diameter of loading head and the radius of edge
curvature, respectively. When the loading head is pressed into the asphalt mixture,
its edge contacts the mixture in a concave shape resembling a bowl.

The depth of this bowl is y and the top rim (the dotted circle in the Figure) has
a diameter of D-2r+2x, making the cross-section area A = p(D-2r+2x)2/4. The
vertically projected cross-section area of the contact when the loading head is at

depth of y from the specimen surface is referred to as A.
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Figure S-1. Illustration of bottom edge of loading head.

O

The value of this cross-section area is a function of y varying from a
minimum at y = 0 to a maximum at y = 7. The SD is then calculated by dividing the

maximum load P by the area p(D-2r+2x)2/4. Since x is a function of » and y, the
area becomes 7[D —2(r —/2ry = y*)1* /4 a function of D, r and y, making

S

4P
Y AD-20r = \2ry—y*)P (D).

where Sp = Deformation strength (MPa)
P = Maximum load (N) at failure
y = Vertical deformation (mm) at P
D = Diameter of loading head (mm) and
r = Radius of loading head edge curvature (mm).

The strength calculated by Equation (1) is defined as the measure of strength
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against the static deformation. In this equation, the Sp is a function of P, D, r and y.
The loading head dimension denoted as D(r) and r/D ratio were as found to be
important for this test. To select an appropriate dimension, many loading heads
having different D and » were evaluated. The results indicated that the value of »/D
for obtaining relatively consistent output was 0.25 and the loading head of 40(10)
was selected as the most reliable in normal aggregate size (10, 13 and 19mm) asphalt
mixtures. Since the size variable D and r are fixed as 40mm and 10mm, respectively,

the Sp equation is simplified as a function of P and y only.

32P
g 0.3

= 2
b (10+ v 20y —¢*)? @

Using this equation, the strength is determined to be stronger or weaker if the

mixture deforms less or more, respectively, under the same load.

The Ist year study was to establish test method of the deformation
strength (Sp) and to evaluate suitability of Sp as a standard test procedure
for permanent deformation evaluation of asphalt mixtures. Research contents

are as follows.

1) Repeatability test was performed and estimated to verify deformation

strength repetition. Test items were WT, ITS, Marshall stability, Sp.

2) Field simulated wheel tracking test pit and field circular wheel tracker

(FCWT) were set up to reduce collection cycle of data by carrying

expedited test. Correlation analysis was performed on deformation
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3)

strength and permanent deformation characteristics produced by field

circular wheel tracker.

To analyze correlation Sp and air void change, AP contents was
changed form 4.0 to 6.5% and asphalt mixtures were manufactured
with SGC and OAC was determined. Also, asphalt mixture was made
using different air void by changing number of gyration by the SGC.
And APA test was performed with ¢150mm specimen to analyze

correlation of Sp.

4) Deformation strength after mixture's long term aging was carried out to

estimete permanent deformation resistance after aging of mixtures.
Gel-permeation chromatograph (GPC) test was performed to evaluate
aging extents of mixtures. In the GPC evaluation, the increment ratio
of the large molecular size (LMS), which has very high correlation

with the viscosity of binder, was analyzed.

5) Correlation of field performance was analyzed by measuring Sp of core

specimen taken in the mid lane and rut depths of both wheel paths at
the same site in many exiting street pavements. Regression analysis
was performed using the average rut depth of both wheel path as
dependent variable (y) and Sp value as independent variable (x) to find
out correlation between the two properties. Figure S-2 illustrates the
pavement cross sectional profile, the coring location and the rut depth

of both wheel paths at a site of field pavement.
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Figure S-2. Description of field pavement configuration and core site

The 2nd year study, to establish standard test method of deformation
strength (Sp), various test procedures, size-related factors and simulated field

and actual field evaluation were performed. The detailed contents are as

follows.

1) The method of conditioning Sp specimens up to 60°C was determined.
Two conditioning methods by drying oven and water bath were
evaluated. The time of conditioning, Sp value level and coefficient of

variation of Sp was evaluated for the two methods.
2) The values of Sp of 100mm specimens was compared with those of

150mm specimens. The appropriate conversion factor was to be

determined from the test data for arterial highway pavement and
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secondary class road pavement.

3) The appropriate radius (r) of edge round cut of loading head was
analysed, and interaction of r and maximum aggregate size was
analysed to determine suitable r size with the diameter of loading

head of 40mm.

4) The loading speeds of 10, 30, 50 and 70mm/min were analysed to
select optimum test speed based on the correlation with WT test
results. The regression analyses were performed by aggregate type

and size in the analyses.

5) The field-simulated circular wheel tracker (FCWT) test was performed
to find correlation with Sp value of paved asphalt mixture types.
Correlation analysis between the Sp values of cored specimens taken
at the mid lane and field rutting data measured at the both wheel
paths at the same site as the pavement evaluated in the first year, as
shown in the Figure 2 above. Test pavement sites and several sites

were added for this evaluation.
6) For the next year field rutting and Sp level analysis, test pavement
sections were paved in four places. The Sp and WT tests were

performed using field sample of those asphalt mixtures.

7) The dynamic load creep test was performed to estimate if the asphalt

mixture having higher Sp will have strong resistance against dynamic
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load creep deformation. Resilient modulus (Mg) at 40°C, which is
relatively high and Mgr-measurable temperature level, was measured to
see if it is the property having good correlation with Sp values which

were measured at 60°C.

The 3rd year study was to evaluate Sp suitability for special type
pavement materials and to establish standard test protocol of deformation
strength (Sp). Actual field evaluation and FCWT evaluation were performed

three years in a row. The detailed contents are as follows.

1) The retained Sp ratio (RSR) was evaluated to determine the moisture
susceptibility of asphalt mixture using Sp test. Two conditioning
times, 24-hour and 48-hour submerging in the 60°C water, were
evaluated. After submersion, Sp and WT tests were performed to find

correlation of two test properties.

2) Applicability of Sp for the stone mastic asphalt (SMA), which is one
of special asphalt pavement materials, was evaluated. The Sp and WT

were applied for SMA to find out the correlation of WT vs. Sp.

3) The porous asphalt mixture (PAM) and open-graded friction course
(OGFC) were also evaluated. The Sp and WT were applied for SMA
and PAM, and Sp in Korea and APA were applied for OGFC in the

United States.

4) The field-simulated circular wheel tracker (FCWT) test was performed
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5)

6)

to find out correlation with Sp value of special type asphalt mixtures.

In the field study, correlation analysis between the Sp values of cored
specimens taken at the mid lane and field rutting data measured at
the both wheel paths at the same site, as shown in the Figure 2
above. A field test pavement section was paved in near Koomi area,
Gyongsang Nam-do. Last-year test pavement sites and several sites

were added for this evaluation.

Statistical analysis of Sp was performed to determine process mean (m)
or mixing stréngth of Sp in mix design, based on critical Sp, probability
of consumer risk and the coefficient of variation for 100mm specimen.
From the study, the m values of the asphalt pavements for secondary

class road and arterial highway were determined as mix design criteria.

IV. Research Results

The 1st year study was to establish test method of deformation strength

and to estimate performance of field circular wheel tracker. The important

research results of 1st year study are summarized as follows:

1. It was shown that the Sp of asphalt mixture was to be close relation

with change of air void. If the air void of asphalt mixture was near

4% or a little lower, the Sp was found to be the maximum value.

2. In correlation analysis, the large molecular size (LMS) and Sp were

clearly increased with increment of aging time. It is indicated that the
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Sp have a good correlation with change of LMS. Therefore, the Sp

was increased with the rut resistance increment due to aging.

3. It was found that the rut depth by FCWT is well distinguished for
each mixture. The Sp of mixtures, which were randomly collected
before placement for FCWT pit, showed very high correlation with the

rut depth and dynamic stability evaluated by FCWT.

4. Correlation analysis of Sp and field performance showed that field rut
depth and Sp of core taken at the same site had a high correlation (R2

> 0.5).

5. Correlation of the Sp and the rut depth by APA was relatively high
R = 0.78). Therefore, the Sp value is found to have good correlation

with not only WT results, but also with APA results.

6. It was found that LMS and Sp was increased as time of long term
aging increased. Specially, extent of aging was increased during early

24hr, but increment rate was slow down after that aging time.

7. Analysis results of repeatability test showed that correlation of 1st and
2nd Sp test was relatively high (R*>>0.8), which is much higher than
that of other tests, such as Marshall Stability and indirect tensile

strength, but similar to that of WT test.

The Sp data also showed high correlation with binder’s G*/sind of its

- XXV —



binder with R> > 0.90 on the average under fixed aggregate gradation in
addition to showing R® of 0.94 with the WT data and R*> of 0.78 with the
asphalt pavement analyzer (APA) data. It was possible to conclude that the
Sp should be the strength property controlled by mixture’s resistance against

rutting.

The second year research was to evaluate practical applicability of the
deformation strength (Sp) as an estimating technique of the high-temperature
deformation resistance of asphalt mixtures. The important research results are

summarized as follows:

1. The method of conditioning specimens up to 60°C in the drying oven
took 2 hours, which is 4 times longer than the time of conditioning in
water bath. The coefficient of variation of Sp values measured from
dry-oven conditioned specimens was higher than that of the wet-
conditioned specimens. Therefore, submerging specimen up to 60°C in
water bath was found to be the appropriate method for conditioning

specimen before Sp test.

2. The mean value of Sp of 100mm specimens was lower than that of
150mm specimens. The appropriate conversion factor should be

determined from the test data to be collected as many as possible.
3. In the analysis of radius (r) of edge round cut of loading head and

maximum size of aggregate, coefficient of variation of r=10.5mm was

greater than that of r=10.0mm. The reason is because of reduction of
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flat area under the bottom of loading head due to r increase.
Therefore, since r=10mm showed less variation and was less affected by
maximum aggregate size, D=40mm and r=10mm was determined as the

appropriate dimension of the loading head.

4. In the analysis of loading speed, higher Sp was observed by increasing
loading speed. It was assumed that the stress relaxation and horizontal
shearing was the reason why the lower Sp was measured at lower
loading speed. From the regression analysis between Sp and wheel
tracking test results, the loading speed of 30mm/min was selected as an

optimum for better correlation with WT results than any other speeds.

5. The field-simulated circular wheel tracker (FCWT) test results showed
very strong correlation with Sp value of the mixture placed in FCWT
pit. It was found that the stronger the Sp mixture, the higher the rut

resistance.

6. For the field rutting and Sp level analysis, test pavement sections were
paved in four places and the rut depth was be measured from next
year. Correlation analysis between the Sp values of cored specimens
taken at the mid lane and field rutting data measured at the both
wheel paths at the same site in exiting road pavement. The R® value
of over 0.7 was obtained from the accumulated data of field rut depth

and core Sp values for two consecutive years.

7. The strong Sp mixture was observed to have lower dynamic load
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creep rate, showing slower development of deformation under
continuous repeated loading. From this analysis, therefore, it was
estimated that the asphalt mixture having higher Sp would be strong

against rutting in the field.

8. In resilient modulus (Mg) analysis, the Mg at 40°C, which is relatively
high and Mg-measurable temperature, showed relatively high correlation
with Sp values which were measured at 60°C. But Mr at 25°C, which
is ambient temperature property, did not show good correlation with

Sp.

9. In conclusion, the deformation strength (Sp) measured at 60°C was
found to have good correlations (R2 > 0.7) with WT test, APA test,
dynamic load creep test, Mr at 40°C. More over, Since Sp showed
good correlation not only with those laboratory test data, but also with
field rutting data, it is concluded that, in spite of high variation of
construction materials, Sp is an excellent index for estimating rut

resistance of asphalt mixture.

It was possible to show that cut-off values of Sp could be determined
based on SCDOT APA cut-off limits, 3mm for the arterial highway and Smm
for secondary highway. The values of Sp satisfying these APA requirements
were estimated to be 4.0MPa and 3.0 MPa for the arterial highway and
secondary highway, respectively.

The mixtures for APA test were prepared for practical use in various

highway projects in South Carolina. Still the R® levels are considerably high
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for civil engineering materials study. Therefore, it was concluded that

possibility of using Sp as a promising tool of predicting rut potential of

dense-grade asphalt mixtures was proved.

The 3rd year study was to evaluate Sp suitability for special type

pavement materials and to establish standard test protocol of deformation

strength (Sp). Actual field evaluation and FCWT evaluation were performed

three years in a row. The important study results are summarized as follows.

1.

The 48 hours submerging in the 60°C water was found to be
appropriate time of conditioning for evaluating moisture susceptibility
of asphalt mixture. But because the WT did not show consistent rut
resistance depreciation, correlation of the retained Sp ratio (RSR) and

WT result can not be found in the current study.

The Sp test results for SMA were found to be very poor compared
with those of dense-graded asphalt mixtures, which show similar WT
rut-depth level. The WT test results were also found to be very poor
compared with those of dense-graded asphalt mixtures, which shows
inferior performance to the SMA mixtures in the field pavement.
Therefore, suitability of Sp test for SMA mixture was not validated in

this study.
Similar to SMA mixtures, the Sp test results for PAM and OGFC

were found to be very poor, compared with those of dense-graded

asphalt mixtures. The correlation analysis of Sp with WT test result
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was also found to be very poor, compared with those of dense-graded
asphalt mixtures. Therefore, Sp test was found to be not suitable for

special type mixtures.

4. The standard Sp test protocol was set up for the dense graded asphalt

mixtures only and its details are as follows:

(D For the loading head, the diameter (D) and radius of edge round cut
(r) are 40mm and 10mm, respectively.

@ For testing procedure, the specimen conditioning (submerging) time is
30 minutes at 60°C water and the loading speed is 30mm/min, as
shown in Figure 3.

@ For preparation of specimen, the specimen should be compacted using
a gyratory compactor for 75 and 100 gyrations for secondary class
road and arterial highway, respectively.

@ The height of specimen should be 63+2mm, with the diameter of 100
mm or 150mm.

(® The minimum Sp value should be 3.2MPa and 4.25MPa for secondary
class road and arterial highway, respectively, for the specimen

diameter of 100mm.
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for secondary road and 6% for arterial highway. The values suggested
for 50mm/min speed testing were 3.5MPa and 4.5MPa for secondary

class road and arterial highway, respectively.

7. There are always variation in the quality of product and the variation
level is represented as the coefficient of variation (V). The process
mean (m) depends upon the magnitude of V. and the number (n) of
test sample (specimen). Therefore, the m is function of V. and n,
with m being increased or decrease with V. increase or decrease.
With the same V., the m 1is decreased with the n increase.
Therefore, since the suggested minimum Sp values are valid only for
the case of V. = 84% and n = 3, if the V, is found to be larger
using more data in the later studies, the m values should be

suggested as larger values.

The important observation of this study is that the mixture with higher
deformation strength (Sp) exhibited lower rut depth in wheel tracking (WT),
asphalt pavement analyzer (APA) tests and FCWT and field evaluation, with
considerably high R’values. Since, such high correlations were found in
regression analyses of the Sp with the data from those proven test procedures
and field data, it was concluded that the Sp test can possibly be considered
as a reasonable procedure for estimating the rutting potential of asphalt
mixtures. The Sp value can also be characterized as an engineering property
which has fairly good relation with rut tendency of asphalt mixture at high
temperature.

This study is an attempt to use a static test for rutting estimation and the
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protocol and conclusions suggested in this study is as good as the
assumption upon which these findings are reached. This study dealt with a
numerous laboratory made data and field project data. Adopting this test for
predicting rut performance of asphalt mixtures, it will be possible to take
advantage of simplicity of testing procedure, affordablility of equipment and

saving time.

V. Application Plan of Research Results

The most important finding in this analysis is that the Sp value had high
correlations with field rutting data as well as data from major laboratory test such as
WT and APA. The WT and APA are known to be reliable rutting test procedures,
being widely used in many developed countries. In analysis with field data
collected for three years, the Sp exhibited fairly high correlations with actual road
rut data (R2 > 0.7), which is considered to be a very high level of R’ value for field
data under highly uncertain nature of civil engineering works.

This study evaluated the suitability of the deformation strength (Sp) as a method
of predicting the rutting potential of asphalt mixtures. These findings, the high
correlations between Sp and the field rut depth and APA rutting test data in addition
to WT, indicated that the mixture with a higher Sp would showed a higher
resistance to rutting. Therefore, it is concluded that the Kim Test is a comparable
test process to the WT or APA and, the Sp, designated as "the deformation
strength," is a suitable property for estimation of rutting potential of asphalt
mixtures at 60°C.

The reason why the Sp, a static strength, shows such a high correlation with
rutting property, is not easy to explain without considering several technical view

points. The first point is to apply the load in the vertical direction of the specimen
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surface, which is the same as the direction of compaction and wheel loading.
Applying it in the direction of compaction is important from the standpoint of the
aggregate arrangement in the mixture. Other tests such as Marshall Stability and
ITS applied load in the different direction of compaction of the specimen.

The second point involves the loading head shape, which has a flat face at the
center and circular curve at the edge. This loading head makes it possible to create
the vertical compressive stress and the horizontal shear stress while being pressed
into the mixture at 60°C. A dimple-shape deformation is created with the shear
movement of mixture along the sideline at and near the top surface. The
deformation process induced by the loading head consists of an initial consolidation
and steady depression, leading to some lateral shear movement of materials with the
load continuation. Cracking is then initiated after the peak load and propagated at
tangential direction as a sign of failure due to wedging effect of loading head.
Therefore, the load-deformation (P-y) curve up to the peak point represents the
resistance characteristics of the material against deformation without (before)
cracking.

The third point is to take into account the change in the cross-sectional area of
the loading head based on the depth of depression (y) in the Sp calculation, making
the mixture's susceptibility to deformation reflected in its strength value. Due to the
semi-plastic nature of asphalt mixture at high temperature, it is possible to apply this
concept to the Sp, which is not applicable to elastic materials.

It also showed high correlation with air void ratio (Vai) variation, maximizing at
slightly below 4% of V,; and good repeatability than other test results, such as ITS
and Marshall Stability, implying that Sp can be used as one of mix design criteria.
It was found that the Sp test could also be accepted, after further testing and

evaluation, as a test procedure providing a reasonable estimation of the rutting
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potential of asphalt mixtures. Since this procedure is much simpler than the others
used in this study, it can be employed in many levels of laboratories (e.g., field). It
can be used in place of other rutting tests.

If the Sp is used in the mix design criteria, it might be one of the important
factors in the optimum asphalt content (OAC) decision. The Sp can be a good
choice for possible replacement of Marshall stability in the mix design criterion.

In addition, since a load is applied to the top surface, the Sp measured from the
field core specimens can be used as a field quality control criterion, a procedure
currently not allowed for indirect tensile strength in many agencies. In this case,
securing appropriate depth of specimen is important for reliable test result, which
should be further studied in following year study. However, due to damage by
pressure water and saw blade in coring process, Sp would be not the same
(somewhat low) as the one for the same diameter laboratory-prepared specimen. A

study is needed to establish a conversion factor.

For general use of Sp in domestic asphalt pavement industry, designation
of Sp in as a standard test procedure in Korea Industrial Standard (KS) will
be promoted following adoption in mix design criteria. The criteria of
existing mix design consisted of two physical properties (air void ratio or
Vair and void filled with asphalt or VFA), Marshall stability (a load-bearing
capacity), and flow (a deformation parameter). Among those, since many
questions have been arisen for Stability and flow as being meaningless
parameters, these two are to be replaced other meaningful engineering
property(s) these days. Therefore, the Sp is to be adopted as a criterion in
place of the Stability and flow in hot-mix asphalt mix design together with

VMA, voids in mineral aggregate from 2009.
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7D NEEY Adel £ =9 9 93 (wheel path)e] 24WH (rut
depth: RD) 48] #4413 :ola3, zolol tha Spel =H & F3)
FEYRD)T Spol FBHE B,

8) ABEAe] ol Uut EREF FolA EFY o]Pg FAY & 3
x|

7h ob=ZE nRIY

B AT AREE 7]E ofAZE HRRIEE FuldlA JHE dE] AL
He HAYE T5 60~80(AP-5) o|tf. ofAZE MAAZE £dte] AT
2 A ZFA Eo] AEFHo 53 AHFol UF5E Low-density
polyethylene (LDPE), s14 LDPE (Recycled LDPE: RLDPE), A4 HDPE
(Recycled high—-density polyethylene: RHDPE), #HE}o]o]& B35t 30w
AE F4s 2& 31F YA (Crumb rubber modifier: CRM)E- AF£3} 0
E3H Styrene-butadiene-styrene (SBS)Z 7|&@3te] 48315 o] Ao A%
H3 3= PG76-22 okAFE HlRItE AMEsHAY sHAAS] AR
Ethylene propylene diene monomer (EPDM)Z AF&3Ath E& AF A
o] LDPE %™ ¢} CRM< 22 oz A-45915 EPDME H7Mgh ofx
ZE PRlds SARYoR Axsto] ARgetgith 2@ o

s EedeE AS WS Astel AAAA A8Ees vhold
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(Cellulose fiber)E HFQITE H7F Ao Awv|do=w H7lsidn. 74 A2 A<
A7 ol mE ARl e HA2 o33 2.
- AP-5 o} JAAE H7}etA &2 Pen 60-80 7| of~AFE nil
 (Control)
-~ R10: A vl el
- RL5: A wpely] o

THHZ 10% CRMS 7+ Aniig
%8| 2 5% RLDPEE 7}k 7ldniedy
- L6 A vy el SR 6% LDPEE H7he /ldnilg
~ LAE10: ZA] nplr] o] F%8|2 4% LDPEE 3 7}etal LDPE# )
SHH 2 10% EPDMS 3d71e 71 vl
~ L5E10: A nile] #Fell FHu| 2 5% LDPEE # 718t LDPEZ o
S #H 2 10% EPDMS #H71e 712 wield
- PQFC: RLDPE, RHDPE, CRMS A A nily] o] FHu|= 7+ 2%,
5%, 5% 7tk A vy
- L6F0.3: AA wely Fo| v 2 6% LDPEE A7lsta A Zol
03% AERQ 2~ Zlolvjg H7g /A vl

- PG76-22: SBS2 7§12 3sle] 44&3td PG76-22 HHQIT

A
TEE g3 dWtd oz wWol AlEH & AU Avet A& F23A
ZHE A (Screenings) ® AFE-3FH o™, A=A (Mineral filler)& 4] 3]
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E 32. SMAS WA EFE Add AlgE A E8H AZ
s}7kok A3 A&
A% A ° A4
e ™A 13mm 10mm Z2 A (Mineral
A 224 | (Screenings) | Filler)
H] 5 > 2.5 (2.5) 2.74 2.74 2.78 2.75
SrE
%) < 2.0 (3.0) 0.69 0.96 1.94 -
RIRSE o
% < 30 (35) 15.23 21.56 - -

() e EFE =4

Lo
>
oft
=V
ol

100

esflipn SMA - 13mm
70 71 eeaeSYA 10mm |

N
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Passing rate(%)

"%

20 i

0.01 0.1 1 10 100

Sieve size(mm)

9 33. SMA £3E Az AH8d IFAY 4=

_2‘]_



el HY| = A 13mm
e Hi| =AY 10mm

R I —

o O O O O O
W M~ © W1 < ™

(%)01€l BuISSEd

100

10

0.1

0.01

Sieve size(mm)

|

_,
B

.

Z A &7 (aggregate skeleton) )

3

O
EES B

ol
=

A

A
o))

A

_22_



3. 43875 v (Retained Sp ratio) 24 A

ojy

o

X
&

or
N
il d
A~

o
ol

R

;ot

;ot

vk A A

Zol A 48X 7F

{F
ol

;oo

tel v FAAE 60T

J|

‘ﬂ

o

3}

60°C

=
=

100mm 98 FA A

Aol A=

e A

[

K

& FEO A 244

P
T

A72

7

pa—

._AU

A
k!

o

0

A
i)

72

bl 7o P}t y=

)

3.l ¢

Al
-

701- =

(6]

b3 4= ]

o
A
i)

B

42 o] (mm)e] o}

=] 5]
210

3 (N) 2}

2y
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¥ 33. 7} &) gk 24A7F 3 48A17F Fof A Y
Agg. % | Binder | DrY S0 R\gfit - RSR
(o) (MPa) | 24Hrs | St | 48Hrs | T
AP5 | 3.139 | 3.462 | 109.023 | 2.894 | 93.553
L6 3.240 | 3.644 | 117.495 | 3.292 | 105.731
13 R10 2.241 2.550 117.741 -
PG | 4.185 | 4.525 | 107.933 | 4.913 | 117.160
Cooic Mean 113.05 105.48
AP5 | 3.119 | 3.107 | 101.230 | 1.957 | 63.187
L6 3.573 | 3.386 | 93.854 | 3.034 | 83.874
19 | RI10 | 3.527 | 2.347 | 70.735 | 2.569 | 75.449
PG | 4712 | 4.683 | 108.129 | 4.597 | 102.869
Mean 93.49 81.34
AP5 | 3.724 | 0.695 | 18.041 | 0.626 | 16.181
L6 3.942 | 2.011 | 49.176 | 2.179 | 53.171
13 | RI10 - - -
PG | 4.172 | 2.983 | 75.390 | 3.321 | 80.473
Granite Mean 47 .54 49.94
AP5 | 3.756 | 0.929 | 25.361 | 1.029 | 26.330
L6 3.593 | 2.198 | 66.939 | 1.732 | 53.578
19 | R10 - - -
PG | 5579 | 4.846 | 97.555 | 4.163 | 85.407
Mean 63.28 55.10
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(RDary/RDwer) & AlIREeFATE o] #2 RSR¥= W2 3 A2
sqeo A A SFE vHlEoAT IR A ¢ ol RD7F
=

=
Aow dAHEE Ge 94 1008tz JdEn 1 ugw EE

e
ol
e}
=
o

¥ 34% 77 #vpdd) 87F9ke)l Wheel tracking (WT) Ald 23E 4
bt o] Ao A& HldEE 37X E R10S AYsQEd 1 ol

= A MR AFA S mE FEEG] R 1A Adz 23

¥ 34. Avlet 3 EFE WEF A)E A

Gneiss mixture Granite mixture
Max | Water Binder Rut depth (mm) Rut depth (mm)
size | Condition D 48hr  |{RDary/RDwer D 48hr |RDary/RDwer
ry wet Ratio v wet Ratio
AP5 | 361 3.01 1.20 5.12 5.12 1.00
Water L6 154 2.62 0.59 1.41 0.80
leaked 1 | 157 | 141
13mm )
Water
kept
095 514 | 385 1.34
Water 1.90 0.77
leaked
19mn 5 371 | 2.9 1.26
Water 1.34 1.98 0.59 3.36
kept

WT Aol X o o] 85 ] RDary/RDwer Hl&°] 1 ©]317F 2 Ao R 7]

et oy B A5 2 dtdiade) veEn, ojzlel Ay e d JheA




T At dE Eo] 48A3 3 Fo FAHF Sp Y
oA RSRol °F 16%%t 26% = w9 FeFstd AP5 13, 19mm 317 7
% RDay/RDywer Bl &©] 1.0, 1.34 (Water leaked “Fel)¢} 092, 1.26 (water
kept FEHDE 0928 wjiE R Dry A7l o o] std Aoz ve
WSk E3 0.92% RSR Al@9] vl &3 vlagttd £& HFHE A8 ¢
e Aolgl By JET
olo] tE Yl EAJA WT AFEFo] FAANAM =

(Water leaked) ZHHF-E vt2WA Al@x7o] vt AL FESIL oA

e @ Ao F45m oo Y@ £AE AfA F £ F BAAAL
=

F

28 a2 ®HH3 Ad(Water kept) 2 A& 2 = A=

S 2o} o] MUt FEFH £X

#As7] e dF FE A dMAUSFI DA E AFHe] AHEH
T Aolgt ddt} At & AolA AHEE 100psi &5t
A e 4ESs AHESe WT Alde=ss oudt 237t
o dsire &5 dEY A7 slojor & ZeE HIAY, o AdE &
34, 19 3.8, 3994 HoJFET.
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a9 310, 3.11, 312& WA E} WT A4 HEARE #H3H7]
Al xFoll Ax A AF &, ySol 35 A %S ¥ 45 dgdE
AREEA HEe BEE JER Ao dutAoer EfEe] FHoE F
Fe A WIFEE o ur g ofgfFd HEo] yEoR g
% 3109 SDE 29 F A wko] oA el gl ke EFES A
ol i A ot glof
AEth WM WA= AFL s g EF=9d EAHS Bl
A & atgske AldHde € Ao

gk o] Wheel tracking (WT) Al @olxe EFEo] oz HoFsjAH
WT AdZdsel] wrgso] Adx AHEtt stz ol(RD)7F dofA =
o] e #Fol yehtol ot shxRE AwieH(aE 3.11), (2 E

1

5

ut)
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= A3 gded oArIHE
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H 311 48712k 31 A
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4. SMA(Stone Mastic Asphalt) EgE29] &4
Fa A dFoME EF TEE WA E HE JeA B4 A

& X3eta vk B AEES SMA E¢E4 WA= 4% WT (Wheel

7h. e & A

UM dubAQl "USlE E3FES Wi A vk g e A&
AwrH o2 SMA E8E&E FAAE v 37| (Mashall compactor) & A 2
stARE At =S s EA = HEotA] v E 3585 SMA E£FE9 v

AA 71EE YERH.

71&
=
19mm 13mm 10mm Smm Smm
O} AEE FF (%) 5.80]4 | 6.20]4 | 6.60)4 | 7.00)4 | 7.6°1%
TEE (%) 2.0~4.0
FIE | eoiy | 1701 | 18014 | 19014 | 2001
A =EE | 2~39%
(VMA) Tz
17014 | 189]AF | 199]4F | 20014 | 2194
3~4u)qk
X3t (VFA: %) 750]7%
=gA G Alg 7 (%) 0.30] 3}
FAAAL (3]/mn) 20000] 4
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WA A= ol AR E dES 55%, 6.0%, 65%, 7.0%, 7.5% 7+ 5@Al= W3}
AA 7H FAAE AxsiAdv B AFdAE F5F 2~4%9] Vs A&
o™ 13met 10m EFES] A HFELS 7 7 179 18040 BEx=E
HFEAS FAsAT. =dd v A FEE SMA EFES £ 5 Fol
7F 2 e 9 1lkgg ITE2A H 170:2TE FAHE L8 127 5
golE
N F LBoAM EFEE Aol HolA EFES HE F Lol9 F
AE S oju M A& FTolo FAE AL FAH
BEE EFEC distd U3 =279 Folst ME A&t opdtt.  Ed
=1

FolE 1AZE B 170C LEA o] T =3 S22

=2 o AE #2 Foldl e £FEY HddE FAE =%

ek vlez A gelt. 4 33 =dd o AE gl A4 o]

W,
DD(%) = A

&]7]4, DD = drain down (%) %,

WA= F 87k &2 diste] Fastdinh 1712 SRS 9 2%
o H2 A HJA(13mn, 10mm), I3 4F¢] wFAC|(AP-5 RI10, RL5,
LAEI0)E =3t & 362 AMSE E9E] 723 Mol 1 372 1 2
o]},

2 AFAA Y FAA AzE vk Ol 77F obd A3 v 7] (Superpave
gyratory compactor: SGC)E& AF&et3ith v 2 divjE A3 Fold
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A Afst A7 EFES BAE FA0 o)k olaBE ¥4 @3
A B Ao} AT A%e g2 getd WyRs
Hsd BRI AGA RS Aol AT AHgstel FAA

s}

-
1—

P

Y= EFES 100m SAAE AZste] AIAE APES 3T
o} A SMA E3EF 22 AYEY A% wdoe A e &
e gojeld 93 FEE Tdste WA= vldte] FAA AA FH
TF&Eo] Auldoz ofsittEs 7H4 el 150m FAAE AMEEAT 19
3137 3.14& A3t r)e EA BFEHN FAA Ax dAUYEFES BAFET
OAC (Optimum Asphalt Content)= 2t £%& ¥=2 SMA ET3E9 7|&E& vt
ol 7ol A 25T

—

)

ok

X 36 EFE ¥A
Agg. | Max. size [Designation Description
AP Granite 10mm SMA grade, AP-5
R10 Granite 10mm SMA grade, Rubber 10%
10mm
RL5 Granite 10mm SMA grade, RLDPE 5%
L4E10 Granite 10mm SMA grade,
LDPE4%+EPDM10%(for LDPE)
Granite
AP Granite 13mm SMA grade, AP-5
R10 Granite 13mm SMA grade, Rubber 10%
13mm
RL5 Granite 13mm SMA grade, RLDPE 5%
L4E10 Granite 13mm SMA grade,
LDPE4%+EPDM10% (for LDPE)
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15

77 T T (3.4)

DS (pass/mm) = 42X

o714 DS : &3 <A E(pass/mm)
d60 : 60%ol A2l st (mm)
d45 : 458 A9 33 (m)

o] 4 BT 2lcycle(42pass)e] =2 6087 st 19 399 &
< & EA AE WAy A2F4E sty 78 & A AR 2
ATFNAE D 40cycle(80pass)E 0E AlE S FPdPgonz o] A&

ol )

d3te] DS=80 x 22.5/(dmo ~ dsao)& AHE38EATE 7|4 225+ 2 EF
AlZko] 60Ol Al 15811 Q0RE L E F7HE o= 2349 1569 &4 159 15

g 3 & Aol dpod dsawos ZHZ HE s Zold 7200pass (90%)3t
5400pass 2] (67.5F)N A& 38} Zol& Yt

6.0

50 r DSM:(Deo‘Dqs)tq 5

B
o

D 15 L\st( 60_45)

Rut Depth{mm)
(6]
L]

Ly
o

10

00
0 15 30 45 60

time {min})

a9 318 = A A EKS) 9% F

)

o
o
kil
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KS %3 vus 93 2 dAFdAe 28 19949 Zo] %=7]H
500cycle, T4l 1,800cycle 2 F3 <l 3,600cycled] 7]1&7]¢ HF(m)E

HelA B ge Abgske Ao Agd BRI §, 2006002 o] &St

o

olth, &, AA FAANA T3 3-HA %279 71&7], EAS Yeds
ZVeH7bA 9] 71&7], adn FF Fdtgold 9% 7|&r]e d4E 73

A Fete Aoltk ¥ 3199 235w B ATdA AHEE FAMAE

0O

b0 r

DS = my+mytms
4.0

3.0

2.0

Rut Depth (mm)

0 hOO 1000 1500 2000 2500 3000 3500 4000
Cycle

79 319, M zo] AAE FAAAE(DSwew) el MEE (A3-F 5 2006)
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DS,.., = 2(m;+m,+m;,)
500 , 1,800 , 3,600
=2 + == f o] e (3)
[D500 D1,800 D3,600 ]

Dy, = 500 cycle ol A2 #stzio] (mm)
Digyy = 1,300 cycle oA 9] H3tzlo] (mm)
Dy = HF cycle oA 2] s}zio] (mm)

% 388 £dAu BAAL FII} wEFy AP AR FAMRE)
HF HslgdolE veiuy 2y 3209 2¥ 3212 42 10met 13mm &3
2o Wy Fao) Be Ad Qo| o8 HAE
¥ 38 HIEF3 Alge] A
Mixture Air Void Dynamic stability (pass/mm) Rut depth
Agg Binder (%) KS New (m)
APS 3.05 3500 2572 5.08
R10 2.71 3818 2633 491
10mm
RL5 2.19 5478 4012 3.20
L4E10 2.20 2520 3499 4,02
AP5 2.90 3600 2956 453
R10 2.79 3213 3519 3.81
13mm
RL5 2.49 7875 5590 2.26
LAE10 2.60 2571 3529 3.97
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Deformation{(mm)
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Deformation(mm)
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| 10 AP

. o 10 R10

e 10 L4EA(

- / 10 AL5
1000 2000 3000 4000
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19 320. 10m SMA E£3E° WT 8=
_ w13 AP

13 LAE10
13 R10

........

13 BLS
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1000 2000 3000 4000
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HZE A3t ZdolE By UdWolARE(AP)E A X¥ SMA EFE] A&
Smm AFe gho]l Yo} B AQUR SAHE d53 dYRE EFEY FF
2 5-7Tmm¥} Bl=EAY 7 o Y& Ao Helth AW A ERoA
A9k APSE AF83 SMA7ZF APS HYE SR ERT LAWY #AA
A3t R olg T HFHE 7t 2-3m o] FEL Holok & A
o7 Holnp 1¥x Rt}

3 ymx 3 7kx AR wddgE Alx3 SMAE AP-5 SMA HuE
U g HIHAAT o] A A ofAFEE AL HYYE EFEHY
g FL FFEoHL T & vk dvietd 2 viinE AFES Hd=
MA olA2BE EFEEC thal ¥ WT Au=z AP HFHs) do=
2-3mn FFEO|EZ SMA7ZF o U4 He vehx o zlojg & & )

ueha AA ER2oA SMA EFE
AFo] Fu B u B AFoA 3% wheel tracking A ¥ Z23= SMAQ
AR 28 2 YehiA Eshe AeE dAddn. ol B A3x B o
ol g} A7 BAAME FANG A7 dojzl Ao SMA9 54 &3
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Sp(MPa)
1.816
2.263
2.518
2.559
1.880
2.308
2.501
2.133

(150mm)

AR
v (mm)
4.5
5.0
4.7
49
4.6
3.9
45
5.1

e

P(N)
1273
2461
2683
2941
2519
2469
2705
2336

R ENE

x=1

il
(%)
3.95
2.96
3.65
3.18
2.26
3.74
3.64
4.05

3.10.
Air Void

150mm A3 -5 A A <

-
It

Binder
AP5
R10
RL5

L4E10
AP5
R10
RL5

L4E10

Mixture

Agg
10mm
13mm
a9 3.24

oo
o}

1=3
=

24 X vA=

T
) -

3.2MPa& EE& 150mm A A2 35MPa 7]l

o
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g %ol 150m A3 H3 F A A 9
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PRk vl 2 Bw 271wkl 9l AP7F 7 wkn AFukeln v}
o}

[

)

o

A
ol

ol
K

o}/

ﬂﬁ-
He

Lol 7}

A

_50_

gurh sl she] el

=

. 2zl AT A

Hehe 43t o






Rut (mm)

Rut (mm)

8 325 WT Astzolsd mo] ZAA9

7

a9 3260 WT Hspzloleh 510 S A9 A&

|

..................................

{R®*=0.8188|

______________

1.5 1.7

1.9 2.1
Sp (MPa)

s

2.5

0.6

1.2 1.5
Sp (MPa)
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Rut (mm)

1.5 1.7 1.9 21 2.3 2.5 2.7

SD(M Pa)

9 328 WT AstzZole A3lgd FAA e AdEA B4

a9 3298 ZAFTAIAY AT FAA HIAYLEE A Z|E=E
FHd EAE Folth SMA &9 WA EE AvH o= Jr)E A
9 10mne] A= 100mm o} 9} 150mm A3 TR FA|A 7o) Aol *F
SHR? = 0.89) Aolth. 3tA % 13mm SMA EFEQ A= T ZAF b A
#Aol F ¥ (R® = 055) #e veyth £, 10m SMA EFEGHE
H & 2=t A= EshAT dA7E Fol ddol Z7ke] wikly Thel

.
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3.0 |
SD15 vs SD10

/CU\ 25 n /L
[a R
= 0
S @)
£ 20
o &
(@}
[0
£ 15
=
(@]
[Te]
‘5 1.0 O13mm.R%2=05518
] m 10mm R? = 0.8898

0.5

0.5 1.0 1.5 2.0 25 3.0

Sp of 100mm specimen (MPa)

a7 329. #o] FAA(100mm) ] W=} A3t F AL A (150mm) 2

A A
o] %3] uE SMAZE 10mm FAe FH$-9F o] o] ErE AT
T 7Y FAAR A "I TEE AdEH A AolE #A
st AlgdEon HErtss] HolA vk 13me A$E TdE Helth o=
FoZA HUAF7E S5 FA9 ado] T (sotropic)o]l Al & A=

7} 72 (Homogeneous)3tA fornz wWEAol A velyr] &<l Ao
2 HAY. o] Ha] EAAFIE Ao I By WFEAdel o509 10
m =4 EFE AF el A AA Aojgt & 4 U

2% 330, 331 100mn I FAI A< 150mm A3 b3 FA ALl WA E
b F 7HA T4 A= A el digk AdE#EAE JeEbdYh 100mm 2
oFAAe] A R® #tol w$- @A ygeu FHMAE AguyS va
dae Wi AR AAwHe R gol i e 2 KAt 150m A
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oz % (g /on) an | 94
© o T[] ) | FF | g= oz | 00 [Ty | €A%
(g) (00)

7ok 10 6.6 | 63.0 |1124.3|2.324|2.402| 3.26 - -

AP-5CE=) | 13 | 53 | 629 |1126.7(2332|2440| 444 | - -

L6F0.3 10 51 | 683 {1072.6|1.937|2.479| 21.86 | 0.22 | 19.85

(LDPE6Fiber0.3) | 13 | 48 | 66,6 [1073.3]1.987(2534| 2159 | 025 | 19.34

PQFC 10 53 | 67.3 |1073.7|11.967 2520 21.94 | 0.25 | 14.63

(RLZRH2CRMD) | 13 | 49 | 67.1 |1061.7|1.952|2.460| 20.30 | 0.16 | 17.4

L5ELO 10 | 46 | 687 |10745]1.930|2.454| 21.34 | 030 | 17.02

(LDPESEPDMI0)| 13 | 46 | 67.0 |1075.4|1.979|2.469| 1985 | 029 | 12.00
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o
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N
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=
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N
N
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as!
ol
of
2
£
o
U
o
s

¥ 3132 A vy EFEY &9
149} 29 3339 (a),b)E F& ZA AdI=E 10, 13m ¥+ EFE
MR YA AAE Vel
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¥ 313 " EFE EYB FAA B A
O 57 =i =y 3
con 202 oac | =) N I LA IS
EEE | HWAT| o) | gy | BFTT (%)
(mm) ° (g) A& o] & 0
10 5.1 62.5 11599.0 1.995 2472 19.30
L6F0.3
13 4.8 62.8 11830.0 2.025 2.530 19.96
10 5.3 64.5 11868.7 1.978 2.520 21.50
PQFC
13 4.9 62.0 11537.8 2.000 2.541 21.27
10 46 62.0 11421.0 1.980 2454 19.31
1.5E10
13 4.6 62.8 114754 1.964 2.469 20.44
# 314, v E3HEQ HEF8 Al 2y
. Max size Dynamic stability(Pass/mm) Rut Depth
Mixture
(mm) KS New (mm)
10 7412 4000 3.44
L6F0.3
13 1636 2799 .44
10 3600 2177 6.00
PQFC
13 3000 3101 4.37
10 2423 2452 5.65
L5+E10
13 1355 2178 6.71
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F 31394 diFEe] B FAAY F=EC] 20% oY Tl TF
stk ¥ 3149 wEF3 Ag AFolA 10m, 13m EFEE v
HAE A Zole Hio] FAlete] FAAT Y] wE AW e AgA

A Aol7t e Ao eksrh

3) Kim-test

WA= 10met 13m SAE 37HA HIEE AR&ste sl ET. S
B IANAZFEH Lozl o] FAA 100met A3 G2 753 H3] o
st AZE 150mm FAIAIS] EFES 60T x4 Al A 30#3F
] AWA WA 5 =4S 93] A4 D=40m, r=10me }=E<&
i o2 AdeS 30m/minz 7. F 315 A3 9HVI® 753
A3l gRste] AA"E 150m FAAY EAY WIGE A@EA R
3162 €dE IAAZFEH o4 Hof FAA 100me] WIA= AF
= YERITH

ah)
ol

i
oy o

O

iy, 2:l=1

# 315, 150mn &A A8 HYF= Ay

. loac| ma | 3z | BE@a) 338 P | Vv |
ST | ) | (g) [ g=] o= | %) | ) | (m) | (MPa)
POPOS | 50 | 720 | 23984 | 1885 | 2472 | 2375 | 1050 | 26 | 1200
FOYDS | 48 | 705 | 23065 | 1924 | 2530 | 2397 | 975 | 32 | 1.038
POVC 1 53 | 708 | 23837 | 1909 | 2520 | 2424 | 1023 | 36 | 1044
PATC | 49 | 687 | 23000 | 1976 | 2541 | 2223 | 1912 | 46 | 1798
DRI ) 46 | 721 | 24001 | 1884 | 2454 | 2324 | 645 | 34 | 0671
PR a6 | 710 | 23951 | 1909 | 2460 | 2268 | 900 | 39 | 0890
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3 3.16. 100mn 320 FAAS HETE 2

3}

< 5 OAC(%) | W% P(N) Y (mm) Sp(MPa)
1 741 3.6 0.774
L6F0.3
51 2 849 3.5 0.899
- 10mm
3 741 4.3 0.729
3 77 3.8 0.801
1 336 4.4 0.320
L6F0.3
4.8 2 429 4.1 0.418
- 13mm
3 546 5.0 0.499
o 437 45 0.412
1 230 3.7 0.232
PQFC ’
5.3 2 378 54 0.337
= 10mm
3 234 6.3 0.200
B o 281 51 0.256
1 1026 2.9 1.127
PQFC
49 2 1050 2.6 1.193
= 13mm
3 1008 19 1.273
ot 1028 2.5 1.198
1 852 4.3 0.820
1L5E10
46 2 1032 4.2 0.998
- 10mm
3 849 4.4 0.539
i 911 4.3 0.786
1 654 5.0 0.876
L5E10
46 2 825 4.4 0.785
- 13mm :
3 675 4.6 0.633
Sz Ry 718 47 0.765
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F 3159 150m FAA = FFEC] 20% ol 7Ed S5 ATt IEA
T A= 100mmet 150mm FAAE Hl2E @, 10me] LDPE5+ EPDM10E

A3 PEE 150m A A7 100m3A A BT "R et =4 Ve,
A A7) wEt vad o AA 2el7} fle AeE dElY.

SHANE vl EFE GA] SMASH nRR7EA R Sp gkl g wrol Y
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Rut depth (mm)

= o Sp (MPa) Rut Depth

o 100mn 150mm (mm)
L6F0.3 0.801 1.200 3.44
- 10mm
L6F0.3 0412 1.038 5.44
- 13mm
PQFC 0.256 1.044 6.00
-~ 10mm
PQFC 1.198 1.798 437
- 13mm
LoELC 0786 0.671 5.65
- 10mm
LoEL0 0.760 0.890 671
- 13mm

13mm Agg E

________________________

® 100mm
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| i | | i | | | i
00 02 04 06 08 10 12 14 16 1.8 20
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o) A E£3E<¢] Open—graded friction course (OGFC) &3&9 7
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. F oA OAC T8 |27 248
i x4 (mn) (%) (%) (%)
10 6.0 17.27 0.15
PG76-22
13 6.0 16.34 0.12
L6 10 59 16.72 0.10
(LDPE 6%) 13 59 16.22 0.09
12 10 72 16.69 0.03
(CRM 12%) 13 72 16.26 0.03
L5EL0 10 6.0 16.98 0.02
(LDPE5%+EPDM10%) 13 6.0 16.50 0.01
R10 10 6.8 17.01 0.02
(CRM 10%) 13 6.8 16.18 0.01
PQFC 10 65 16.48 0.02
(RL2% RH5%
CRM5%) 13 6.5 16.11 0.02
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# 319. OGFC T =9 APAS} YT E

. Max size Sp Rut Depth
Mixture (mm) (MPa) (mm)
PCT6 10 2.660 3.94
(SBS PG76-22) 13 2.742 4.43
16 10 4.156 1.561
(LDPE 6%) 13 4218 1.18
RI2 10 3.490 3.40
(CRM 12%) 13 3.686 3.55
L5E1L0 10 2.865 2.38
(LDPE5%+EPDM109%) 13 2.679 2.44
R10 10 1.976 6.01
(CRM 10%) 13 2.147 5.28
PQFC 10 3.536 3.40
(RL2% RH5% CRMb5%) 13 3.423 1.98
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APA rut depth (mm)

APA rut depth (mm)

OGFC(depth 25mm+38mm) Bonding

R% =0.6641

0 +———t———— |
1.0 2.0 3.0 4.0

SD(MPa)

2% 3.37. OGFC &£%% AA9] APA rut depth9} Spe] &4 &4

5.0

3 OGFC(depth 25mm+38mm) Bonding
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Pavement surface profile

Core Sampling

at mid lane:
Left measure Sy Right
wheel path wheel path
rut rut

a5
...................................................................... 304
Ns
E}_j‘% }>} }:i
(a)
Site rut =2 = sum rut/6, S, F= =sum S,/3
— — — =
Rut é’%'_< Ru é’%“‘i Rut, =50
=304 =
= T a =®
=1 2@ a2 3 =
Rut 5’%“4 Rut =7 Rut 5731—4
2:5-10m
(b)

19 3.39. (a) A3l AFH AR rut depth SHoll e 2% (b)
2} AlolEof thedt 19 A,
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#0320 A 2AWUY e ® FZo] M¥AE AR
R E= . F58 | ds dol [ »el| BT | Sp
o p |[EHE| Mo | ) () ($) | m | ovpa)
1 1.48 2 45 325 | 3345
drjgms | AP 9 053 3 5 400 | 2784
A &R 130 |3 0.54 3 4 350 | 3498
B# | 085 2.7 45 | 358 | 3.209
1 1.22 18 105 | 1425 | 2.450
A P2 13m |3 1.29 21 135 | 1725 | 2235
Ad | 125 19.5 12 | 1575 | 2.350
1 1.22 10 8 9.00 | 3.145
g 1 | | AP 2 2.32 8 11 950 | 2614
21 2 17(]'i = T:}—‘—
A 13m |3 14 6 9 750 | 2557
B | 164 8.0 933 | 867 | 2.770
1 2.45 6 6 600 | 2434
gme g | |IDPET 5 253 8 9 850 | 2438
a1 =L lx]'i é E
A e 13m |3 3.69 6 9 750 | 2.989
By | 289 6.7 80 7.33 | 2.620
1 1.325 2 2 200 | 3930
@aze) | | APS [ 212 5 5 500 | 259
E3H 1A=z |39 =
A A5 8mm |3 1.76 5 6 550 | 3.268
3 4.0 43 4.17 | 3.270
4 156 5 3 400 | 3225
F32 AP5
i O U [ C R 146 7 3 500 | 2908
A Ao 13mm |6 2.58 10 10 1000 | 27786
B | 224 5.67 533 | 633 | 2.970
1 1.69 5 4 450 | 2.730
NHLAAD | %{*55_’]{ 2 0.95 7 3 500 | 2957
A EFAA 13m L3 0.84 8 6 700 | 2.862
B | 116 6.67 433 | 550 | 2.850
1 178 10 13 1150 | 1837
Hapane | D{\Cgi 2 1.91 12 12 1200 | 1853
A B Tam |3 1.88 13 13 1300 | 1956
B | 186 1067 | 1067 | 1217 | 1.882
1 3.14 15 2 850 | 2.067
AEAEH | |an %Aé’i_ 2 2.43 12 7 950 | 2015
=} AL T
3 13m |3 2.82 12 8(+%) | 1000 | 2636
Pt | 28 13 45 9.33 | 2.239
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Rut depth (mm)

¥ 322 Ad xAYE s¢E AW 54
&2 A = (pass/mm) Rut
g5 F=(%)
DSks DSew depth(mm)
RLDPES 3.73 6632 5753 2.34
L4E10 351 5727 4162 3.24
AP-5 3.34 2520 3393 4.29
6
5 -
AP-5

1000

29 353 A

&
=

X
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24 ®g A& & F Uk o)le 5¥Y FEFEH AT A
o

16
AlSl AD
7 OAPE FCWT Ald &3}
1 f ARIO y = 8E-08x" — 1E-06x* + 0001x’ ~ 0035x* + 0.7062x
2 2 _
[ %PG 76-22 R? = 09238 D
12 _} M RL6R5 O
1 o P
~ 10 | <
£ ] O_#&
£ I o—0 © .
= o O o2 0 y = 4E-05x® — 0.0058x” + 0.3054k
- 4 2 _
5 8 ; o~0 O R® = 0938
e @ & A ,’
3 6 — e A (i
o A
e 4E-05x° — 00042x% + 0.2065x
4 R2 = 09115
| |
2 - y = 02064x%6%
R? = 09441
O ) J. I}
0 20 40 60 80

Run time (Hr.)
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AGRFIA GV HE et olE FATA EFE H Ao FAA &
e WHIAEe A F 3239 YEUAY. 28 HstZHols Ax F
ANA HE8F=et F3P o AA QoA A} F3o] FAA HIYE
BHABAAE ¥ 358, 3599 A4z YEtAT 2 A KEo] F Wit
ol FARAE W Fsate] R® > 08 ooz yench

mO

2

Z, AT G EFE AT HIEGE L ;o] FAIAY FE 7}
=3 Bgo wgl FCWT A golA Hslzlelrl v A4 248 d AgA
of £33 zto|7} eSS tA] &g = UL} olE FI EFE A

A Aojst adwde] 4% EdEe W sl 2 ¢ e ¢
%+ sl
¥ 323. 12k FCWTY 374 13m £ =2 WHIdFxe
4% Asgolshe) wA
Add g3 FAA o FAA
- Final
=3 E
Rut depth(mm)
F=E(%) | Sp(MPa) | F5E(%) | Sp(MPa)
AP5 4.02 3.21 473 1.929 13.29
R10 3.79 3.48 3.50 2773 7.60
PG76 413 4.25 4.43 3.154 7.20
RL6R5 3.88 4.65 3.62 3.507 3.01
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FCWT rut depth (m
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7F et gd 2 2vhe A19R10, A19PG76-22, A19AP-5 9o &

el gtk AFEgFAA A/ AF AslE TGN EFE I

o] FAA EFES WA= 3 £ 3.

a3 ZAEPole AE TAA AP AT F3 To AF QoA 23FH
3 ;o] BAA WHAE ARBAES 1Y 361, 3629 27 YEIA
o e BXo] F wWzte] AuAAE vl FFste] R’ > 08 o)

om etk adelA nRol ¥ wizel AnaAt 494 GAFA

2 Yegt oAe 19
361, 36204 HXo] Untof~2FE HIRITIE AFE3SH 19AP-59 &)
dld mek UF Pt A 2R MEos BeEh

3 3.24. FCWTO Ar&€ Antet 19me] WY =} HFHsrziolobe] #A

A9 By BAA F0] FAA
. Final
EwE Rut depth{mm)
t
F28(%) | Sp(MPa) | #28(%) | SpMPa) | - CoPenm
Al19AP-5 4.05 3.286 2.97 2.809 11.96
A19PG76-22 3.90 4.419 2.55 4.297 354
A19R10 451 3.886 1.84 3.297 3.15
A19RL6R5 457 4.074 1.73 3.635 2.86
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a9 36394 wReld d Hskdole BI9PG76-229F BI19RLERS7F 2.7mm
AT g o He Hazolrt wggion Trle BISRIO, BISAP-5 02
Fdapzlolg ekl vk AFRAFIANFE S HF HdolE IAHT
A EE 9 Fo] TAA T MFAT A F 3.259 JER T
ae 3 Fetdolsh Ax FAA WFZESd F9 Fol A A A3
HYFEe] FAAAE 1Y 364, 36590 27 JERRS

FoAgde FadAE s FEs R® > 082, R’

v}
H
o
9
>
f

A 93 FAA o] FAA

3B Final

R Rut depth(mm)
TFE(%) | So(MPa) | F5E(%) | Sp(MPa)

B19AP-5 3.98 3.223 347 3.009 8.465

B19PG76-22 4.44 4717 2.68 3.667 2.715

B19R10 463 3.598 1.55 3.105 3.880

B19RL6R5 4.73 4261 5.02 3.719 2.785
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FCWT rut depth (mm)
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= 2
8 | | m13mm L6F0.3 o N R? 29526
A 13mm PQFC © o 070
7 | O13mmL5E10 A
A =1.1686Ln(x) + 2.2673
6 I - R 0.9616
r \
€ g m 5
€5} . - y =0.9938Ln(x) +1.6787
= HA 1 R? = 0.9494
2 0 A
S 4 R
5 / .
= m
31 ® o9
y =0.4903Ln(x) +1.196
2 o e R? = 0.9532
I
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Final
Rut depth(mm)
3.73
6.01
6.88
7.86

Sp(MPa)
1.673
0.828
0.392
0.470
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14.99
23.07
18.45

T=5(%)
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FCWT rut depth (mm)
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2.0
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8. WiFAA A& JIEAAN R xF ANEE AH
7h AR g dE A4

A EE A7 F A= A A X (Critical deformation strength: Spc)
ARATF (BT § 2007, BAH 2007b)IME B2 THEE BFE ol
ZE EFE9 HYPFE JLAE AANIIY. o]F BY YuxEz ¥
OfATE TYHES A4 100mm FAIA AFEA] 3.0 MPa, @A wEF 1¢
g e 100000 o4, E 209 A ESAL >107¢ F MEEE EAH(C]
o s )G HST EFEY 4 40 MPa oottt kAT o] ¢

AEe FHE Mde] ZIEXola u

FAee s EFEEC] 249 AXNE 97 Hal ° w2 #Hoe

i
_l f
2
o
:3
3
-
=3
=4
<
A=)
Pl
Eo;
2
BN

UYE of2PE ETHEY WA =x WEFP(Wheel tracking: WT)
AL BF ol~2FE EAFEA7|(Asphalt pavement analyzer: APA) A&
Adieolel AIIAE EHDoh et al 2007, Kim et al. 2003, 2004, 2007,
2008, #E-F & 2003, 2004, WA d 2007). =3 AIFAE+= FHAZAY
I ABBAAE A7 (Kim et al. 2005, 733F 5 2005, 2005c), 2 F3HA|

¢ 2006b)H AA E=EPGANA AFHE Fojo WA= I AH
o] AAWE Zolgx 4 YAAAE EAFH(Park et al. 2007, WA &

2007b). o]# & dolB & 2R ofABE EFEo] dASFE oFe W

1..'

8 RS Azsd 53 APIN dYFE ol AFHE B A
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et al 2007, %9 & 2007, AAH 2007b). ol¢} L ZA oA ©Ud
U= AE datas o] &ste] WPAGES AAA (Critical deformation
strength: Spc)7F AFA - AAH A (FF9- 5 2007, AAA 2007b, 3=
2007).

density function: PDF)¢] 7}gF%x o]t}

T 299 F334L2 ula South Carolina (SC)F2] A=ZwH(F 7)) 1
&5 2 (Interstate highway)®} & EZ (State highway)ol AF&¥ 50F o]
Fo] S8 ARAdA Aozl 2009 71A] E3FE] did APAS Sp A
A Dol datad] 3ARAE T3 2e]X Aol

of Aol = A4 100mm FAIA ] MFAZE7E 3.0 MPaol 4ol APA
Aol A Rut depth?} wl= South Carolina =2 T oA A A e+ AWt 23
& 71F Hot-mix... 2007)%1 5mn (Hot-Mix Asphalt... 2007) ©]3& w3}
Aow YeEt Ze WHer FAZAYN HYZE7F 40 MPaoliol
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o>“ B
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e
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3mm (Hot-Mix Asphalt... 2007) ©]st& WHEeles o w vebygr kx| gt
54 E¥E WY E Hito] 3.0 MPaolgtal sl4 & APA 7|&S& W
st A2 ofyn &, Hto] 30 ol#te AL oY data} R wrEA
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389 EAk(variance)®l HXE 9}
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A e} Zo] BAX FHAE 7ol EdHUG
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a9 3.72. APA rut depth vs. Sp relationship and PDF at each point for each
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. #HA}5A (Operation characteristics: OC)FA 9] &-&

SAHeR EFF ofABE ETYFo] R EHE o] AuA(AIF)7}
AgetAl He FES AYA 98 (Consumer risk: CR) &0z & A
AAZE S EFES AN AE ERAEE FES AR AF
(Producer risk: PR) &&olg}t gtrh. & &v|x} g &z Y AFo
2A 2 FEB)ola, AR ARG E|H

AR aulAst B AFL
FL BN ANHIE BYE BAYL B RO oE AANSHT

A (Operation characteristics (OC) curve)oll A Yelida 28 3733 ).

{

o, 1—a)

~
|
T ——

©
w
T T T 1‘ T [ T T

(D1:B)

0.0 ' ’
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p(%)

19 3.73. Operatlon characteristics (OC) curveol 4] 2] AAk=} 14 & E(a)
a2u 2L P E(b), 1o sFete T4 FAFT)T S EHE()

At oz PR} CRY #2 244 5% (a=0.05)9F 10% (B=0.DE A&
(I 2002). oW aol HFete FEJ Lo EFES p, S

st Lote] BEHES polgh g dutdoew p g AMNEY FFH

2 2
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e} 24U pe &2 2 5 (Acceptable Quality Level: AQL)3 ¥ X
St g2 Lote 38 E#E(Lot tolerance percent defective: LTPD)¥ ¥
Ag, & AQLS AH|X7E BEE ¢ e EFE S5 HoiXelx, LTPD

= 584 42 4% (Rejectable Quality Level: RQL)e|&F & 4 St}

el AHAF A9 E NP ofABE EFES] HYPT HEsH
oH ZHEA X%F AALE] = ol ATE EJMEC] o AR wiF
= F2(FA HiF: Process average, m)S fA|slof ¢kAH oz o] FE

& U 7 UAsA & Ak 2" 3740049 Zol AA EFE

7 712X E Hold FER TAATES FXFHE 2uA AFLES 10%
(b=0.1)olt}. =, oo Hjxe A= dAA olEd FE
(Probability of failure: Pps 10% °]st2 fFAstdd v AEE o =9
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TEE FHERIFID)S 09 (90%) olFoz {FAsof & Aolth thA]
23 p< 010]ojof st} EFE HIPFEE AHEEXE o Evta M
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Probability distribution of Sy
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2 & 2m V,=100Sp,v/n — 100m+/n o] 1,

m(zVo+100v/n) =10085pcv/n ZH-E 4 (5)F etk

100 v'n e — (5)
2V +100/n

m:SDc[
o] HoA gIFF o9 e =75 (Increment factor)oll | Fec}). 5
THAGE AR FatH Feluxste FAFTOl o o FUHAT
2 WHEASFY po 42 el ¥ 3759 Zo| Hu oW Foi
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_\|L
)
=
rir
19
=
)
Ol
e
2
HH
i)
¢ 2
A
¥
AN
=2
=2
X
24
L
N

Zo] d& & F vk A B9 FIHIF FelA B
o #AZE Aok 2™ 3760 AE 10%E 13T A S7HATE &

AlA ¢ d 2 YER AT

- 108 -



Increment factor
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2 AFME A2 9¥4E A5 HUMA G AgE 27 2% 2%
E9 Il data (e}2=FE.. 200NE o] &3ATHEE 3.28). o] MEAFT A=
o} A AAG ANER G ofABE TFEAIGA BI R FAA Ax)
F AER EFE@EITGY 10032 FAA AR)e] wFGE AAA
(Critical Sp: Spc = 3.0 ¥ 40 MPa)E °|&3d WA =E T3 o
AAXE of2FE EFES wWiFAA AARH (200078 A7oA AH&=R
Ao APFE APA ANHdZFete] FaAd FAo2HE 100mm F A A
of tiste] 2k Feltt.

¥ 328 A 27l B F7d WP E A DL AFASF (CV)

Variable |Max agg. size | Agg. source| Mean Note
M S
((f\?{npa)D 3.975 3.480 3728 |2 agg sizes x 2 agg sources
x 4 binders x 2 tests = 32
(\;C) 8.008 8.789 8.399 combinations
(o]

£ 32804 WYPEe] WEAF PFL 84%E Fojgomz
s=0.084molt}. ©]% ol gdl AFEE Eeld mPwel 10% 0.7 71EL
ol SE(dAX v 8ol AFse 2 @S FoW .- -1.280]
B gAA A ()8 FAAFE Fekrl A8l n=3, Ve=84%E tYstu

100v/n 100 /3 ~173.21
= =1.066 ol]ZRE m=3x%x1.066
2Vp+100v/n  —1.28x8.4-+1004/3  162.45 i, °o]=+H

= 3.198& d<=t.

olE AFH F AE7AIT ®7]8tH wME A== 3.20MPacolt). &, 9

E3E 90% oA FAHT (Lot mean: m)o] UGAA R AAX 3.0 4
o™ 37 FAA A X9 HWFo] 32MPa o]4to] mojob st} #e wkbAl
o7 MER TFIE AAX 40MPad MIAAREE ALEH 4x1.066 =
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3.7 + —{—n=4 )
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35 +
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m (Process mean Sp in MPa)
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a9 378 AMEFE(Spe)7t 3 MPagl ¥HtE=2 %35 & 0}5_-&5 TEEY
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3.5
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&
232 +
@
3
9; 1 //
£ 31 +
3.0 i f I :
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5
=)
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1] 73 = (process mean)2] 3}
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w
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<

m (Process mean Sp in MPa)
w
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3.0 & T f f
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4.9 il O—n=3 Pr=5%, Spc=4 MPa
L {1 n=4
48 T |=t—~—n=5

m (Process mean Spo in MPa)
N~
[8)]

1 A . 1 |
T ¥

10 15 20
Ve (%)
19 382 Spc = 4 MPa?l 7HHERE T=8 ofABE FIFE2 999
Hito]l YAX mvrd FEP)E 5%E AT F$ nd Vol 2
w87} S (process mean)$) A3}

P;=10%, Spc=4 MPa

46 1
45
24 4
4.3 +

3 ==

41 +

m (Process mean Sp in MPa)

L
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Ve (%)
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A% 001@ n3t pol ARl FAAFE Lol AW RE ARE

O 3 2~
2o AR A4Nd 5

Asde weh 40 8440 AXNER QAA o2 W7t HlEs
P oj3tR FAEHE FARE me oo 3] wWEelth. 18¥ EFE

9
ol AA o]For dojd FELS (1-p)o] HH o d FE
| oy

(Probability of safety)elz}t & < o T3 Z2 FAASG, HAFA 2
AAA ol3tE YH7IE v1&Ql P &7 575 TAHAHET L ol

=
2e ¢ F At o= 1Y 386~391F T3 & F AUtk

Probatility distrioution of S

1 645s/3”/2 N(3.26, 0.274°)
Pf= 0.05
2.76 Spc=3.0 m=3.26 . L
S (MPa)

19 3.86. Spc = 3 MPagl £3§ of~EE EFE FAA 39 499
o] YAA wwtd FE(Pol 5% o7t 7] A WA =(m)
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Probability diétribution of &

N(3.2, 0.269°)

P=0.1

g
LA
Dt te!

TR
wr KRS,

2.6 28 Spc=3 m=3.2 3.4 3.6 3.8
S (MPa)

1¥ 387 Spc = 3 MPa%l 835§ of2ZE E4E FTAA 3719 A9
Bto]l AAA W FE(Ppe] 10% olst7t =7 gk vl F 4 =(m)

Probability distribution of S

Ve

N(3.13, 0.265)
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<& >

- I TN T T U 0 T S T oot OO A S
| I I I I

T !

261 274  2.878,.=3 m=3.13  3.26  3.39 352 3.65
S, (MPa)

7% 388. Spc = 3 MPa’l ¥F8& o}ATE Z3E FAIA 3749 199
Bato]l dAA wivtd FEPp)e] 20% o7t =7l g vl A =(m)
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Probability distribution of Sp
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€ / > /
1 1 1 1 | | \ ) ) ) | | ﬁ'
m= 4.35 47 5.05
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Probability distribution of Sp

s

1.285/3'/2 N(4.25, 0.3579)
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35 375 Spe=4  m= 425 45 4.75 5
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Zo] anjsteE 29U E & & A o]t o] f wie WiE 3§ E
FES F9 20%E H F4 F5o] i HAY M4 A"HE EFES
AHEEHA E Aol o] F 7R AS ol® Zlo] Fr|H R v AAHAA
= AAAN E4E Fe FAsor & Aotk = olg g o] Wi &
BFEL o= FFEo2 AR} f$ Fas).

ol ¢} 2

lo] A E o] B=E(Probability out of limit: POL)d| whg} ofx%t
MAE 9] §A & (Probability of acceptance: PA)o] oj® A W3}

=X AAFEA X (Operation characteristics curve: OC Z4) & &3 &

|
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e
=

Hol Asdth OC B EFEe FARFL FANE & & U1 £9
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0
g Aq7|A B EZ7)o] B dFoA AR E FAH T (Process mean)©|
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& 5% (Probability of failure)o] ¢F 10%9S & &
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