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Abstract
In a current research effort, University of Minnesota and Minnesota Department of Transportation have been working on
designing asphalt mixtures that can be constructed at 5% air voids, similar to the Superpave 5 mix design. High field density
of asphalt mixtures is desired because it increases the durability and extends the service life of asphalt pavements. The paper
investigates the current situation of field densities in Minnesota, to better understand how much improvement is needed
from the current field density level to the desired level, and to identify possible changes to the current mix design to improve
field compactability. Field densities and material properties of 15 recently constructed projects in Minnesota are investigated.
First, a statistical analysis is performed to study the probability distribution of field densities. Then, a two-way analysis of var-
iance is conducted to check if the nominal maximum aggregate size and traffic levels have any significant effect on field densi-
ties. A correlation analysis is then conducted to identify significant correlations between the compactability of mixtures and
their material properties. The results show that the field density data approximately obey normal distribution, with an aver-
age field density of 93.4% of theoretical maximum specific gravity; there are significant differences in field density between
mixtures with different traffic levels; compactability of mixtures is significantly correlated with fine aggregate angularity and
fine aggregate gradation of the mixtures.

After the implementation of Superpave mix design in the
late 1990s, durability related distresses, such as
cracking, became the most prevalent distresses (1).
Durability issues, to a great extent, can be attributed to
inadequate field density. The minimum requirement of as-
constructed field density in most U.S. states is about 92%
to 93% of theoretical maximum specific gravity (Gmm), or
7% to 8% air voids (2). Many previous studies have
shown that as-constructed field densities are lower than
desired (3–5), which causes premature durability-related
distresses, for example, cracking, water damage, and ravel-
ing (6, 7). The importance of the as-constructed field den-
sity is emphasized by Linden et al. (6) who found that ‘‘a 1
percent increase in air voids (over the base air void level of
7%) tends to produce about a 10 percent loss in pavement
life.’’ The relatively low as-constructed field density can be
in part related to the implementation of Superpave mix
design, which emphasized prevention of rutting, the most
prevalent distress before Superpave, but resulted in asphalt
mixtures that were harder to compact (1).

To improve durability and extend pavement life,
many agencies have proposed modifications to the

traditional Superpave mix design to improve compact-
ability. Wisconsin Department of Transportation imple-
mented a method called ‘‘regressing air voids,’’ in which
the mixture is designed at 3% to 3.5% air voids by
increasing the binder content by 0.3% to 0.4%, com-
pared with the traditional 4% air voids Superpave mix-
tures (8). The additional binder increases the
compactability of mixtures and allows higher field densi-
ties to be achieved.

Another method, developed as a result of joint
research by Purdue University, Heritage Research
Group, and Indiana Department of Transportation, is
‘‘Superpave 5,’’ in which the asphalt mixtures are
designed at 5% air voids and also compacted to 5% air
voids in the field. This idea is achieved by significantly
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reducing Ndesign to 30 or 50, depending on traffic levels.
In this method, Ndesign is related to compaction effort
rather than traffic volume, which guarantees consistency
between laboratory and field compaction. Superpave 5
mixtures are designed by adjusting aggregate gradation
while keeping the effective binder content unchanged,
compared with traditional Superpave (9, 10).

Inspired by these research efforts, Minnesota
Department of Transportation (MnDOT) and University
of Minnesota have started working on developing a high-
density mix design method, similar to the Indiana
Superpave 5 method, based on the use of locally available
materials. Phase one of this study focused on understand-
ing the compaction process of asphalt mixtures, and
developing mechanical model and numerical tools to
simulate the compaction process (11). This paper pre-
sents research performed as part of phase two of this
study, in which the current situation of field density in
Minnesota is investigated, with the goal of answering the
following questions:

� What is the current level of field density in
Minnesota? How much improvement is needed to
achieve the desired field density of 95% Gmm

required by Superpave 5?
� Are field compaction values consistent with

laboratory compaction values?
� What options are available in the current mix

design, to increase compactability and field density?

In this research, information obtained from 15
MnDOT projects, including field density data, mix
design report, and material properties, is used. Statistical
analyses are performed to investigate the probability dis-
tribution of field densities, and to determine the effects
of nominal maximum aggregate size (NMAS) and traffic

levels, respectively, on field density values. A correlation
analysis is then conducted to identify the significant cor-
relations between compactability and material properties
of asphalt mixtures. The identified correlations can be
used to design more compactable mixtures.

Projects Information

Data obtained from 15 MnDOT projects constructed in
2018 and 2019 were used in the investigation. All mix-
tures were designed using the current Superpave volu-
metric mixture design method (12) to 4% of design air
voids at a designed number of gyrations (Ndesign). The
Ndesign value varies from state to state (13). In
Minnesota, the Ndesign values for traffic level 3 (1–3 mil-
lion equivalent single axle loads [ESAL]), 4 (3–10 million
ESAL), and 5 (10–30 million ESAL) are 60, 90, and 100,
respectively (14). All mixtures were used in the wearing
course and contained reclaimed asphalt pavement
(RAP), ranging from 17% to 30% by weight.

Table 1 details the mix design information of the
seven mixtures with NMAS=9.5mm; two of them are
level 3, and the other five are level 4. Table 2 details the
mix design information of the eight mixtures with
NMAS=12.5mm; three are level 3, three are level 4,
and the other two are level 5. For simplification, the mix-
tures with NMAS of 9.5mm were labeled A, and the
12.5mm mixtures were labeled B. The mixture IDs iden-
tify the NMAS and traffic level.

Material Properties

Field density is mainly affected by a mixture’s compact-
ability, which is governed mesoscopically by the proper-
ties of the main components of asphalt mixtures. In this
study, the following material properties were considered:

Table 1. Information on Mixtures with Nominal Maximum Aggregate Size (NMAS) = 9.5 mm

Traffic level Level 3 (1–3 million ESAL) Level 4 (3–10 million ESAL)

Mixture ID A3-1 A3-2 A4-1 A4-2 A4-3 A4-4 A4-5

% Passing of different sieve sizes (mm) 12.5 100 100 100 100 100 100 100
9.5 92 86 87 96 96 88 88
4.75 67 67 65 65 65 65 65
2.36 51 57 50 45 45 53 53
1.18 36 45 38 32 32 42 42
0.6 24 30 28 20 20 28 28
0.3 11 13 15 11 11 14 14
0.15 6 6 6 5 5 6 6
0.075 4.5 3.4 3.8 3.4 3.4 3.2 3.2

%AC 5.6 4.9 4.8 5.3 5.3 5.6 5.6
PG 58H-34 58S-28 58V-34 58V-34 58V-34 58H-34 58H-34
RAP content (%) 20 30 20 19 17 22 15

Note: AC = asphalt binder content; ESAL = equivalent single axle load; PG = performance grade; RAP = reclaimed asphalt pavement.
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� Asphalt binder content (AC)
� RAP content
� Aggregate gradation
� Aggregate angularity

AC and RAP content are listed in Tables 1 and 2. In this
section, aggregate gradation and aggregate angularity are
further analyzed.

The effect of binder type (modified binder) was not
considered in this research because the 15 projects stud-
ied have similar high PG limits, as listed in Tables 1 and
2, and did not provide sufficient information for a valid
analysis. In addition, the compaction temperatures were
determined based on the equiviscous principle (15), which
should result in similar binder viscosities at the compac-
tion temperatures.

Aggregate Gradation

Aggregate gradations are listed in Tables 1 and 2, and
the gradation curves for NMAS=9.5mm and
NMAS=12.5mm mixtures are plotted in Figures 1 and
2, respectively.

Bailey method parameters are employed to further
quantify the gradations of the investigated mixtures. The
Bailey method is an empirical method that correlates the
aggregate gradation to aggregate packing, which is
widely used in mix design for adjusting volumetrics. In
the Bailey method, aggregates are separated into different
portions by three critical sieve sizes: primary control sieve
(PCS), secondary control sieve (SCS), and tertiary con-
trol sieve (TCS). The control sieve sizes are determined
using the following relationships: PCS=0.22 3 NMAS,
SCS=0.22 3 PCS, and TCS=0.22 3 SCS.

Aggregate gradation is characterized using the follow-
ing parameters: PCS Index (PCSI), coarse aggregate ratio
(CA ratio), fine aggregate coarse ratio (FAc ratio), and
fine aggregate fine ratio (FAf ratio). They are defined by
the following formulas (16):

PCSI =%Passing PCS

CA Ratio= %Passing Half Sieve�%Passing PCSð Þ
100%�%Passing Half Sieveð Þ

FAc Ratio= %Passing SCS

%Passing PCS

FAf Ratio= %Passing TCS

%Passing SCS

8>>>>><
>>>>>:

ð1Þ

Table 2. Information on Mixtures with Nominal Maximum Aggregate Size (NMAS) = 12.5 mm

Traffic level
Level 3 (1–3
million ESAL)

Level 4 (3–10
million ESAL)

Level 5 (10–30
million ESAL)

Mixture ID B3-1 B3-2 B3-3 B4-1 B4-2 B4-3 B5-1 B5-2

% Passing of different sieve sizes (mm) 19 100 100 100 100 100 100 100 100
12.5 95 90 90 94 92 92 91 90
9.5 89 76 78 81 80 83 82 81
4.75 70 57 62 63 60 67 66 65
2.36 50 45 49 46 40 51 51 50
1.18 38 35 38 32 27 37 36 34
0.6 26 26 28 22 19 26 24 22
0.3 13 13 14 12 11 14 13 12
0.15 6 6 5 7 6 6 6 5
0.075 3.6 4.2 2.8 3.5 3.5 3.4 3.3 2.8

%AC 5.5 5.6 5.2 5.3 5.3 5.5 5.1 5.3
PG 58H-34 58S-28 58V-34 58V-34 58V-34 58H-34 58H-34 58H-34
RAP content (%) 17 26 27 20 17 18 25 20

Note: AC = asphalt binder content; ESAL = equivalent single axle load; PG = performance grade; RAP = reclaimed asphalt pavement.

Figure 1. Gradation curves of mixtures with nominal maximum
aggregate size (NMAS) = 9.5 mm.

1672 Transportation Research Record 2675(9)



where Half Sieve is the sieve size equal to 0.5 3 NMAS.
PCSI characterizes the overall fineness of all aggre-

gates, CA characterizes the fineness of the coarse aggre-
gates (aggregates larger than PCS), FAc characterizes
the fineness of the coarse portion of fine aggregates
(aggregates larger than SCS but smaller than PCS), and
FAf characterizes the fineness of the fine portion of fine
aggregates (aggregates smaller than SCS).

In addition to Bailey method parameters, another
parameter was calculated, called the distance to maxi-
mum density line (Dmdl), which is defined as the accumu-
lated difference of the passing rate between the gradation
curve and the maximum density line (MDL):

Dmdl =
Xmax :sieve

min :sieve

%Pass of the sieve�j

%Pass of the sieve on MDLj ð2Þ

This is based on previous research that showed that
mixture compactability is related to how close the grada-
tion curve is to MDL (9, 10).

The values of the Bailey method parameters and Dmdl

are listed in Table 3.

Aggregate Angularity

In the current MnDOT specification (14), aggregate
angularity is quantified by three parameters: fine aggre-
gate angularity (FAA) (AASHTO T304 Method A) (17),
coarse aggregate angularity of one face (CAA1), and
coarse aggregate angularity of two faces (CAA2) (ASTM
D5821) (18). The physical meaning of the FAA value is
the volume fraction of fine aggregate in special packing
state obtained using AASHTO T304 Method A. CAA1
and CAA2 values represent the mass percentage of parti-
cles having at least the required number of fractured
faces, respectively.

Aggregate angularity increases with traffic level. The
required minimum FAA values for traffic level 3, 4 and 5
are 42%, 44%, and 45%, respectively. The corresponding
values for CAA1 are 55%, 85%, and 95% respectively.
There is no minimum requirement of CAA2 for traffic
level 3, while for traffic level 4 and 5, the required mini-
mum CAA2 values are 80% and 90%, respectively (14).

The values of the angularity parameters, obtained
from the quality control and quality assurance
(QC&QA) data, are listed in Table 4.

Statistical Analysis of Field Density

A total of 1,354 density values from field cores were col-
lected from the QC&QA phase of the 15 projects. The
density of a field core was determined by the test method
AASHTO T166 (19), if the core did not contain open or
interconnecting voids. Otherwise, it was determined by
the test method ASTM D1188 (20). The probability dis-
tribution of the field densities is first analyzed. Then, an
analysis of variance (ANOVA) is conducted to identify if
traffic levels and NMAS have any significant effect on
field densities.

Figure 2. Gradation curves of mixtures with nominal maximum
aggregate size (NMAS) = 12.5 mm.

Table 3. Bailey Method Parameters for Each Mixture

Mixture ID PCSI (%) CA FAc FAf Dmdl

A3-1 51 0.48 0.47 0.19 33.46
A3-2 57 0.3 0.53 0.11 49.32
A4-1 50 0.43 0.56 0.14 27.92
A4-2 45 0.57 0.44 0.17 41.16
A4-3 45 0.57 0.44 0.17 41.16
A4-4 53 0.34 0.53 0.11 35.52
A4-5 53 0.34 0.53 0.11 35.52
B3-1 50 1.08 0.52 0.14 81.97
B3-2 45 0.49 0.58 0.16 42.37
B3-3 49 0.55 0.57 0.1 59.77
B4-1 46 0.72 0.48 0.16 52.07
B4-2 40 0.78 0.48 0.18 41.59
B4-3 51 0.75 0.51 0.13 69.17
B5-1 51 0.69 0.47 0.14 64.27
B5-2 50 0.67 0.44 0.13 58.77

Note: CA = coarse aggregate ratio; Dmdl = distance to maximum density

line; FAc = fine aggregate coarse ratio; FAf = fine aggregate fine ratio; PCSI

= primary control sieve index.
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In Minnesota, 92% Gmm is the minimum requirement
of the as-constructed field density for the 4% air void
Superpave mixtures. A compaction lot with field density
less than 92% Gmm will be penalized while bonus will be
given if the field density is greater than 93% Gmm.

Probability Distribution

The probability distribution of all field core density data
is plotted in Figure 3. The basic statistics are listed in
Table 5.

As shown in Figure 3, field densities approximately
follow normal distribution, with a mean of 93.4% Gmm

and a standard deviation of 1.45% Gmm. As listed in
Table 5, the skewness, at 20.44, indicates that the distri-
bution is a bit left-skewed (skewness\ 0), which means
that the distribution is denser in the right side (higher
density side) or has a longer tail in the left side (low den-
sity side). The kurtosis, at 3.68, indicates that the distri-
bution is a bit leptokurtic (kurtosis. 3), which means
that the peak of the distribution is a bit taller than the
normal distribution. The left-skewed and leptokurtic
properties can be seen from the overall shape of the his-
togram under scrutiny.

To further check the normality of the distribution of
the overall data, a q-q (quantile-quantile) plot is drawn
in Figure 4. Again, it reveals the left-skewed property of
the overall data, while in the middle range, from 91% to
96% Gmm, the distribution matches the normal distribu-
tion very well.

The cumulative distribution of the overall density data
is plotted in Figure 5. It shows that 16% of the field cores

are less dense than the minimum MnDOT requirement
of 92% Gmm (14). The vast majority (87%) of field cores

Table 4. Aggregate Angularity for Each Mixture

Mixture ID FAA (%) CAA1 (%) CAA2 (%)

A3-1 42.60 91.40 NA
A3-2 NA NA NA
A4-1 44.00 91.04 87.86
A4-2 44.63 91.88 91.13
A4-3 44.50 92.00 91.40
A4-4 43.80 96.10 95.80
A4-5 44.04 97.91 97.91
B3-1 42.67 84.33 NA
B3-2 42.00 99.00 99.00
B3-3 42.00 96.50 NA
B4-1 44.10 98.40 97.50
B4-2 44.90 98.90 97.80
B4-3 NA NA NA
B5-1 45.69 98.53 98.53
B5-2 45.00 97.88 97.88

Note: FAA = fine aggregate angularity; CAA1 = coarse aggregate angularity

of one face; CAA2 = coarse aggregate angularity of two faces; NA = data

is not available.

Table 5. Basic Statistics of Field Density Data

Statistics
Mean
(%)

Median
(%)

Standard
deviation (%) Skewness Kurtosis

Value 93.4 93.5 1.45 20.44 3.68

Figure 3. Probability distribution of field density data.
Note: Gmm = theoretical maximum specific gravity. The red curve is a

normal distribution regression of the data.

Figure 4. Normal distribution quantile-quantile plot for field
density data.
Note: Gmm = theoretical maximum specific gravity.
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are less dense than 95% Gmm, which is considered as the
desired field density level (9, 10) for a Superpave 5 mix-
ture. Therefore, to achieve this desired field density level,
most of the current mixtures need to be redesigned to
improve their field compaction.

The field density distribution of each project is also
analyzed. It is found that all projects approximately fol-
low normal distribution. The boxplots of field densities
of each mixture are shown in Figure 6. Their means and
standard deviations are summarized in Table 6, which
will be used in the Correlation Analysis section, below.

ANOVA

The 15 projects can be grouped by their NMAS and traf-
fic level, as is denoted by their mixture IDs shown in
Tables 1 and 2. A two-way ANOVA is conducted in this
section to investigate if these two factors have any signif-
icant effect on the variation of field densities.

The two-way ANOVA is conducted by testing the fol-
lowing three pairs of hypotheses:

H01 : The mean densities of mixtures

separeted by NMAS are equal:

H11 : The mean densities of mixtures

separeted by NMAS are not equal:

8>>>><
>>>>:

ð3Þ

H02 : The mean densities of mixtures separated

by traffic level are equal:

H12 : The mean densities of mixtures separated

by traffic level are not equal:

8>>>><
>>>>:

ð4Þ

H03 : There is no interaction effect

between NMAS and traffic level:

H13 : There is interaction effect

between NMAS and traffic level:

8>>>><
>>>>:

ð5Þ

Results of the two-way ANOVA are shown in
Table 7. It can be seen that the main effect of NMAS on
field density is not significant since its p-value of 0.6385
is greater than the significance level 0.05, while the main
effect of traffic level and the interaction effect between
NMAS and traffic level are significant even at a signifi-
cance level of 0.001.

The two-way ANOVA indicates whether there is a sig-
nificant difference caused by NMAS or traffic level and
their interaction. To further explore where exactly the
significant difference comes from, a Tukey method multi-
ple pairwise comparison is conducted (21). The results of
the multiple comparison are shown in Figures 7 to 9 for
the main effect of NMAS, main effect of traffic level, and
the interaction effect between NMAS and traffic level,
respectively. In these figures, circles and stars represent

the mean density values of groups, and the error bars rep-
resent the 95% confidence interval of the means. Groups
showing significant difference in Tukey method multiple
comparison are plotted in different colors.

As shown in Figure 7, the main effect of NMAS is
not significant, with the means for 9.5mm and 12.5mm
NMAS equal to approximately 93.35% Gmm. There is,
however, a slight downwards trend in field density as
NMAS increases.

The main effect of traffic level on field density is
shown in Figure 8. Clearly, there is a downward trend in

Figure 5. Cumulative distribution of field density.
Note: Gmm = theoretical maximum specific gravity.

Figure 6. Boxplot of field density data of each mixture.
Note: Gmm = theoretical maximum specific gravity.
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field density with the increase in traffic level. Traffic level
3 has significantly higher field density (94% Gmm) than
traffic levels 4 and 5, while traffic levels 4 and 5 are not
significantly different, with their field densities both
around 93% Gmm.

The significant effect of traffic level on field density is a
result of the different requirements of Ndesign and aggregate
angularity for different traffic levels. Higher traffic level
mixtures require higher Ndesign and higher aggregate angu-
larity than lower traffic level mixtures. The details of the
requirements were introduced in the Projects Information
and Aggregate Angularity section. More specifically, the
requirements of Ndesign and aggregate angularity differ
more between traffic levels 3 and 4 than that between traf-
fic levels 4 and 5, which explains why the field densities are
also more different between traffic levels 3 and 4 than
between traffic levels 4 and 5. This explanation is con-
firmed later by the correlation analysis in the next section,
where significant correlations of field density with Ndesign

and aggregate angularity are identified.
The interaction effect between NMAS and traffic level

is shown Figure 9. All groups separated by both NMAS
and traffic level are significantly different from each

Table 6. Mean and Standard Deviation (SD) of Field Density
Data for each Mixture

Mixture ID Mean (%) SD (%)

A3-1 94.07 1.50
A3-2 93.56 1.24
A4-1 92.87 1.38
A4-2 93.71 1.14
A4-3 93.15 0.96
A4-4 94.56 1.43
A4-5 93.36 1.22
B3-1 93.77 1.24
B3-2 94.53 1.11
B3-3 94.55 0.86
B4-1 92.85 0.96
B4-2 93.01 1.04
B4-3 92.41 1.65
B5-1 92.69 1.61
B5-2 93.72 1.38

Table 7. Two-Way Analysis of Variance Calculation Table

Source of variation SS df MS F ratio p-Value

NMAS 0.44 1 0.439 0.22 0.6385
Traffic level 288.31 2 144.153 72.57 \0.001
NMAS 3 traffic level 79.59 2 39.796 20.04 \0.001
Error 3090.73 1556 1.986 na na
Total 3405.84 1561 na na na

Note:‘‘NMAS 3 traffic level’’ represents the interaction between nominal maximum aggregate size and traffic level. SS = sum of squares; df = degrees of

freedom; MS = mean square; na = not applicable.

Figure 7. Comparison between mixtures grouped by different
nominal maximum aggregate size (NMAS) levels.
Note: Gmm = theoretical maximum specific gravity.

Figure 8. Comparison between mixtures grouped by different
traffic levels.
Note: Gmm = theoretical maximum specific gravity.
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other, except for the pair between traffic level 4 &
NMAS=12.5 and traffic level 5 & NMAS=12.5. It
can be seen that the trend line becomes steeper as NMAS
increases from 9.5 to 12.5mm, which means the negative
effect of traffic level on field density becomes more sig-
nificant as NMAS increases from 9.5 to 12.5mm.

Correlation Analysis

An analysis is conducted to identify the significant corre-
lations between the compaction properties of mixtures

(represented by field density [FD] and Ndesign) and their
material properties. The material properties include the
asphalt binder content (AC) , RAP content (RAPC),
aggregate gradation (characterized by NMAS, CA, FAc,
FAf, and Dmdl), and aggregate angularity (characterized
by FAA, CAA1, and CAA2). The meanings of these
parameters were introduced above in ‘‘Material
Properties.’’

In this investigation, FD is interpreted as an indicator
of field compactability since, physically, FD means how
densely the mixture can be compacted under a relatively
consistent field compaction effort. Field compactability
of mixtures increases with the increase in FD. Similarly,
Ndesign can be interpreted as an indicator of laboratory
compactability, since, physically, Ndesign is the laboratory
compaction effort (number of gyrations) needed to reach
the design air voids (4%). A higher Ndesign indicates a less
compactable asphalt mixture in laboratory conditions.
This interpretation of Ndesign is different than the original
one (22) in which Ndesign was related to traffic volume
compaction, and, indirectly, to rutting resistance.

Table 8 shows the p-value of the correlation analysis.
If the p-value of a pair is less than the significance level
of 0.05, then we can conclude that the correlation of that
pair is statistically significant. Twelve pairs are shown as
having significant correlations, and they are shaded in
Table 8. The correlation coefficients are listed in Table 9,
and the pairs having significant correlations are again
shaded.

The significant correlations identified are illustrated in
Figure 10. The variables are grouped according to their
physical meanings into two categories: compactability
and material properties. Material properties are further

Figure 9. Comparison between mixtures grouped by both
nominal maximum aggregate size (NMAS) and traffic level.
Note: Gmm = theoretical maximum specific gravity.

Table 8. p-Values for the Correlation Analysis

FD Ndesign AC RAPC NMAS PCSI CA FAc FAf Dmdl FAA CAA1 CAA2

FD 1.000 0.020 0.164 0.154 0.655 0.722 0.248 0.176 0.546 0.563 0.005 0.870 0.595
Ndesign na 1.000 0.635 0.089 0.984 0.517 0.843 0.042 0.907 0.642 0.000 0.205 0.715
AC na na 1.000 0.135 0.716 0.680 0.621 0.904 0.479 0.855 0.164 0.925 0.077
RAP na na na 1.000 0.727 0.200 0.158 0.118 0.170 0.778 0.247 0.216 0.428
NMAS na na na na 1.000 0.207 0.003 0.843 0.935 0.001 0.817 0.269 0.019
PCSI na na na na na 1.000 0.121 0.303 0.003 0.757 0.685 0.591 0.932
CA na na na na na na 1.000 0.267 0.317 0.001 0.777 0.235 0.428
FAc na na na na na na na 1.000 0.047 0.882 0.009 0.922 0.966
FAf na na na na na na na na 1.000 0.350 0.695 0.664 0.722
Dmdl na na na na na na na na na 1.000 0.829 0.535 0.067
FAA na na na na na na na na na na 1.000 0.367 0.877
CAA1 na na na na na na na na na na na 1.000 \0.001
CAA2 na na na na na na na na na na na na 1.000

Note: FD = field density; Ndesign = designed number of gyrations; AC = asphalt binder content; RAPC = reclaimed asphalt pavement content; NMAS =

nominal maximum aggregate size; PCSI = primary control sieve index; CA = coarse aggregate ratio; FAc = fine aggregate coarse ratio; FAf = fine aggregate

fine ratio; Dmdl = distance to maximum density line; FAA = fine aggregate angularity; CAA1 = coarse aggregate angularity of one face; CAA2 = coarse

aggregate angularity of two faces; na = not applicable.

Bold figure in shaded cell = statistically significant correlation.
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separated into two categories: aggregate angularity and
gradation. The significantly correlated pairs are con-
nected by arrows, and the coefficients of correlation are
listed along the arrows.

It can be seen from Figure 10 that within the category
of compactability FD and Ndesign are significantly corre-
lated, with a negative coefficient of correlation of 20.59.
Given that FD and Ndesign represent field and laboratory

compactability of mixtures, respectively, their correla-
tion indicates that the laboratory gyratory compaction
and field compaction are consistent. In other words,
mixtures that compact better in the laboratory also
compact better in the field. This finding is critical,
because it suggests that field compaction can be reason-
ably predicted by laboratory gyratory compaction,
which lays the foundation for the design of more com-
pactable asphalt mixtures.

The main focus is the correlations between compact-
ability variables and material properties. It can be seen
that both field compaction (FD) and laboratory compac-
tion (Ndesign) are significantly correlated to FAA. More
specifically, better field and laboratory compaction are
achieved with lower FAA. Also, laboratory compaction
(Ndesign) and FAA are both significantly correlated to
FAc which characterizes the gradation of the coarse por-
tion of fine aggregate. More specifically, better labora-
tory compaction is achieved with higher FAc.

The correlation analysis reveals significant effects of
FAA and FAc on mixture compactability. Both FAA
and FAc point to the packing properties of fine aggre-
gates. Mesoscopically, compactability depends on the
packing of aggregate which further depends on aggregate
angularity and gradation. Therefore, the identified effects
of fine aggregate gradation and angularity on compac-
tion indicate an overall strong effect of fine aggregate
packing on compactability. This is not entirely surprising
given that, in the current test method (AASHTO, T304,
method A), FAA actually represents a measure of fine
aggregate packing.

These significant correlations suggest that a first step
toward designing more compactable mixtures is using a

Table 9. Coefficients of Correlation

FD Ndesign AC RAPC NMAS PCSI CA FAc FAf Dmdl FAA CAA1 CAA2

FD 1.00 20.59 0.38 0.39 20.13 0.10 20.32 0.37 20.17 20.16 20.73 20.05 0.19
Ndesign na 1.00 20.13 20.45 20.01 20.18 0.06 20.53 0.03 20.13 0.94 0.38 20.13
AC na na 1.00 20.40 0.10 20.12 0.14 20.03 0.20 0.05 20.41 0.03 0.58
RAP na na na 1.00 0.10 0.35 20.38 0.42 20.37 0.08 20.35 0.37 0.28
NMAS na na na na 1.00 20.35 0.71 0.06 20.02 0.74 20.07 0.33 0.72
PCSI na na na na na 1.00 20.42 0.29 20.71 0.09 20.12 20.16 0.03
CA na na na na na na 1.00 20.31 0.28 0.77 0.09 20.35 0.28
FAc na na na na na na na 1.00 20.52 20.04 20.69 0.03 0.02
FAf na na na na na na na na 1.00 20.26 0.12 20.13 20.13
Dmdl na na na na na na na na na 1.00 20.07 20.19 0.60
FAA na na na na na na na na na na 1.00 0.27 20.06
CAA1 na na na na na na na na na na na 1.00 0.98
CAA2 na na na na na na na na na na na na 1.00

Note: FD = field density; Ndesign = designed number of gyrations; AC = asphalt binder content; RAPC = reclaimed asphalt pavement content; NMAS =

nominal maximum aggregate size; PCSI = primary control sieve index; CA = coarse aggregate ratio; FAc = fine aggregate coarse ratio; FAf = fine aggregate

fine ratio; Dmdl = distance to maximum density line; FAA = fine aggregate angularity; CAA1 = coarse aggregate angularity of one face; CAA2 = coarse

aggregate angularity of two faces; na = not applicable.

Bold figure in shaded cell = statistically significant correlation.

Figure 10. Diagram of the identified significant correlations.
Note: FD = field density; Ndesign = designed number of gyrations; NMAS =

nominal maximum aggregate size; PCSI = primary control sieve index; CA

= coarse aggregate ratio; FAc = fine aggregate coarse ratio; FAf = fine

aggregate fine ratio; Dmdl = distance to maximum density line; FAA = fine

aggregate angularity; CAA1 = coarse aggregate angularity of one face;

CAA2 = coarse aggregate angularity of two faces.
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denser fine aggregate packing which can be achieved by
decreasing FAA or increasing FAc. Decreasing FAA,
however, may reduce rutting resistance, since the original
requirement on FAA was intended to control rutting.
Therefore, reducing FAA needs to be combined with
other changes to ensure rutting resistance is not affected,
such as optimizing coarse aggregate packing, using the
Bailey method.

In Figure 10, several correlations within the material
properties are also identified, and are shown the pairs
connected by black arrows, in contrast to blue arrows
used for pairs in different categories. However, material
properties should be independent of each other. For
example, CAA2 and NMAS are the coarse aggregate
angularity and aggregate size, respectively. They are
clearly independent because physically aggregates can
have any angularity regardless of the particle size. These
correlations are artificial and are a result of the low
representativeness of the sampling. For example, the pos-
itive correlation between CAA2 and NMAS shows that
the mixtures investigated happen to have more angular
coarse aggregates as their NMAS increases. Also, the 15
mixtures investigated use similar aggregates and similar
gradations, which could be another reason for these sig-
nificant correlations between material properties.

Conclusions

In this research work, the current situation of field densi-
ties in Minnesota was investigated, to identify possible
changes to the current mix design to improve field com-
pactability. The following conclusions were drawn from
this study.

1. The as-constructed field density data obtained
from 15 projects in Minnesota approximately fol-
lows a normal distribution, with a mean of 93.4%
Gmm, and a standard deviation of 1.45% Gmm.

2. The vast majority (87%) of field cores are less
dense than 95% Gmm, which is considered the
desired field density level for a Superpave 5 mix-
ture. Therefore, to achieve this desired field den-
sity level, most of the current mixtures need to be
redesigned to improve their field compaction.

3. Field densities vary significantly between mixtures
designed for different traffic levels. Higher field
densities are achieved for mixtures designed for
lower traffic levels, which can be attributed to the
different requirements for Ndesign and aggregate
angularity compared with mixtures designed for
higher traffic levels.

4. Field density is significantly correlated to Ndesign

of mixtures. Higher field density is achieved with
lower Ndesign, which shows the consistency

between field compaction and laboratory com-
paction, and indicates that field density can be
controlled in the mix design phase by choosing
an appropriate Ndesign.

5. Field density is significantly correlated to FAA
and FAc. Higher field density is achieved using a
lower FAA and a finer coarse portion of fine
aggregate. Both FAA and FAc affect fine aggre-
gate packing.

The results of this research indicate that a possible
way to design more compactable mixtures is to optimize
fine aggregate packing to improve compactability, while
concurrently optimizing coarse aggregate packing to
ensure that rutting resistance is not sacrificed.
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