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CHAPTER 2: PRELIMINARY TESTING

In the beginning of the project, preliminary testing was performed using the proposed asphalt mixture
testing methods to further improve the existing procedures:

1. Bending Beam Rheometer (BBR) for creep and strength of asphalt mixtures

2. Low temperature Semi Circular Beam fracture testing for asphalt mixtures

3. E* testing of asphalt mixtures using the Indirect Tensile Test (IDT) configuration
4. Creep compliance and strength using the Indirect Tensile Test Device.

The preliminary testing was performed on cores that were taken from the existing MnROAD sections 16
through 23 before reconstruction of these cells in 2016. From each cell, 12 cores were extracted in
summer of 2016 and were delivered to University of Minnesota. The cores were numbered during the
collection, and the same number was used for samples preparation. The cores included the surface
treatment applied during service life. For cell 23, the core height was 7”, and for the cells 16 to 22, the
core height was 5”.

The cores were cut to prepare testing specimens for the four test methods proposed. Testing was
performed only on specimens obtained from the top surface layer of each core. For this reason, and
given the number of cores available, two to three replicate cores were used for each test method. For
some tests (BBR and SCB), the surface treatment layer was removed from the test specimen, since its
presence would significantly affect the results. For the dynamic modulus and the IDT creep and strength
test, the surface treatment was not removed, since its presence would not impact the results and the
test specimen thickness is approximately 38mm, and allows cutting the test specimen from the top 1.5”
lift only. The testing matrix used for each cell is presented in Table 2.1. Since IDT creep and strength is a
mature testing method (AASHTO T322-07), no preliminary IDT testing was performed.

MnDOT will use the preliminary experimental results to supplement the existing database of material
parameters previously obtained on these older cells, and develop correlations between the parameters
obtained from testing original materials and cores taken at the time of reconstruction.



Table 2.1: Testing Matrix for Preliminary Work.

Number of

Number of Testing Temperatures and Surface
Test q samples treat ‘
cores use i reatmen
prepared Number of Replicates
2
E*in IDT 2 (-12°C, 12°C and 36°C) x 2 Kept
(1 per core)
6 (-12°C)x 3
SCB 3 Removed
(2 per core) (-24°C)x 3
(-24°C creep, recovery, strength) x 5
BBR 18
2 (-12°C creep, recovery, strength) x 5 Removed
Mixture (9 per core)
(0°C creep, recovery, strength) x 5
(-24°C creep, -12°C creep) x 2
Creep and 3
. 3 (-12°C strength) x 2 Kept
Strength in IDT (1 per Core)

(will be performed as part of Task 5)

2.1 BENDING BEAM RHEOMETER TEST

Previous research performed at the University of Minnesota showed that the Bending Beam Rheometer
(BBR), currently used for asphalt binder specifications, can be used to obtain creep and strength
properties of asphalt mixtures. The sample preparation method includes several cutting steps, starting
with a gyratory compacted (GC) cylinder or field core, and ending with the actual BBR beams. Each core
receives first one horizontal cut, and each layer is then cut into ten beams with the dimensions of
approximately | =125.0 mm, b = 12.5 mm, D = 6.25 mm.

In this preliminary testing, each beam was first tested in creep, followed by a recovery period and then a
strength test, without removing the beam from the supports. The creep test consisted of 1000 sec
loading duration. The creep loading was chosen to be 2N, 4N and 6N for testing at 0°C, -12°C and -24°C,
respectively. The creep was followed by a recovery of 500 seconds, without any applied load, after
which, a constant loading rate was applied, such that a load of 44N was obtained in 60 sec. The test
ended when the beam broke.

The tests were performed on 5 replicates at each temperature, for each cell. 105 beams were tested
from 7 out of the 8 cells. The beams cut from cell 18 cores were very weak and could not be tested. This
observation is in agreement with visual observation of the cores when extracted from the pavement
structure.

Examples of test result are shown below. The results reported represent the average of 5 replicates.
Figure 2.1 shows the creep stiffness results for Cell 20 at 3 different temperatures. As expected, stiffness
decreases with increase in temperature. Figures 2.2 to 2.4 show the creep stiffness results for all cells at
all three testing temperatures.
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Figure 2.1: BBR Mixture Creep Stiffness for Cell 20 at Different Temperatures.
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Figure 2.3: BBR Mixture Creep Stiffness at -122C.
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Figure 2.4: BBR Mixture Creep Stiffness at -242C.

The creep stiffness at 60 sec of asphalt mixture from different cells at three different temperatures are
presented in Figure 2.5. Strength tests were performed on the same beams used for creep testing. An
example of stress-strain curves is presented in Figure 2.6.
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Figure 2.5: BBR Mixture S(60) at 0C, -12C and -24C.
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Figure 2.6: Stress vs Strain for Cell 20 at Different Temperatures.

The strength results of asphalt mixture from the seven test cells at three different temperatures are
presented in Figure 2.7. Similar to the creep stiffness results, Cell 22 mixture had the highest strength,
with a value above 10 MPa. Cells 17 and 19 mixtures had the lowest strength values. A summary of the
BBR creep and strength properties of all asphalt mixture at three different temperatures is presented in

Table 2.2.
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Figure 2.7: BBR Mixture Strength at 0C, -12C and -24C.



Table 2.2: BBR Creep Stiffness and Strength of Asphalt Mixtures.

Cell Temp Stiffness | m-value @ Max Stress Strain Load Time to
No. @ 60sec, 60 sec Deflection, Failure, Failure, Failure, fail,
MPa mm MPa % N sec
0 1562 0.248 0.21 8.31 0.717 28.37 39.7
16 -12 6341 0.170 0.08 9.59 0.156 32.48 44.8
-24 10434 0.088 0.06 8.60 0.065 29.60 40.9
0 1242 0.277 0.25 6.60 0.782 24.74 34.8
17 -12 3839 0.144 0.16 6.52 0.172 24.03 333
-24 7057 0.070 0.08 6.73 0.067 25.28 35.0
0 1407 0.304 0.23 5.25 0.588 19.69 27.9
19 -12 4080 0.153 0.17 6.87 0.172 24.09 334
-24 8469 0.065 0.06 5.68 0.153 20.96 29.1
0 2600 0.252 0.11 9.33 0.405 34.58 48.3
20 -12 5541 0.126 0.08 9.01 0.108 33.63 46.2
-24 11045 0.055 0.05 7.73 0.052 28.19 39.0
0 2415 0.255 0.13 9.13 0.428 34.17 47.6
21 -12 4754 0.108 0.09 8.68 0.122 32.86 45.3
-24 6793 0.034 0.09 7.86 0.075 29.88 41.0
0 2290 0.341 0.22 10.77 0.695 31.70 44.2
22 -12 7452 0.181 0.09 13.59 0.176 40.79 56.2
-24 14478 0.080 0.05 12.13 0.150 36.35 50.2
0 1518 0.280 0.30 8.60 0.672 27.67 38.8
23 -12 5002 0.155 0.10 9.27 0.171 33.04 45.6
-24 10894 0.074 0.06 8.51 0.063 29.03 40.1
















Table 2.5: Fracture Energy and Fracture Toughness at -12°C and -24°C.

Cell 16 Cell 17 Cell 18 Cell 19 Cell 20 Cell 21 Cell 22 Cell 23

Cell Fracture Energy G Fracture Toughness, Kic (MPa*m©®3)
(2008) (kJ/m?)
-12°C -24°C -12°C -24°C
16 0.616 0.287 0.612 0.719
17 0.475 0.345 0.704 0.711
18 0.319 0.275 0.600 0.644
19 0.404 0.288 0.618 0.719
20 0.291 0.299 0.661 0.770
21 0.316 0.286 0.685 0.814
22 0.705 0.405 0.628 0.878
23 0.679 0.453 0.777 0.834
0.8
0.7 m-12°C  m-24°C
0.6
N 0.5
£
g 0.4
G 0.3
0.2
0.1

Figure 2.10: Fracture Energy for All Asphalt Mixtures.
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CHAPTER 3: MATERIAL SELECTION

In the beginning of the project, the research team collected the materials used in the experimental plan
that supplements the planned testing under the MnROAD/NCAT partnership. The CG test matrix
includes three types of asphalt mixture materials, as shown in Table 3.1. In this investigation, only the
field-mixed, lab-compacted (FMLC) materials were investigated. These materials represent loose asphalt
mixtures collected from cells 16 through 23 at the time of construction of these cells during the summer
of 2016. A summary of the loose mix and original binders collected is presented in Table 3.2.

Table 3.1: Asphalt Mixture Samples for CG Study.

Sample Source Sample Type
CG mix design LMLC
CG production FMLC
CG cores Cores

LMLC = lab-mixed, lab-compacted; FMLC = field-mixed, lab-compacted.

Table 3.2: Inventory of Materials Received.

Summer 2016 Construction

Cell and Mixture Type Binder Type Loose Mix Binder

1616 BM xxx* SPWEB 540L
1716 BM xxx* SPWEB 540L 1 Quart
PG 64S-22
1816 BM xxx* SPWEB 540L 5 Buckets (in two cans)

1916 BM xxx* SPWEB 530L

2016 BM xxx* SPWEB 540A PG 52S-34

2116 BM xxx* SPWEB 540C PG 58H-34 5 Buckets 1 Quart
2216 BM xxx* SPWEB 540C PG 58H-34 (in two cans)
2316 BM xxx* SPWEB 540E PG 64E-34

xxx*= bucket ID

Table 3.3 shows the summary designs for the eight mixtures used in the MnROAD cracking group
experiment and Figure 3.1 shows their gradation curves.
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Table 3.3: Gradation and asphalt content of 2016 mixtures.

Total Virgin
Cell . . . RAP RAS .
Mix Design Binder AC AC NCAT Mix ID Ndes
No. % %
% %
30-40% ABR
16 SPWEB540L PG 64S-22 20 5 5.27 3.17
with RAS 80
20-30% ABR
17 SPWEB540L PG 64S-22 10 5 5.43 3.94
with RAS 80
18 SPWEB540L PG 64S-22 20 0 5.43 4.20 20% ABR 80
20% ABR
19 SPWEB530L PG 64S-22 20 0 5.70 4.46
100 gyration, 3.0% Va | 100
35% ABR with PG 52S-
20 SPWEB540A PG 525-34 30 0 5.32 3.47
34 80
20% ABR with PG 58H-
21 SPWEB540C PG 58H-34 20 0 5.38 4.15
34 80
22 SPWEB540C PG 58H-34 20 0 5.73 4.5 20% ABR with LMS 80
20% ABR with PG 64E-
23 SPWEB540I PG 64E-34 15 0 5.23 431 34 80

15
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Figure 3.1: Gradation curve of the eight mixtures on the 0.45 power chart.

The gradation of all mixtures are close to the 0.45 power line and, therefore, can be classified as well
graded. The total and effective asphalt content is shown in figure 3.2. Cells 19 and 22 have the highest
percentage of total asphalt content, while cells 16, 20 and 22 have the lowest. Regarding the effective

asphalt content, cell 19 has the highest percentage, and cells 22 and 23 have the lowest.

Asphalt Content

N W AR YN

Percent asphalt content

—

(==
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Cell No.

m % Total AC
m % Effective

AC

Figure 3.2: Percentage of total and effective asphalt content.
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Figure 3.3 shows the percentage of Reclaimed Asphalt Pavement (RAP) and Recycled Asphalt Shingles
(RAS). Cell 20 has the highest percentage of RAP and Cell 17 has the lowest. Only cells 16 and 17
received RAS. Both have the same amount. Note that none of the mixtures have 0% RAP, and therefore,
there is no control mixture for the statistical analysis.

Percentage of Reclaimed Asphalt Pavement (RAP) and Recycled
Asphalt Shingles (RAS)
2
1.8 m % RAP AC
g 12 %% RAS AC
= L
8§12
S 1
- 0.8
5 0.6
504 I
0.2
0
16 17 18 19 20 21 22 23
Cell No.

Figure 3.3: Percentage of RAP and RAS

Figure 3.4 shows the voids in the mineral aggregate (VMA) values. Cell 17 has the highest percentage of
VMA and cells 22 and 23 have the lowest.
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Figure 3.4: Voids in the mineral aggregate (VMA).

The adjusted values of Asphalt Film Thickness (AFT) for each of the eight cells were plotted and
presented in figure 3.5 and table 3.4.

Table 3.4: Adjusted AFT for cells 16 to 23.

cell No. Effective Asphalt Percent Total ?erctant Aggregate Adjusted AFT
Content % Asphalt Cement in Mixture/100

16 4.56 5.27 0.9473 8.3

17 4.72 5.43 0.9457 9.4

18 4.70 5.43 0.9457 7.9

19 5.1 5.70 0.943 10.1

20 4.6 5.32 0.9468 8.7

21 4.59 5.38 0.9462 8.4

22 4.49 5.73 0.9427 8.2

23 4.48 5.23 0.9477 8.9

18
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Figure 3.5: Adjusted Asphalt Film Thickness (AFT).

The mixture in cell 19 has the largest value of film thickness and cell 22 has the lowest value. Note that
cell 19 also has the highest percentage of effective asphalt content and cells 22 and 23 have the lowest.
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CHAPTER 4: BBR TESTING OF ASPHALT BINDERS

BBR creep and strength testing was performed on the five binders that correspond to MnROAD Cells 16-
19, 20, 21, 22 and 23, constructed in 2016. The binders were short and then long-term aged using RTFO
and PAV procedures, respectively. Note that binders in cells 21 and 22 are the same, except that cell 22
binder contains antistripping agent. All testing was performed using a Bending Beam Rheometer Pro at
PGLT+10C and PGLT+6C and using air as cooling medium. Six replicates were tested for each type of
binder at each temperature. Table 4.1 summarizes the binder test matrix.

Table 4.1: Asphalt Binder Testing Matrix.

Cell Binder Type Replicates Temperature Test Properties Obtained
No. Method
16-19 PG 645-22 6 -12Cand -18C Creep and Creep Stiffness
Strength
20 PG 525-34 6 -24C and -30C m-value
Test
21 PG 58H-34 6 -24C and -30C Strength
22 PG 58H-34 6 -24C and -30C Strain at Failure
23 PG 64E-34 6 -24C and -30C
(highly modified)

4.1 PREVIOUS EFFORTS

In previous work, the authors have proposed a new strength testing method using a modified BBR
device, called BBR-Pro. In their investigation, the authors demonstrated that, by taking into account the
size effect and the cooling medium effect, the DTT and the BBR strength testing methods result in
strength values that are similar (Marasteanu et al., 2012b).

By imposing constraints related to the duration of the test (1 minute for practical reasons, similar to the
criterion used for establishing the strain rate for DTT), and knowing that, based on hundreds of tests
performed, the failure stress does not exceed 12MPa, a loading rate of 0.65N/s was proposed for
routine testing (Marasteanu et al., 2017). The tests are performed at PGLT+109C and at PGLT+429C,
similar to current BBR and DTT specifications. PGLT stands for performance grade low temperature
limit. The strength tests can be performed after a 240s recovery period immediately after BBR creep
testing, or they can be performed as a separate test on new binder specimens. The first method is much
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shorter and requires less asphalt binder, since the creep and strength tests are performed on the same
beam of asphalt binder.

Unlike DTT experiments, in which the strain rate was not constant, in the BBR stress-controlled test the
stress rate remains constant for the entire duration of the test. An example is shown in Figure 4.1.

PG 64E-34 @ -24C

PN

6 (
o]
[a )
E° 4 ——REP 1
7 REP 2
=
n REP 3
2 ——— REP 4
———REP5
0
0 10 20 30 40 50

Time, sec

Figure 4.1: Loading rate for strength test performed at -242C on Cell 23 asphalt binder.

This also means that, unlike DTT experiments, in which the stress-strain data could not be related to
relaxation modulus due to changes in strain rate during the test, the BBR strength data can be related to
creep compliance. This is demonstrated below.

In a test in which the stress is increased linearly starting from zero, the resulting strain will reflect the
superposition of a series of retarded compliances (9). If ¢ = do/dt is the rate of stress increase, then:

. .t oo _ at?
y=6tlg+3d [, [ L1 —e ™ M)dIntdu + e~ [4.1]
y=dtl;+6 [ Lt—7(1 —e‘”’)]dlnr+% (4.2]

When the stress-strain curve under this condition is differentiated, the result is the creep compliance:

L= /)L =g+ [T L(1—etT)dInT +t/n, = () [4.3]

do =
Therefore, if creep compliance is known, the variation of strain with stress is known for a constant
loading rate test. If this loading rate is known, then the entire stress-strain curve can be determined.

Previously, the authors used a simple approximation to predict stress-strain curve, for a given
loading rate, from creep compliance. First, we assume that the BBR strength test is performed at a
constant stress rate g. The stress at any time can be simply calculated as

o(t)=0dxt [4.4]

By making the assumption that the creep compliance J(t) obtained in the creep test follows a power law
of the stress in the strength test, we obtain:

J@) = ax{o®)}® [4.5]
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Coefficients a and b can be simply calculated by fitting equation 5 to the creep compliance vs. stress
curve, for an assumed loading rate. The loading rate value is required to match the times for the creep
compliance (obtained in the creep test) and the stress (in the strength test).

From equation 4.5, the first derivative of the strain-stress curve is the creep compliance, J(t), and,
therefore, we can rewrite equation 4.5 as:

J(®) = de(t)/da(t) = a * {a(t)}” [4.6]
The strain can then be obtained as:

" b+1
e(t) = % np [4.7]

Constant c is zero since the plot starts in origin.

An example is presented in Figure 4.2.

Stress vs Strain @ PGLT+10C
12
s 8
[a W)
=
é == (Cell 20 - Experimental Data
%)
4 Cell 20 - Predicted from Creep Test
— — Cell 23 - Experimental Data
Cell 23 - Predicted from Creep Test
0
0 2 4 6 8
% Strain

Figure 4.2: Predicted and experimentally determined stress-strain curves for two binders.

An alternative method is to use the Burgers model commonly used to analyse the linear viscoelastic
behaviour of asphalt binders. The model in shown in Figure 4.3.
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Figure 4.3: Burgers model.

The expression for creep compliance is:
tE)
1t 1 -—2
t)y=—+—+—(1-e "2) 4.8
JO =g+ 242 ( (4.8]
The stress history for the creep and recovery test is written as:

_ ooH(t)
o(®) = {UOH(t) —OUOH(t — to)

Based on the linear superposition principle of viscoelasticity, the corresponding deflection can be

[4.9]

calculated as follows:

B o J() 0<t<t
) = {Uo](t)o— a0/ (t — to) 1?> to

where H(t) is the Heaviside step function, ¢, is the time when creep test ends and recovery test begins.

[4.10]

Substituting equation 4.8 into equation 4.9, we obtain the strain history for creep and recovery.

When 0 <t <t

1t 1 -
=0y|=+—+=(1-e"7 4.11
S(t) % <E1 + UE + E; ( ¢ " )) [ ]
Whent > t,
(g _tB2 s toF2
&(t) = oy <—° +—e m (e n — 1)) [4.12]
m1  E
The loading expression for the strength test is
o(t) =at [4.13]

where a is the loading rate.

Based on linear viscoelasticity, strain history can be calculated as the following convolution:

t .

et) = . Jt = o(©)d¢ [4.14]
Substituting equaion 4.13 into equation 4.14 and changing the integration variableto { =t — &, we
obtain
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e(t) = af, J(Od¢ [4.15]

Substituting equation 4.8 into equation 4.15 and integrating, we obtain
_ t 2 1 mp . -Ez
S(t) —a<5—1+R+E—2(t E_z(l e M2 ) [4.16]

Equations 4.11, 4.12, and 14.6 represent the expressions for creep, recovery and strength tests

respectively. These three equations can be used to predict stress-strain curves from creep and recovery
experimental data.

An example is shown below for the binders used in Cells 20 and 21 at MnROAD. First, equations 4.11

and 4.12 are used to fit the creep and recovery experimental data. As shown in Figure 4.4, the model fits
very well with the experimental data.

0.01r

- - -~ Cell 20 exp. Cell 20 fit.
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Figure 4.4: Using Burgers model to fit creep and recovery experimental data.

The strain history for strength test can be predicted using equation 4.16. As seen in Figure 4.5, the

prediction matches very well the experimental data, which indicates that the experimental strength data
is obtained under linear viscoelastic condition in a constant stress test.
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Figure 4.5: Prediction of strength test using Burgers model.

4.2 TESTING OF MNROAD ASPHALT BINDERS

The procedure previously described was used to test the binders used in MnROAD cells 16-19, 20, 21,
22, 23 constructed in summer of 2016. The first binder was a PG -22 and the remaining four binders
were PG -34. The binder used in cell 23 was highly modified. The binders in cell 21 and 22 were the
same, except that the binder in cell 22 contained an antistrip agent.

Tables 4.2 and 4.3 show the creep and strength test results, representing the average of six replicates.
Figures 4.6 to 4.9 show plots of the creep stiffness at 60 sec, m-value at 60 sec, strength and strain at
failure. All binders pass the stiffness criterion of being below 300 MPa at PGLT+10C, as well as having a
minimum m-value of 0.300. The strength results, however, show clear differences between the binders:
Cell 16 and 23 binders have similar stiffness values; however, Cell 16 binder has the lowest strength,
whereas Cell 23 binder has the highest strength. The difference in creep and strength properties of the
binders can also be seen in Figures 4.10 and 4.11. A less obvious difference is observed for cell 20 and 21
binders that have almost the same creep stiffness and m-value. However, stress-strain curves indicate
that cell 21 binder may perform better than cell 20 binder.
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Table 4.2: Creep Stiffness and m-value of Asphalt Binder.

Cell | Binder Creep Stiffness, S(60) m-value, m(60)
No. MPa
PGLT + 10C PGLT +4C PGLT + 10C PGLT +4C
Avg. cv Avg. cv Avg. cv Avg. cv
16 PG 64S-22 | 172 4% 433 10% 0.372 | 2% 0.298 7%
20 PG 52S-34 | 252 10% | 495 14% 0.338 | 2% 0.266 6%
21 PG 58H-34 | 241 9% 435 7% 0.328 | 1% 0.266 6%
22 PG 58H-34 | 221 9% 432 5% 0.335 | 5% 0.271 4%
23 PG 64E-34 | 190 4% 407 10% 0.344 | 4% 0.290 6%
Table 4.3: Strength and Strain at Failure of Asphalt Binder.
Cell Binder Strength Strain at Failure
No. MPa %
PGLT + 10C PGLT +4C PGLT + 10C PGLT +4C
Avg. cv Avg. | CV Avg. cv Avg. cv
16 PG 64S-22 4.30 18% 3.69 | 17% 1.47 22% 0.54 23%
20 PG 52S-34 5.23 22% 3.92 | 25% 1.23 30% 0.51 29%
21 PG 58H-34 5.96 32% 5.68 | 22% 1.56 43% 0.81 27%
22 PG 58H-34 5.01 13% 6.03 | 23% 1.33 14% 0.92 24%
23 PG 64E-34 6.79 12% 5.53 | 10% 2.20 15% 0.91 14%
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Figure 4.8: BBR Strength of Binders from Cell 16, 20-23.
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Figure 4.9: Strain at Failure of Binders from Cell 16, 20-23.
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Creep Stiffness vs Time @ PGLT+10C
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Figure 4.10: Creep Stiffness vs Time of Binders from Cell 16-23 at PGLT+10C.
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Figure 4.11: Stress-Strain Curve of Binders from Cell 16-23 @ PGLT+10C.
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CHAPTER 5: BBR TESTING OF ASPHALT MIXTURES

In this chapter, the experimental work performed to obtain the creep stiffness and strength of the
asphalt mixtures used in the reconstruction of cells 16 to 23 that took place in fall 2016 is presented.

5.1 SPECIMEN PREPARATION

Loose mix from the eight cells were used to prepare gyratory specimens. To keep the heating time as
uniform as possible during specimen preparation, the process started by heating the bucket in the oven
at 140°C for five hours. Then, 7000 grams of loose mix were stored in a covered pan and kept for
another hour in the oven to better control the material temperature. Finally, the mixture was poured
into the gyratory compactor mold and compacted. Six cylinders were compacted for each mixture. All
cylinders were compacted at Nges number of gyrations, which resulted in air voids values within 1% of
the reported mix design values. The cylinders were then cut to prepare testing specimens, as shown in
Table 5.1.

Table 5.1: Testing Matrix for Asphalt Mixtures.

Number of Testing Temperatures and
Test .
specimens Number of Replicates
(-24°C creep, recovery, strength) x 6
BBR
18 beams (-12°C creep, recovery, strength) x 6
Mixture
(0°C creep, recovery, strength) x 6
E*
2 slices (-12°C, 12°Cand 36°C) x 2
IDT geometry
6 semicircular (-12°C)x 3
SCB i
slices (-24°C) x 3
Creep and ' (-24°C creep, -24°C strength) x 3
h 6 slices
strength IDT (-12°C creep, -12°C strength) x 3

For BBR testing, the specimen preparation method includes several cutting steps, starting with a
gyratory compacted (GC) cylinder, and ending with the actual BBR beams. Each layer was cut into ten
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beams with the dimensions of approximately | =125.0mm, b=12.5mm, h=6.25mm. After the preparation,
the beams were kept on a flat surface to avoid any deflections.

5.2 TESTING PROCEDURE

Each mixture beam was tested under a combined procedure that included an initial BBR creep test
(AASHTO TP125-16), followed by a recovery period and a strength test that is described elsewhere
(NCHRP Idea 151, 2012) without removing the beam from the testing frame. The creep test had a
duration of 500 seconds selected to ensure that the individual temperature results overlap when shifted
to create master curves. Creep tests followed by recovery and strength tests were performed at three
temperatures for each cell: 0°C, -12°C and -24°C. Six replicates were tested: the two lowest values were
discarded and the average was calculated using 4 specimen:s.

The creep loading was chosen to be 2N, 4N and 6N for testing at 0°C, -12°C and -24°C, respectively, to be
able to measure the small deflection values obtained in mixture testing. The creep test was followed by
a recovery of 500 seconds, using a very small seating load that allowed measuring the recovery
deflection. At the end of the recovery period, a strength test was performed using a constant loading
rate that was selected such that a load of 44N was obtained in 60 sec. The test ended when the beam
broke. A summary of the BBR creep results at 60s of loading time is shown in Figures 5.1 and 5.2. The
results are also presented in Table 5.2.

Creep Stiffness @60s, MPa
16000 m0C
14000 -12C
12000 24 C
10000
8000
6000
4000

sl (N (N NN NN

celll6  celll7 celll8 celll9 cell20 cell2l  cell22  cell23

Figure 5.1: BBR Mixture Creep Stiffness at 60 seconds.
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Figure 5.2: BBR m-values at 60 seconds.
Table 5.2: BBR Creep Stiffness and m-value Results.

Cell Temperature S(60s) MPa | CV m(60s) cv Max. Defl., mm | CV

Number | °C % % %
0 2330 15 0.291 17 0.120 3

16 -12 7131 5 0.170 4 0.059 10
-24 14311 9 0.073 12 0.033 8
0 2412 12 0.343 6 0.129 14

17 -12 6737 8 0.176 7 0.065 11
-24 14916 7 0.080 6 0.034 7
0 2831 17 0.308 7 0.108 7

18 -12 7039 13 0.166 11 0.060 11
-24 14028 10 0.068 6 0.033 5
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0 2559 12 0.323 4 0.089 16
19 -12 7224 7 0.159 2 0.053 13
-24 12486 11 0.062 21 0.033 8
0 1190 10 0.418 6 0.268 10
20 -12 4318 9 0.234 17 0.103 11
-24 11849 18 0.105 7 0.045 10
0 2448 22 0.338 2 0.152 20
21 -12 5922 11 0.172 11 0.087 5
-24 12100 6 0.086 13 0.053 2
0 3398 4 0.245 6 0.084 4
22 -12 6573 4 0.154 6 0.075 4
-24 13282 4 0.079 11 0.039 6
0 2349 8 0.297 7 0.130 11
23 -12 5843 5 0.176 5 0.087 7
-24 10917 8 0.093 6 0.056 10

Cells 16, 17, 18 and 19 have similar creep stiffness values, since they share the same PG binder, 645-22.
Cell 20, constructed with the PG 52S-34 binder, has the lowest creep stiffness at all three temperatures.
Cell 23, constructed with the PG 64E-34 binder, has the lowest creep stiffness variation with
temperatures. Cells 21 and 22, although they share the same binder, have different results because the
aggregates are different, granite and limestone, respectively. Similar trends are seen for m-value. Cells
16 to 19 have values that are not very different. Cell 20 mixture with PG 525-34 binder has the highest
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Table 5.3: BBR Strength Results.

Cell Temperature Stress @ cv Strain @ cv Load @ cv
Failure, MPa Failure, % Failure, N
°C % % %
0 8.917 5 0.389 9 33.214 7
16 -12 7.582 3 0.101 20 29.283 6
-24 7.374 13 0.052 14 29.153 11
0 9.025 10 0.408 27 33.675 8
17 -12 7.876 11 0.093 15 29.925 9
-24 7.149 8 0.053 22 27.718 7
0 8.345 11 0.281 20 32.339 10
18 -12 7.283 10 0.085 8 28.657 10
-24 6.755 9 0.051 22 27.145 10
0 7.951 11 0.312 25 36.347 16
19 -12 8.248 15 0.103 16 34.453 18
-24 7.490 10 0.055 8 32.557 6
0 7.565 11 0.834 29 31.651 11
20 -12 8.857 9 0.168 8 36.332 10
-24 7.164 8 0.136 18 28.853 14
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0 8.202 15 0.473 25 27.923 17
21 -12 8.469 4 0.122 9 28.836 9
-24 8.858 11 0.092 24 29.592 13
0 7.241 11 0.239 19 24.958 11
22 -12 7.036 6 0.118 18 23.670 6
-24 7.465 4 0.073 8 29.187 6
0 8.184 17 0.422 26 29.329 18
23 -12 7.581 9 0.114 7 26.754 11
-24 7.615 6 0.067 7 26.926 10

Examples of test result over the entire duration of the testing procedures are presented in the following
four figures. Figure 5.5 and Figure 5.6 presents creep results for Cell 17 at 0°C and Figure 5.7 and Figure
5.8 present the strength results for Cell 17 and 23.

Creep Stiffness vs Time

0 100 200 300 400 500
Time, sec

Figure 5.5: Creep Stiffness for Cell 17 at 0°C.
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m-value vs Time
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Figure 5.6: m-value for Cell 17 at 0°C.
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Figure 5.7: Stress Strain curve for Cell 17.
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Stress vs Strain Cell 20
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Figure 5.8: Stress Strain curve for Cell 20.

5.3 GUIDELINES FOR LIMITING CREEP AND STRENGTH CRITERIA FOR ASPHALT MIXTURES

A number of approaches are proposed to develop asphalt mixtures selection criteria based on creep and
strength results at low temperature.

5.3.1 Limiting criteria for BBR creep stiffness of asphalt mixtures

This approach was previously developed by the authors as part of a previous pooled fund study
(Marasteanu et al., 2012). A summary is presented below.

The development of the SHRP asphalt binder criterion for low temperature cracking was based on the
assumption that the 2-hour mixture stiffness correlated well with the severity of thermal cracking in the
field (Readshaw, 1972). This assumption was extended to asphalt binder stiffness obtained in low-
temperature creep tests. N. W. McLeod (Burgess et al., 1971) tentatively concluded that the critical low
temperature pavement modulus of stiffness, at which transverse pavement cracking is likely to occur is
1,000,000 psi or 7GPa. A value twice as high was proposed by Readshaw.

As previously shown by the authors (Cannone Falcheto et al., 2011), mixture creep stiffness can be
predicted using binder creep stiffness data. One interesting application is to predict the creep stiffness
value of the mixture corresponding to a creep stiffness value of 300MPa for the binder, which
represents the current PG specification limit. The challenge is to match the aging condition of the two
materials. Since it is generally accepted that binder RTFOT matches the aging condition of the mixture
after short-term aging (or loose mix sampled behind the paver), it was decided to first determine the
corresponding creep stiffness limit for binders in RTFOT condition and then use Hirsch model to predict
mixture creep stiffness. Asphalt binders tested in the first phase of the low temperature pooled fund
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study (Marasteanu et al., 2007) were used because BBR data was obtained for both PAV and RTFOT
conditions.

The BBR binder PAV data was used to calculate the critical temperature at which S(60s) is equal to
300MPa. This was done by assuming a linear relation between log S(60s) and test temperature and
interpolating to obtain the critical temperature, as shown in Figure 5.9 (left side). Based on the same
linearity variation of RTFOT log S(60s) and temperature, a corresponding stiffness value at the critical
temperature is obtained, as seen in Figure 5.9 (right side).

- PAV aged Binder a5 RTFOT aged Binder
' | Log300 MPa (step 1) | ’ S(60s) of RTFOT binder

© 3.0 | © 3.0 at Ter of PAV binder (step4) | ___—©
£ 25 Demommozos = g 25 § e
G 20 z 20 I
© 45 Critical Temperature (Tcr) % 15 ! | Critical Temperature (Tcr)
n
o (step 2) @ i calculated in PAV binder
g 1.0 k] 1.0 I
A I

05 , 05 ! (step 3)

; i
0.0 * 0.0 1>
-20 -25 -30 -35 -40 -20 -25 -30 -35 -40
Temp,°C Temp, °C

Figure 5.9: Predicting RTFOT Binder S(60s) at PAV Binder Critical Temperature, TCR.

Next, the creep stiffness of asphalt mixture was predicted from RTFOT binder creep stiffness by means
of Hirsch model. Table 5.4 summarizes the results. It can be observed that the values range from 9.5GPa
to approximately 12.2GPa.

Table 5.4: Predicted Mixture S(60) at PAV Binder Critical Temperature.

S(60s)Ter S(60s)Ter
Mix ID Mix ID

[MPa] [MPa]
B:G 10864 B: L 10873
C:G 12146 C:L 12156
D:G 11310 D: L 11319
E:G 10644 E: L 10654
F:G 10814 F:L 10823
G:G 12204 G:L 12214
H: G 11647 H: L 11657
I: G 11854 I: L 11864
J:G 9521 L 9530

*: G: Granite, L: Limestone
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By using this approach and the values for creep stiffness at -24°C from Figure 5.1, it appears that
mixtures 16, 17, 18, and 22 exceed these limits and may be more prone to cracking at -24°C.

5.3.2 Limiting cracking temperature from BBR creep and strength of asphalt mixtures

The creep compliance results can be used to calculate thermal stresses and determine critical cracking
temperatures using the intersection point with the BBR strength master curve. A lower critical
temperature is an indication of better thermal cracking performance. A summary of the method used is
given below.

Thermal stress that develops as the temperature drops in a restrained uniaxial viscoelastic beam can be
calculated using Equation 5.1:

o(t) = jé(r‘)-E(z—t‘)dt' [5.1]

—o0

Where:

o(t)=time dependent stress

_ de(t')

“0) ="

E(t—1t") = relaxation modulus

Taking into consideration that the strain is expresses as:
e=a-AT [5.2]
where

a = coefficient of thermal expansion or contraction;

AT = temperature change
and that the reduced time ({) expressed as:
st

ar [5.3]

Where:

t =time, sec;

ar = shift factor

then equation [1] can be written as:

¢ ' t
o) = [ B eyap=[ NI pew £ oyar

[5.4]
Where:
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1
E(g—¢") . relaxation modulus;
1
e(ch) 2 strain
To calculate thermal stress, the following procedure is used:

1. Creep compliance is obtained from BB experiments, as previously described.

2. Relaxation modulus E(t) is calculated from BBR creep compliance using Hopkins and Hamming
numerical algorithm (1957).

3. Relaxation modulus E(t) master curve is obtained using CAM model (Marasteanu and Anderson,
1999):

Lol
E()=E,- 1+(ti
¢ [5.5]
Where:

E¢ = Glassy modulus;

T, v and w = parameters in the model

The shift factor expression is:

_ G+G, T
a, =10 (5.6]

Where:
Ci and C; = parameters;
T = reference temperature, °C

4. The one-dimensional hereditary integral equation (Equation [5.4]) is solved numerically using
Gaussian quadrature with 24 Gauss points.

5. The BBR strength at all three temperatures is plotted and the intersection of the strength vs.
temperature curve and thermal stress curve gives the critical cracking temperature.

Example are shown in figures 5.10 and 5.11. A summary of critical temperatures obtained using a
coefficient of thermal contraction al = 5*10° (Marasteanu et al., 2012) and an assumed cooling rate of
109C per hour is presented in Table 5.5.
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Figure 5.10: Cell 18 thermal stress and strength obtained from BBR creep and strength tests.

Figure 5.11: Cell 17 thermal stress and strength obtained from BBR creep and strength tests.

Table 5.5: Critical Temperature for all Cells.

Cell 16 17 18 19 20 21 22 23
T critical,

-20.98 -22.57 | -22.82 -18.99 -25.47 | -22.51 | -19.93 -21.48
eC

5.3.3 Limiting criteria for BBR creep stiffness and m-value of asphalt mixtures

This approach was previously developed by University of Utah and Utah DOT (Romero et al., 2016 &

Romero, 2017). Based on extensive laboratory work and field observations, the authors concluded that a
true performance-based specification can be developed at the mix design stage using BBR mixture S and
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m-value. An example is shown below for a low design temperature of -222C. Note that the contours
shown were developed on a large data set of field performance data from test sites in Utah.

Field Sample Creep Modulus vs. m-Value
@ 60s Min PG + 10°C

12000 / — | #5RT1
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E Jhrs aging loose mixst 135 C J SR 259
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/Mo further testing required 3R 48
0
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Figure 5.12: Example of diagram used for a design temperature of -222C.

In this example, if the proposed mixture results in low modulus and high m-value, no further testing is
required. If the proposed mixture results in high modulus and low m-value, the mixture is rejected and
must be redesigned. Finally, if the modulus and m-value fall within a transition zone, 3 hours of loose
mixture aging at 1352C is required prior to compaction. If, after aging, the proposed mixture is still
below the allowed modulus and above the minimum m-value, then the mixture would be acceptable;
otherwise, it must be redesigned.

Using the BBR mixture data obtained at -122C and at -242C, and assuming the performance contours are
valid for MnROAD test sections, hypothetical designs are generated at -229C and at -342C and are
presented in Figures 5.13 and 5.14. Most mixtures pass at -122C and no mixtures need to be redesigned.
However, at -242C, none of the mixtures pass the design.
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the loading-deflection (P-u) curve. The fracture energy Gy can then be obtained by dividing the work of
fracture with the ligament area:

du
G:DD

[6.1]
! A

where: Dpdu =total work done by the external force P, and A, = ligament area. Eqg. 6.1 assumes that

the external work is all spent in crack propagation and the rest part of the specimen behaves elastically.
This assumption is reasonable for asphalt mixture specimens at low temperatures, which generally
exhibit a damage localization mechanism.

The apparent fracture toughness can also be calculated from the measured peak load of the specimen
within the framework of linear elastic fracture mechanics (LEFM). The essential failure criterion of LEFM
is that the stress intensity factor (SIF) of the specimen reaches a critical value (i.e. fracture toughness) as
the peak load is attained. The SIF of the SCB specimen can be written as (6.2)

0 0 [ il
K:i\/ﬂa D4.782+1.219E£D+0.063exp 7.045%‘1%% [6.2]
2rt [ L H Lr

where r = radius of the SCB specimen, t = thickness of specimen, and a = notch depth. Considering the
LEFM failure criterion, we can compute the fracture toughness K. based on Eq. 6.2 and the
experimentally measured peak load. It should be emphasized here that the fracture toughness
computed by Eq. 6.2 is strictly anchored by the assumption of LEFM. For SCB specimen, it has been
shown that the LFEM limit may not be achieved since the fracture process zone at the crack tip is not
necessarily negligible compared to the specimen size (Le at al., 2013, Lim at al., 1993 & Li at al., 2004).
Therefore, we refer this calculated Ki. as to the apparent fracture toughness. The true fracture
toughness is the value of Ki.for an infinite size specimen, which is a material property. By contrast, the
apparent fracture toughness strongly depends on specimen geometry and size, and therefore it does
not directly measure the actual fracture resistance of the material.

6.3 DIAMETRAL E* TEST

Dynamic modulus is typically measured in compression on cylinders 100 mm in diameter and 170 mm
tall (AASHTO TP 62-03, 2006). This geometry severely limits the possibility of testing field cores. As a
consequence, an alternative method based on the indirect tension (IDT) loading mode, described by Kim
et al. (2004), was used. The same geometry used for IDT testing, 150 mm in diameter and 38 mm thick,
was used to determine dynamic modulus. Frequency sweeps consisting of eight frequencies, ranging
from 25 Hz to 0.01 Hz, were performed at 3 temperatures on each replicate: -12°C, 12°C, and 36°C. Two
replicates from each material type were tested and |E* | were calculated for each of the 24 temperature
and frequency combinations. Average |E*| values were calculated from the three replicates, which
were then used to construct master curves using time-temperature superposition principle.

Dynamic modulus was calculated following the procedure described by Kim et al. (2004). First, four
integrals were computed based on specimen geometry:
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e f’ (1- xZ/RZ)sinZa

l 4 /p4 [6.3]
1+2 RZ cos2a + x*/R
l ~ 1— x2/R2
G = f ltan H—Z/thana dx [64]
(1- y 2/R?)sin2a
M= f [6.5]
11+ 2 cosZa + y*/R*
l ~ 1+ yZ/RZ

where x and y are along the horizontal and vertical axes of the specimen, respectively, and:

R = radius of specimen

a = width of load

d = thickness of specimen
| = half of gauge length

a = radial angle of loading = sin™?! (%2)

Dynamic modulus (|E*|) and Poisson’s ratio (v) were then computed for each of the 24 temperature
and frequency combinations for each of the specimens using the following equations:

Py B1Uo —v1Vo
nad —F,Uqy + v,V
_ B1Uo — v1Vo
— —B2Us +v2Vo

|E*| =2

where:
Po = amplitude of applied load
Uo = amplitude of horizontal displacement (averaged between the two sides)

Vo = amplitude of vertical displacement (averaged between the two sides)

Po, Uo, and V were taken as half of the distance between the smallest and largest values for the last five
cycles of loading, and

B1=-N-M
B=N-M
vi=F-G
V2=F+G

6.4 INDIRECT TENSILE TEST (IDT) CREEP COMPLIANCE AND TENSILE STRENGTH

Creep and tensile strength tests followed procedures outlined in “Standard Test Method for
Determining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using the Indirect Tensile
Test Device,” AASHTO T322 -07 (2007).

47



For creep compliance, specimens were loaded diametrically using a vertical constant load selected to
keep horizontal strains in the linear elastic range that means below a horizontal strain of 500 x 10
mm/mm, during the creep test. Based on the 150 mm sample diameter the horizontal deformation was
kept between 0.00125 mm and 0.019 mm. Horizontal and vertical deformation were measured using
extensometers fixed near the center of the sample. Deformation measurements were then used to
calculate creep stiffness. Three replicates were tested for each material at two temperatures, -24°C, and
-12°C, for a total of six tests.

At the end of each creep test, indirect tensile strength tests were performed. Specimens were loaded
with a constant rate of vertical deformation until sample failure. Specimen geometry and maximum load
were then used to calculate tensile strength. The creep compliance is calculated using the following
equations:

AXXDXb
PXGL

D(t) = X C [6.9]
where:

D(t) = creep compliance at time t (kPa)

AX = horizontal deformation

P = average creep load applied to specimen

b = thickness of specimen (38 mm for all specimens)

D = diameter of specimen (150 mm for all specimens)

GL = gage length

Creep stiffness (S) is the inverse of creep compliance:

1
S = e [6.10]

Tensile strength is calculated by the following equation:

S = (2P)/(nbD) [6.11]
where:

S = tensile stress of specimen

P = failure load for specimen

b = thickness of specimen (38 mm for all specimens)

D = diameter of specimen (150 mm for all specimens)
6.5 SCB TEST RESULTS

Table 6.1 summarizes the calculated fracture energy and apparent fracture toughness for all cells. Figure
6.2 presents the fracture energy plot and Figure 6.3 the apparent fracture toughness. The results
obtained with the new fixture are labeled as Cell 21 NF and Cell 22 NF.
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Table 6.1: Fracture energy and apparent fracture toughness.

Fracture Energy Gs (kl/m?) Fracture Toughness, Kic
Specimen (MPa*m®?)
-12°C -24°C -12°C -24°C
Cell 16 0.335 0.246 0.576 0.674
Cell 17 0.486 0.237 0.599 0.646
Cell 18 0.392 0.277 0.599 0.644
Cell 19 0.339 0.263 0.604 0.659
Cell 20 0.613 0.299 0.602 0.711
Cell 21 0.561 0.296 0.703 0.715
Cell 21 NF 0.541 0.321 0.692 0.699
Cell 22 0.307 0.198 0.566 0.542
Cell 22 NF 0.276 0.176 0.518 0.565
Cell 23 0.416 0.315 0.630 0.714
Fracture Energy m-12°C  m-24°C
0.700
0.600
0.500
@ 0.400
=)
& 0.300
0.200
0.100
0.000
Cell 16 Cell 17 Cell 18 Cell 19 Cell 20 Cell 21 Cell 22 Cell 23 Cell 21 Cell 22
NF NF

Figure 6.2: Fracture energy for all mixtures.

49







2017-433T4-DSCB-22A _-12 2017-433T4-DCSB-22A_-12 NEWFIX
0.1 0.1
0 0|
0.1 -0.1
-0.2 -0.2
E 03 E 03
-0.4 -0.4
-0.5 0.5
-0.6 -0.6
-0.7 0.7
(e [ (=3 o o o
“ Time § @ Time §
2017-433T4-DSCB-22B_-12 2017-433T4-DCSB-22B_-12 NEWFIX
0.1 0.1
0 0
-0.1 -0.1
-0.2 02
g 03 E 03
-0.4 04
0.5 05
0.6 06
0.7 b - - 07 L - !
# Time = S Time S
2017-433T4-DSCB-22C -12 2017-433T4-DCSB-22C -12 NEWFIX
0.1 0.1
0 0
-0.1 0.1
0.2 -0.2
E 03 E 03
-0.4 -0.4
0.5 0.5
0.6 0.6
-0.7 -0.7
S (=) [} (e} (=3 [}
% Time 8 & Time S
® Axial displacement ~ @ LLD sidel @®LLDside2 @ Average side

Figure 6.4: Cell 22 LLD and actuator displacement at -12°C.
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Figure 6.5: Cell 22 LLD and actuator displacement at -24°C.
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The average values of |E* | were used to generate master curves for each of the cells mixtures at a

reference temperature of 12°C. This was done by fitting the data to the following equation using a

procedure proposed by Rowe, et al. (9):

a—2~6
log|E”™| = & + T 5y Gogariog@m 6.12]
where: w = frequency of load
a(T) = temperature shift parameter
6, a, 8 and y are fitting parameters.
Table 6.4 shows the fitting parameters and shift factor values.
Table 6.4: |E*| master curve fitting parameters.

Cell 16 Cell 17 Cell 18 Cell 19 Cell 20 Cell 21 Cell 22 Cell 23
alpha 2.26E+10 | 1.23E+10 | 1.29E+10 | 2.14E+10 | 1.23E+10 | 1.42E+10 | 1.82E+10 | 1.26E+10
delta 9.28E+06 | 4.03E+07 | 3.76E+07 | 2.34E+07 | 2.54E+07 | 4.90E+07 | 5.87E+02 | 4.03E+07
beta -1.00 -0.93 -0.88 -0.70 -0.62 -0.72 -2.19 -0.97
gama -0.53 -0.80 -0.65 -0.61 -0.69 -0.72 -0.38 -0.62
log at(-12) | 4.21 2.54 3.07 4.30 1.82 2.99 291 2.13
log at(+36) | -2.56 -2.41 -2.75 -2.33 -1.92 -2.57 -2.63 -2.58

|E*| master curves for each material, obtained from fitting average results to equation [6.12], are

shown in Figure 6.6. Smooth master curves were obtained for all mixtures tested. The highest modulus

value are observed for cells 16 and 19 at the highest frequencies (lowest temperatures) while the lowest

values are observed for cell 20 and 19 at the lowest frequencies (highest temperatures). Cell 19 mixture

appears to have the highest frequency (temperature) susceptibility of all mixtures.
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Table 6.6: Creep stiffness and tensile strength at -24°C.

T B remperature: Cell 16 | Cell 17 | Cell 18 | Cell 19 | Cell 20 | Cell 21 | Cell 22 | Cell 23

Stiffness S(60s) (GPa) 18.24 |16.33 |25.44 |17.32 |15.78 |17.50 | 15.97 | 14.04

Stiffness S(500s) (GPa) 15.72 | 13.88 |21.54 | 16.22 |11.89 | 1337 |13.34 |12.50

3.32 3.60 3.17 3.32 3.46

Tensile strength (MPa) 3.22 2.84 2.84

Creep Stiffness Curves at -12°C Creep Stiffness Curves at -12°C
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Figure 6.7: Creep stiffness curves at -12°C for all cells.
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Figure 6.8: Creep stiffness curves at -24°C for all cells.
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CHAPTER 7: DATA ANALYSIS

In this chapter, statistical analyses are performed to identify significant factors. The tools used include
analysis of variance (ANOVA), Tukey’s method, which represents a pairwise comparison technique, and
correlation matrices based on Pearson's correlation.

7.1 BINDERS ANOVA

In order to investigate differences in rheological and strength properties of binders, statistical analyses
were performed on the binders used in cells 16, 20, 21, 22 and 23. The binder properties analyzed were
BBR creep stiffness and m-value at 60 seconds, BBR strength and BBR strain at failure. Each property
was obtained at two temperatures: PGLT+10°C and PGLT+4°C (tables 6.13 to 6.20). For the one-way
analysis of variance (ANOVA), the significance level (a) was set at 0.05 and the null hypothesis (Ho)
assumed that all the binder means were equal. The alternate hypothesis (H.) was that at least one of the
binder means was different.

PAV Binder BBR Creep Test

The ANOVA results for the PAV binder creep stiffness at 60 seconds at PGLT+10°C are presented in Table
7.1, and at PGLT+4°C are presented in Table 7.2. The results for the m-value at PGLT+10°C are presented
in Table 7.3 and the results at PGLT+4°C are presented in Table 7.4.

Table 7.1: Summary and ANOVA: PAV binder BBR Creep Stiffness at PGLT+10°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 5 859.8016 171.9603 53.07403

Cell 20 4 1006.217 251.5542 74.94623

Cell 21 5 1203.323 240.6646 519.357

Cell 22 4 885.3054  221.3264 360.8912

Cell 23 5 948.5269 189.7054 65.00738

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 21183.38 4 5295.845 2471315 4.21E-07 2.927744
Within Groups 3857.266 18 214.2926

Total 25040.65 22
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The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).

We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of

the eight cells has significantly different means and belongs to a different population.

Table 7.2: Summary and ANOVA: PAV binder BBR Creep Stiffness at PGLT+4°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 4 885.3054 221.3264 360.8912

Cell 20 4 1978.327 494.5817 4614.2

Cell 21 5 2174431 434.8861 822.4499

Cell 22 6 2594.663  432.4438 562.686

Cell 23 6 2440.085 406.6809 1585.523

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 175936.5 4 43984.12 30.37984 3.05E-08  2.866081
Within Groups 28956.12 20 1447.806

Total 204892.6 24

The F-value is greater than F-critical value and p-value is smaller than alpha level selected (0.05). We can

conclude that there is enough evidence to reject the null hypothesis and say that at least one of the

eight cells has significantly different means and belongs to a different population.
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Table 7.3: Summary and ANOVA: PAV binder BBR m-value at PGLT+10°C.

SUMMARY

Groups Count Sum Average Variance
Cell 16 5 1.859389 0.371878 3.53E-05
Cell 20 4 1006.217 251.5542 74.94623
Cell 21 5 1.640056 0.328011 1.63E-05
Cell 22 4 1.3391 0.334775 0.000238
Cell 23 5 1.720497 0.344099 0.000194
ANOVA

Source of Variation SS df MS

Between Groups 208524 4 52131 4173.441
Within Groups 224.8404 18 12.49113

Total 208748.8 22

The F-value is greater than the F-critical value and the p-value is smaller than the alpha level selected
(0.05). We can conclude that there is enough evidence to reject the null hypothesis and say that at least
one of the eight cells has significantly different means and belongs to a different population.

Table 7.4: Summary and ANOVA: PAV binder BBR m-value at PGLT+4°C.

SUMMARY

Groups Count Sum Average Variance
Cell 16 6 1.790056 0.298343 0.000448
Cell 20 4 1.063236 0.265809 0.000282
Cell 21 5 1.330373 0.266075 0.000248
Cell 22 6 1.627688 0.271281 0.000145
Cell 23 6 1.73776 0.289627 0.000323
ANOVA

Source of Variation SS df MS

Between Groups 0.004802 4 0.0012 4.114032
Within Groups 0.006419 22 0.000292

Total 0.011221 26

The F-value is greater than the F-critical value and the p-value is smaller than the alpha level selected

(0.05). We can conclude that there is enough evidence to reject the null hypothesis and say that at least

one of the eight cells has significantly different means and belongs to a different population.
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PAV BBR Strength Test

Table 7.5 shows the ANOVA results for the PAV binder BBR Strength at PGLT+10°C and the results at
PGLT+4°C are presented in Table 7.6.

Table 7.5: Summary and ANOVA: PAV binder BBR Strength at PGLT+10°C.

SUMMARY
Groups Count Sum Average Variance
Cell 16 4 17.20389 4.300974 0.570435
Cell 20 4 20.93503  5.233757 0.408315
Cell 21 5 29.77435 5.954869 3.622129
Cell 22 5 25.05974 5.011948 0.405941
Cell 23 5 33.94714 6.789428 0.639027
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 16.56515 4 4.141288 3.450332 0.0292524  2.927744
Within Groups 21.60464 18 1.200258
Total 38.16979 22

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).
We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of
the eight cells has significantly different means and belongs to a different population.
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Table 7.6: Summary and ANOVA: PAV binder BBR Strength at PGLT+4°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 5 18.42504  3.685009 0.373872

Cell 20 4 15.68412  3.92103 0.979203

Cell 21 4 22.70106 5.675264 1.504765

Cell 22 5 30.16731 6.033461 1.901788

Cell 23 5 27.65671 5.531342 0.276216

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 21.87265 4 5.468164 5.573625 0.0042356 2.927744
Within Groups 17.65941 18 0.981078

Total 39.53207 22

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).

We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of

the eight cells has significantly different means and belongs to a different population.

Table 7.7 shows the ANOVA results for the PAV binder BBR Strain at PGLT+10°C and the results at
PGLT+4°C are presented in Table 7.8.
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Table 7.7: Summary and ANOVA: PAV binder BBR Strain at PGLT+10°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 4 5.881521  1.47038 0.10569

Cell 20 4 4912279  1.22807 0.045171

Cell 21 5 7.795276  1.559055 0.459527

Cell 22 5 6.64407 1.328814 0.036219

Cell 23 5 11.01267 2.202534 0.108252

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 2.798512 4 0.699628 4.390087 0.011877 2.927744
Within Groups 2.868577 18 0.159365

Total 5.667088 22

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).
We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of
the eight cells has significantly different means and belongs to a different population.
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Table 7.8: Summary and ANOVA: Single Factor for PAV binder BBR Strain at PGLT+4°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 5 2.689592 0.537918 0.014776

Cell 20 4 2.05438 0.513595 0.0215

Cell 21 4 3.24471 0.811177 0.047093

Cell 22 5 4.585261 0.917052 0.04739

Cell 23 5 4.54909 0.909818 0.015829

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.729953 4 0.182488 6.344233 0.0022859 2.927744
Within Groups 0.51776 18 0.028764

Total 1.247713 22

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).
We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of
the eight cells has significantly different means and belongs to a different population.

From the results presented in tables 7.1 to 7.8, it can be concluded that the binders are significantly
different with respect to all properties investigated.

7.2 BINDERS TUKEY ANALYSIS

Since ANOVA only indicates if one or more binders have different means, it is necessary to run an
additional test to find out the specific differences. Tukey’s method, a pairwise comparison technique,
was chosen because it constructs simultaneous confidence intervals for differences of all pairs of means
and controls the probability of making one or more Type | errors. (Oehlert, 2000)

The confidence intervals and boxplot were generated for all binders and corresponding properties.
Figures 7.1 (a) to 7.8 (a) show the pairwise confidence intervals and Figures 7.1 (b) to 7.8 (b) show the
boxplot for pairwise comparison. The boxplots provide a visual interpretation of the confidence intervals
where cells are grouped according to their means. Cells with the same color and letter belong to the
same group.
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Figure 7.1: (a) Confidence intervals (Tukey) for PAV binder BBR Creep Stiffness at PGLT+10°C. (b) Boxplot for

pairwise comparison.
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Figure 7.2: (a) Confidence intervals (Tukey) for PAV binder BBR Creep Stiffness at PGLT+4°C. (b) Boxplot for

pairwise comparison.
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Figure 7.3: (a) Confidence intervals (Tukey) for PAV binder BBR m-value at PGLT+10°C. (b) Boxplot for pairwise
comparison.
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Figure 7.4: (a) Confidence intervals (Tukey) for PAV binder BBR m-value at PGLT+4°C. (b) Boxplot for pairwise
comparison.
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Figure 7.5: (a) Confidence intervals (Tukey) for PAV binder BBR Strength at PGLT+10°C. (b) Boxplot for pairwise
comparison.
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Figure 7.6: (a) Confidence intervals (Tukey) for PAV binder BBR Strength at PGLT+4°C. (b) Boxplot for pairwise
comparison.
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Conclusions

A summary of the boxplots results from figures 7.1 to 7.8 is presented in figure 7.9. For each of the
properties investigated, the cells filled with the same pattern have means that belong to the same
group.

Cells

Temperature

Binder BBR Creep Stiffness (60s), MPa o %%%

PGLT+4C
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PGLT+4C

PGLT+10C

Binder BBR Strain @ Failure, %
PGLT+4C

Figure 7.9: Summary of boxplots for PAV binder results.

A number of important observations can be made. The grouping of binders based on similar rheological
or strength characteristics changes with temperature. For example, in Figures 7.1 and 7.2, binders in
cells 16 and 23 belong to one group and binders from cells 20, 21, and 22 belong to a different group,
based on S(60s) results at PGLT+10°C. The grouping changes for PGLT+4°C.

From Figures 7.3 and 7.4, it is observed that the grouping based on m-value is different than the
grouping based on S(60s). Binders in cells 21 and 22 are placed in the same group based on stiffness and
m-value, except for m-value at PGLT+4°C. However, the two binders are grouped separately with
respect to failure properties, except for BBR Strength at PGLT+10°C.

As mentioned before, the binder in cell 22 contains an antistripping agent. The most visible difference is
observed in Figures 7.5 and 7.7 regarding the failure properties at PGLT+10°C. In both figures, the
modified binder in cell 23 is grouped alone with the highest stress and strain at failure. The grouping
changes at PGLT+4°C; based on strength, cell 21 and 23 binders are grouped together, and based on
failure strain, cell 22 and 23 binders are grouped together.

Binders in cells 20 to 23 have the same PGLT of -34, however, the failure properties are significantly
different based on the statistical analyses performed. In particular, the heavily modified asphalt binder
used in cell 23 has significantly better failure stress and strain than the other binders at PGLT +10°C. It
was also noticed that the addition of antistripping agent may significantly change failure properties.
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7.3 MIXTURES ANOVA

Similar to binder analysis, one-way ANOVA was performed to determine the statistical significance of
the mixture properties. The significance level (a) was set at 0.05. The null hypothesis (Ho) assumes that
all the sample means are equal. The alternate hypothesis (H.) states that at least one of the sample
means is different.

Mixture BBR Creep Test

Table 7.9: shows the ANOVA results for the creep stiffness at 60 seconds at -12°C and Table 7.10 shows
the results at -24°C.

Table 7.9: Summary and ANOVA: BBR Creep Stiffness at -12°C.

SUMMARY

Groups Count  Sum Average Variance

Cell 16 6 40.08251 6.680419 0.519472

Cell 17 5 34.7625 6.952501  0.570816

Cell 18 5 35.19701 7.039402  1.194998

Cell 19 6 42.14436 7.024061  0.575539

Cell 20 5 22.49815 4.49963 0.562762

Cell 21 5 26.10168 5.220336  0.396015

Cell 22 5 32.7937 6.558741  0.122235

Cell 23 5 29.15639 5.831278  0.10331

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 32.26184 7 4608834  9.070614 2.82E-06  2.293832
Within Groups 17.2756 34 0.508106

Total 49.53744 41

The F-value is greater than the F-critical value and the p-value is smaller than the alpha level selected
(0.05). We can conclude that there is enough evidence to reject the null hypothesis and say that at least
one of the eight cells has significantly different means and belongs to a different population.
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Table 7.10: Summary and ANOVA: BBR Creep Stiffness at -24°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 6 83.09406 13.84901 3.31136

Cell 17 6 85.94299 14.32383 2.880214

Cell 18 6 79.87011 13.31168 4.486247

Cell 19 6 67.40177 11.23363 5.167274

Cell 20 4 38.46447 9.616118 2.096874

Cell 21 5 56.10079 11.22016 1.994548

Cell 22 5 55.60792 11.12158 1.015567

Cell 23 6 55.35543 9.225906 6.617964

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 141.7022 7 20.24317 5.578065 0.000208 2.277143
Within Groups 130.6464 36 3.629066

Total 272.3485 43

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).

We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of

the eight cells has significantly different means and belongs to a different population.

Table 7.11 shows the ANOVA results for the m-value at 60 seconds at -12°C and Table 7.12 shows the

results at -24°C.
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Table 7.11: Summary and ANOVA: BBR m-value at -12°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 6 0.991384 0.165231 6.94E-05

Cell 17 5 0.847218 0.169444 0.000341

Cell 18 5 0.831543 0.166309 0.000547

Cell 19 6 0.916513 0.152752 0.000313

Cell 20 5 1.147023 0.229405 0.001471

Cell 21 5 0.787838 0.157568 0.000555

Cell 22 5 0.739767 0.147953 9.86E-05

Cell 23 5 0.900643 0.180129 0.000159

ANOVA

Source of Variation SS df MS F P-value  Fcrit
Between Groups 0.02334 7 0.003334 7.767326  1.31E-05 2.293832
Within Groups 0.014595 34 0.000429

Total 0.037936 41

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).
We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of

the eight cells has significantly different means and belongs to a different population.

Table 24 shows the ANOVA results for the m-value at 60 seconds at -24°C.
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Table 7.12: Summary and ANOVA: BBR m-value at -24°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 6 0.439436 0.073239  0.000194

Cell 17 6 0.42558 0.07093 0.000134

Cell 18 6 0.404354 0.067392  3.17E-05

Cell 19 6 0.360941 0.060157 0.000182

Cell 20 4 0.420792 0.105198  0.000208

Cell 21 5 0.446598 0.08932 0.000164

Cell 22 5 0.422087 0.084417 0.000104

Cell 23 6 0.635542 0.105924 0.001613
ANOVA

Source of Variation SS df MS F P-value
Between Groups 0.01116 7 0.001594  4.602886 0.000932
Within Groups 0.012469 36 0.000346

Total 0.023628

43

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).

We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of

the eight cells has significantly different means and belongs to a different population.

Mixture BBR Strength Test

Table 7.13 shows the ANOVA results for BBR Strength at -12°C and Table 7.14 shows the results at -24°C.
Table 7.15 shows the ANOVA results for BBR Strain at failure at -12°C and Table 7.16 shows the results at

-24°C.
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Table 7.13: Summary and ANOVA: BBR Strength at -12°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 6 44.0017 7.333617 0.912385

Cell 17 5 39.38142 7.876284 1.032498

Cell 18 5 36.41527 7.283053 0.739151

Cell 19 6 45.23467 7.539111 2.867397

Cell 20 5 44.16813 8.833626  0.865144

Cell 21 5 40.33591 8.067182 0.663624

Cell 22 5 34.54996 6.909992 0.329096

Cell 23 5 37.00941 7.401883 0.767537

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 12.52358 7 1.789083 1.667132 0.150505  2.293832
Within Groups 36.48711 34 1.07315

Total 49.01069 41

The F-value is smaller than the F-critical value and the p-value is greater than the alpha level selected
(0.05). We fail to reject the null hypothesis and conclude that all samples belong to the same
population.
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Table 7.14: Summary and ANOVA: BBR Strength at -24°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 6 44.94035 7.490058 1.175196

Cell 17 6 42.77968 7.129946 0.39847

Cell 18 6 41.1805 6.863417 0.409845

Cell 19 6 42.70459 7.117432 0.959679

Cell 20 4 31.56955 7.892388 0.65469

Cell 21 5 42.43565 8.48713 1.263511

Cell 22 5 31.60383 6.320765 0.08775

Cell 23 6 43.57851 7.263085 1.905921
ANOVA

Source of Variation SS df P-value
Between Groups 14.98285 7 2.140407 2.437307 0.037503
Within Groups 31.61467 36 0.878185

Total 46.59752 43

The F-value is greater than the F-critical value and the p-value is smaller than the alpha level selected

(0.05). We can conclude that there is enough evidence to reject the null hypothesis and say that at least

one of the eight cells has significantly different means and belongs to a different population.
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Table 7.15: Summary and ANOVA: BBR strain at failure at -12°C.

SUMMARY

Groups Count Sum Average Variance
Cell 16 6 0.559789 0.093298 0.000653
Cell 17 5 0.465868 0.093174 0.000305
Cell 18 5 0.423679 0.084736 7.45E-05
Cell 19 6 0.557169 0.092862 0.000598
Cell 20 5 0.952075 0.190415 0.002734
Cell 21 5 0.643318 0.128664 3.29E-06
Cell 22 5 0.576388 0.115278 0.000593
Cell 23 5 0.654667 0.130933 0.001433
ANOVA

Source of Variation SS df MS F

Between Groups 0.043368 7 0.006195 7.851663
Within Groups 0.026828 34 0.000789

Total 0.070196 41

The F-value is greater than F-critical value and the p-value is smaller than the alpha level selected (0.05).

We can conclude that there is enough evidence to reject the null hypothesis and say that at least one of

the eight cells has significantly different means and belongs to a different population.
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Table 7.16: Summary and ANOVA: BBR strain at failure at -24°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 6 0.315864 0.052644 6.54E-05

Cell 17 6 0.326389 0.054398 0.000182

Cell 18 6 0.30703 0.051172 0.000131

Cell 19 6 0.332629 0.055438 0.000162

Cell 20 4 0.732814 0.183203 0.054309

Cell 21 5 0.430993 0.086199 0.000572

Cell 22 5 0.299483 0.059897 3.21E-05

Cell 23 6 0.433834 0.072306 0.000208

ANOVA

Source of

Variation SS df MS F P-value F crit
Between Groups ~ 0.059559 7 0.008508 1.811557 0.115081  2.277143
Within Groups 0.169082 36 0.004697

Total 0.228641 43

The F-value is smaller than F-critical and the p-value is greater than the alpha level selected (0.05). We

fail to reject the null hypothesis and conclude that all samples belong to the same population.

Mixture SCB Fracture Energy

Table 7.17 shows the ANOVA results for SCB Fracture Energy at -12°C and Table 7.18 shows the results

at-24°C.
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Table 7.17: Summary and ANOVA: SCB Fracture Energy at -12°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 3 1.003823 0.334608 0.004947

Cell 17 3 1.456573 0.485524  0.009754

Cell 18 3 1.174952 0.391651 0.00965

Cell 19 3 1.016278 0.338759 0.00276

Cell 20 3 1.83921 0.61307 0.012798

Cell 21 3 1.682961 0.560987 0.00172

Cell 22 3 0.922232 0.307411 0.011394

Cell 23 3 1.248463 0.416154 0.001139
ANOVA

Source of Variation SS df MS F P-value
Between Groups 0.263586 7 0.037655 5.561874  0.002181
Within Groups 0.108323 16 0.00677

Total 0.371909 23

The F-value is greater than F-critical and the p-value is smaller than the alpha level selected (0.05). We

can conclude that there is enough evidence to reject the null hypothesis and say that at least one of the

eight cells has significantly different means and belongs to a different population.
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Table 7.18: Summary and ANOVA: SCB Fracture Energy at -24°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 2 0.492638 0.246319 0.000132

Cell 17 3 0.710202 0.236734  0.002438

Cell 18 3 0.830685 0.276895 0.010503

Cell 19 3 0.787809 0.262603 0.003534

Cell 20 3 0.897585 0.299195 0.00064

Cell 21 3 0.888231 0.296077 0.003807

Cell 22 3 0.594989 0.19833 0.002021

Cell 23 3 0.944716 0.314905 0.003406

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.030631 7 0.004376 1.242466  0.34058 2.706627
Within Groups 0.052829 15 0.003522

Total 0.083461 22

The F-value is smaller than F-critical and the p-value is greater than the alpha level selected (0.05). We
fail to reject the null hypothesis and conclude that all samples belong to the same population.

Mixture IDT Creep Stiffness

Table 7.19 shows the ANOVA results for IDT Creep Stiffness at -12°C and Table 7.20 shows the results at
-24°C.
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Table 7.19: Summary and ANOVA: IDT Creep Stiffness at -12°C.

SUMMARY

Groups Count Sum Average Variance

Cell 16 3 31.58793 10.52931 2.416582

Cell 17 3 30.15939 10.05313 8.151594

Cell 18 3 42.94082 14.31361 10.55296

Cell 19 3 37.09468 12.36489 0.108503

Cell 20 3 22.34644 7.448814  2.190468

Cell 21 3 25.26369 8.421228 9.861322

Cell 22 3 35.07929 11.6931 5.940764

Cell 23 3 27.89484 9.298279 6.992166

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 104.1562 7 14.87946 2.57573 0.055492 2.657197
Within Groups 92.42871 16 5.776794

Total 196.585 23

The F-value is smaller than F-critical and the p-value is greater than the alpha level selected (0.05). We
fail to reject the null hypothesis and conclude that all samples belong to the same population.

80



Table 7.20: Summary and ANOVA: IDT Creep Stiffness at -24°C.

SUMMARY

Groups Count Sum Average  Variance

Cell 16 3 54.72349 18.24116 30.13118

Cell 17 3 48.97575 16.32525 3.209443

Cell 18 3 76.32289 25.44096 86.15953

Cell 19 3 51.95776 17.31925 6.344415

Cell 20 3 47.33985 15.77995 2.549091

Cell 21 3 52.50076 17.50025 7.51289

Cell 22 3 47.9055 15.9685 2.971263

Cell 23 3 42.12068 14.04023 0.327909

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 246.743 7 35.24901 2.025722 0.114803 2.657197
Within Groups 278.4115 16 17.40072

Total 525.1545 23

The F-value is smaller than F-critical and the p-value is greater than the alpha level selected (0.05). We
fail to reject the null hypothesis and conclude that all samples belong to the same population.

From tables 7.9 to 7.20 is it possible to conclude that the mixture properties that present statistical
significance are BBR creep stiffness at -12°C and -24°C, BBR m-value at -12°C and -24°C, BBR strength at -
24°C, BBR strain at failure at -12°C and SCB fracture energy at -12°C.

7.4 MIXTURES TUKEY ANALYSIS

Since ANOVA only indicates if one or more mixtures have different means, it is necessary to run an
additional test to find out the specific differences. Tukey’s method, a pairwise comparison technique,
was chosen because it constructs simultaneous confidence intervals for differences of all pairs of means
and controls the probability of making one or more Type | errors.(Oehlert, 2000)

The confidence intervals and boxplot were generated for all mixtures and corresponding properties.
Figures 7.10 (a) to 7.16 (a) show the pairwise confidence intervals and Figures 7.10 (b) to 7.16 (b) show
the boxplot for pairwise comparison. The boxplots provide a visual interpretation of the confidence
intervals where cells are grouped according to their means. Cells with the same color and letter belong
to the same group.
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Figure 7.10: (a) Confidence intervals (Tukey) for BBR Creep Stiffness at -12°C. (b) Boxplot for pairwise
comparison.
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Figure 7.11: (a) Confidence intervals (Tukey) for BBR Creep Stiffness at -24°C. (b) Boxplot for pairwise
comparison.
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Figure 7.12: (a) Confidence intervals (Tukey) for BBR m-value at -12°C. (b) Boxplot for pairwise comparison.
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Figure 7.13: (a) Confidence intervals (Tukey) for BBR m-value at -24°C. (b) Boxplot for pairwise comparison.
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Figure 7.14: (a) Confidence intervals (Tukey) for BBR strength at -24°C. (b) Boxplot for pairwise comparison.
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Figure 7.15(a) Confidence intervals (Tukey) for BBR % strain at failure at -12°C. (b) Boxplot for pairwise
comparison.
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Figure 7.16: (a) Confidence intervals (Tukey) for fracture energy at -12°C. (b) Boxplot for pairwise comparison.

Conclusions

A summary of the boxplots from figures 7.10 to 7.16 is presented in figure 7.17. For each property, cells
filled with the same pattern have means that belong to the same group. The summary presented in
figure 7.17 does not contain entries for all temperatures because the boxplots and Tukey analyses were
performed only on parameters that had a significant result in the ANOVA test. For example, IDT creep
and strength placed all mixtures in the same group.
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Temperature

-12C
Mixture BBR Creep Stiffness (60s), GPa

-24C
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Mixture m-value (60s)

-24C
Mixture BBR Strength, MPa -24C
Mixture BBR Strain @ Failure, % -12C
Fracture Energy, kJ/m2 -12C

Figure 7.17: Summary of boxplots for mixture results.

A number of conclusions can be drawn. Cells 16, 17, 18 and 19, built with the same binder type, are in
the same group for most of the determined properties. The only significant differences are observed for
S(60s) and m(60s) at -24°C and Fracture Energy at -12°C.

For almost all of the mixture properties analyzed, cell 20 mixture is in a different group than other
mixtures. This mixture has the highest percentage of RAP, 30%, which may explain this observation. Cell
23 mixture, which has a highly modified binder, is also in a different group for BBR creep stiffness at
both temperatures and m-value at -24°C.

Overall, it is observed that for some properties, there is no clear separation between the mixtures
prepared with the PG-22 binder and the mixtures prepared with the PG-34 binders. One possible
explanation is given by the fact that the mix designs have RAP and RAS contents that could influence in
which group the mixture is placed.

7.5 CORRELATIONS

In order to measure the strength and direction of the relationships between mixtures properties and
design properties, correlation matrices were calculated based on Pearson's correlation. The correlation
coefficients are summarized in tables 7.21 and 7.22. The matrix was generated with data from cells 16 to
23 at -12°C and at -24°C. The coefficients with values larger than 0.75 are highlighted in bold.

The results show that coefficients change with temperature and correlations that are significant at one
temperature are not significant at the other temperature, which indicates the need to perform testing
at multiple temperatures. The only exception is the correlation between the BBR m-value and BBR
failure strain, who have strong positive correlations at both temperature. One other significant
observation is the high correlation values between mixture fracture energy and BBR mixture S(60s),
m(60s), and strength at -12°C.
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No significant correlations are observed between the mechanical properties and the mix design
parameters, most likely due to the different combinations of design parameters in each mix design. The
only exception is the negative correlation between total AC % and fracture toughness at -24°C. However,
a lower asphalt content can have a negative effect on other important properties of the mixture.
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Table 7.21: Correlation matrix for properties from cells 16 to 23 at -12°C.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1. Mixture IDT S(60s) (GPa) 1.00
2. Mix IDT Strength, MPa -0.42 1.00
3. Mix BBR m-value (60s) -0.69 0.30 1.00
4. Mix BBR S(60s) 0.80 -0.20 -0.88 1.00
5. Mix BBR Failure Strain, % -0.75 0.39 0.81 -0.92 1.00
6. Mix BBR Strength, MPa -0.67 0.64 0.69 -0.62 0.64 1.00
7. Fracture Energy Gf -0.75 0.23 0.79 -0.80 0.63 0.79 1.00
8. Fracture Toughness -0.45 0.31 0.07 -0.30 0.16 0.51 0.59 1.00
9. VMA 0.09 0.00 0.05 0.22 -0.25 043 0.26 0.07 1.00
10. Design Air void (Va) -0.34 -030 0.28 -0.36 0.16 -0.25 0.33 0.06 -0.46 1.00
11. RAP % -0.23  0.53 0.59 -0.57 0.74 0.46 0.30 -0.04 -0.29 -0.04 1.00
12. RAS % -0.06  0.03 -0.07 0.37 -0.39 -0.14 -0.11 -0.33 0.35 0.22 -0.48 1.00
13. Total AC% 0.53 -0.27 -051 041 -0.18 -0.23 -048 -0.31 0.22 -0.57 -0.01 -0.29 1.00
14. Virgin AC % 0.42 -0.52  -0.57 0.26 -0.28 -0.31 -0.31 0.19 -0.01 -0.37 -0.33 -0.61 0.64 1.00
15. % Effective AC 0.41 0.18 -0.20 041 -0.29 031 -0.16 -0.04 0.75 -090 -0.04 -0.05 050 0.26 1.00
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Table 7.22: Correlation matrix for properties from cells 16 to 23 at -24°C.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1. Mixture IDT S(60s) (GPa) 1.00
2. Mix IDT Strength, MPa -0.65 1.00
3. Mix BBR m-value (60s) -0.55 0.57 1.00
4. Mix BBR S(60s) 0.48 -0.78 -0.55 1.00
5. Mix BBR Failure Strain, % -0.36 0.64 0.83 -0.55 1.00
6. Mix BBR Strength, MPa -0.36 0.21 0.19 -045 0.24 1.00
7. Fracture Energy Gf -0.02 0.31 0.47 -0.69 040 0.25 1.00
8. Fracture Toughness -0.14  0.27 0.45 -0.50 0.37 0.34 0.90 1.00
9. VMA 0.13 -0.48 -031 041 -0.17 -0.14 -0.07 0.10 1.00
10. Design Air void (Va) 0.03 -0.15  0.55 0.15 0.24 0.00 0.04 0.03 -0.46 1.00
11. RAP % 0.09 0.60 0.35 -0.37 0.74 -0.02  0.25 0.17 -0.29 -0.04 1.00
12. RAS % -0.05 -044 -019 0.73 -042 -022 -040 -0.03 0.35 0.22 -0.48 1.00
13. Total AC% 0.06 -0.09 -0.54 0.18 -0.21 -0.06 -0.66 -0.77 0.22 -0.57 -0.01 -0.29 1.00
14. Virgin AC % 0.00 -0.10 -0.30 -0.27 -0.27 0.18 -0.10 -040 -0.01 -0.37 -033 -061 0.64 1.00
15. % Effective AC 0.23 -0.19 -0.61 0.13 -0.29 -0.15 -0.04 0.00 0.75 -090 -0.04 -0.05 050 0.26 1.00
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CHAPTER 8: SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

In this research effort, an investigation was performed to determine if four testing methods can be
viably used in the material selection process, quality control, and forensic investigations of asphalt
paving materials. These test methods are the Bending Beam Rheometer (BBR) for creep and strength of
asphalt mixtures; low temperature SCB fracture testing for asphalt mixtures; E* testing of asphalt
mixtures using the IDT configuration; and BBR strength testing of asphalt binders.

The results show that the testing methods investigated provide repeatable results that follow trends
similar to the one observed using traditional methods. The results also show that the properties are
highly temperature dependent and the ranking observed at one temperature can change at a different
temperature. In addition, it is observed that materials with similar rheological properties, such as
complex modulus absolute value |E*|, creep stiffness S, and m-value, do not necessarily have the same
fracture resistance. These results confirm one more time the need for a fracture/strength test for
correctly evaluating cracking resistance of asphalt materials.

The results also show that, in general, the mixtures used in this experiment have similar properties,
which may indicate similar service performance. The only exceptions appear to be the mixture from cell
20 that has the highest RAP content and the mixture from cell 23 that contains a highly modified binder;
for most properties evaluated, the two mixtures were each grouped separately from the other mixtures
(Table 7.17). The results also indicate that, for some properties, there is no clear separation between the
mixtures prepared with the PG-22 binder and the mixtures prepared with the PG-34 binders due to the
addition of RAP and RAS in the mix design.

A number of follow-up steps are required to fully evaluate the value of these test methods in the
selection process. It is recommended that cores are taken at periodic intervals of time and testing is
performed on samples obtained from these cores using the methods described in this report. These
methods allow for obtaining representative samples from the surface layer of the pavement, where
most cracking occurs. Most importantly, distress surveys should be performed periodically and
correlations should be developed to determine the best predictors of performance that can be used to
better select asphalt paving materials with good cracking resistance.
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