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Abstract

Low temperature cracking represents the main distress in asphalt pavements built in cold regions. During the
Strategic Highway Research Program (SHRP) two test methods were developed to investigate the low temperature
behavior of asphalt binders: bending beam rheometer (BBR) and direct tension tester (DTT). In this research, a sim-
ple testing protocol developed to obtain failure properties of asphalt binders at low temperatures is used to charac-
terize the behavior of five asphalt binders used in the construction of MNROAD test cells in 2016. It is shown that a
combination of creep followed by strength testing provides a more complete picture of the low temperature proper-
ties of asphalt binders and can improve the selection process. Binders with similar creep and relaxation properties
have significantly different failure properties. It is also demonstrated that BBR strength data is obtained under linear
viscoelastic conditions for the entire duration of the test and that creep and strength data can be interconverted

using linear viscoelasticity.

The characterization of asphalt binder at low tempera-
tures is currently performed as part of the performance
grade (PG) system developed during the Strategic
Highway Research Program (SHRP) at the beginning of
the 1990s (7). The PG system consists of two tempera-
ture limits; the first relates to the response of the binder
at high service temperature and the second provides
information on the low temperature behavior. Currently,
low temperature properties of asphalt binders are evalu-
ated using the bending beam rheometer (BBR) (2) and
direct tension tester (DTT) (3). The BBR is used to per-
form low temperature creep tests for 240s on beams of
pressure aging vessel (PAV) aged asphalt binders condi-
tioned at the desired temperature for 1h. Creep stiffness,
which is the inverse of creep compliance, and the slope
of creep stiffness versus time curve on a double logarith-
mic scale, which can be related to relaxation of thermal
stresses that build up at low temperatures, were selected
as performance criteria. The DTT is used to perform uni-
axial tension tests on a dog bone shaped specimen at a
constant strain rate of 3% /min until failure. According
to Dongré, the strain rate and strain limit were chosen
based on practical considerations: shorten the test dura-
tion to less than 1 min and obtain limiting temperatures

similar to limiting temperatures obtained from BBR
creep data (4).

The high cost of DTT and complex sample prepara-
tion made the test less appealing to industry, and some
agencies do not use the DTT to determine the PG of the
binder. In addition, it was previously shown that DTT
devices are not capable of maintaining a constant strain
of 3% /min (5), which makes the experimental data diffi-
cult to interpret based on linear viscoelasticity concepts
for research purposes.

The creep stiffness obtained with the current BBR can
be related to thermal stress accumulation as temperature
drops to negative values; however, without knowledge of
failure properties, it is impossible to correctly predict the
cracking resistance of these materials, especially for mod-
ified binders.
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Figure |. Loading rate for strength test performed at —24°C on
Cell 23 asphalt binder.

Development of BBR Strength Testing
Procedure

In previous work, the authors have proposed a new
strength testing method using a modified BBR device,
called BBR-Pro (6). 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 (6, 7). Note that, at the two PG test tempera-
tures used in the analysis, the strength is equal to the
peak stress.

By imposing constraints related to the duration of the
test (1 min for practical reasons, similar to the criterion
used for establishing the strain rate for DTT), and know-
ing that, based on hundreds of tests performed, the fail-
ure stress does not exceed 12MPa, a loading rate of
0.65N/s was proposed for routine testing (8). The tests
are performed at PGLT + 10°C and also at PGLT +
4°C, 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 shorter and requires
less asphalt binder, because the creep and strength tests
are performed on the same beam of asphalt binder.

Unlike DTT experiments, in which the strain rate is
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 1.

This also means that, unlike DTT experiments, in
which the stress—strain data could not be related to
relaxation modulus because of changes in strain rate dur-
ing 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 start-
ing from zero, the resulting strain will reflect the super-
position of a series of retarded compliances (9). If
o = do/dt is the rate of stress increase, then

t [ d't2

&= 0tJy + d'JOJ L(t)(1 — e ")d In vdu + I (1)
e )
00 hd 2

=Gty + dL L(7) [z - 7(1 - e—’/f)}d Int+ % (2)

where

¢ 1s the strain;

Jg is the glassy compliance;

L(7) is the retardation spectrum;

7 is the retardation time; and

7, 1s the Newtonian viscosity.

When the stress—strain curve under this condition is
differentiated, the result is the creep compliance, J(¢):

& o) =+ JLL(1 —e ) din T+ 1/n, = J(0)
3)

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 approxima-
tion to predict stress—strain curve, for a given loading
rate, from creep compliance. First, assume that the
BBR strength test is performed at a constant
stress rate . The stress at any time can be simply cal-
culated as

o(t) = &'t 4)

By making the assumption that the creep compli-
ance J(t) obtained in the creep test follows a power
law of the stress in the strength test, it is possible to
obtain

() = a*{o(1)}" (5)

Coefficients a and b can be simply calculated by fitting
Equation 5 to the creep compliance versus 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 5, the first derivative of the strain—
stress curve is the creep compliance, J(¢), and, therefore,
Equation 5 can be rewritten as

J(t) = de(t) /do (1) = a*{o (1)}’ (6)

The strain can then be obtained as
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Figure 2. Predicted and experimentally determined stress—strain
curves for two binders.
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Figure 3. Burgers model.

_ a* o))"
g(r) = — 5t +c (7)

Constant c is zero as the plot starts in origin.

An example is presented in Figure 2.

An alternative method is to use the Burgers model
commonly used to analyze the linear viscoelastic beha-
vior of asphalt binders. The model is shown in Figure 3.

The expression for creep compliance is

where E; and m; represent the linear spring constant
(modulus) and the dashpot coefficient of viscosity of the
Maxwell model, and E, and 7, represent the linear spring
constant (modulus) and the dashpot coefficient of viscos-
ity of the Kelvin model, as shown in Figure 3.

The stress history for the creep and recovery test is
written as

_ UoH(l)
O.(t> B {0’0[‘1(!) - UoH(Z - to) (9)

where

H(1) is the Heaviside step function;

o 1s the amplitude of the constant loading in the creep
test; and

to is the time when the creep test ends and the recovery
test begins.

Based on the linear superposition principle of viscoe-
lasticity, the corresponding deflection can be calculated
as

oo () 0<i<py

) = { oo (1) — oo (t —ty) >ty (10

Substituting Equation 8 into Equation 10 obtains the

strain history for creep and recovery.
When 0<t<1

e(r) = ao(i + L i(l —e_>) (11)
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The loading expression for the strength test is

o(t) = at (13)

where « is the loading rate.
Based on linear viscoelasticity, strain history can be
calculated as the following convolution:

)= [ oot 14

Substituting Equation 13 into Equation 14 and chang-
ing the integration variable to { = ¢ — ¢ obtains

00

() = a | 0 (15)
0

Substituting Equation 8 into Equation 15 and inte-
grating obtains the strain in the strength test:

t 2 1 M, i ))
e=a|l—+ —+ —(t—=(1—-em™ 16
O=a(g+ o g (- Ea-e)) a6
Equations 11, 12, and 16 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.
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Figure 4. Using Burgers model to fit creep and recovery
experimental data.

Table |. Burgers Model Parameters Result

E| Ex U
Cell (MPa) =, (MPa*s) (MPa) (MPa*s)
Cell 20 582.45 76,792.34 442.89 19,492.50
Cell 21 550.45 80,030.50 494.07 21,253.46

An example is shown below for the binders used in
Cells 20 and 21 at MnROAD. First, Equations 11 and 12
are used to fit the creep and recovery experimental data.
As shown in Figure 4, the model fits very well with the
experimental data.

The fitted model parameters are listed in Table 1.

The strain history for strength test can be predicted
using Equation 16. As seen in Figure 5, the prediction
matches very well the experimental data, which indicates
one more time that the experimental strength data is
obtained under linear viscoelastic condition in a constant
stress test.

Experimental Laboratory Investigation

The simple procedure previously described was used to
test five asphalt binders used in MnROAD Cells 16, 20,
21, 22, and 23 that were constructed in summer of 2016.
All strength tests were performed after a 240s recovery
period following the creep test. Table 2 details the bin-
ders used as well as the mixtures prepared with the five
binders. The first binder was a PG —22 and the remain-
ing four binders were PG —34. The binder used in Cell
23 was highly modified. The binders in Cells 21 and 22

Figure 5. Using Burgers model to predict stress—strain curve.

were the same; however, the binder in Cell 22 contained
antistrip agent.

Both creep and strength properties were obtained
using a BBR-Pro at PGLT + 10°C and PGLT + 4°C.
All binders were PAV aged and all low temperature test-
ing was performed in air. Six replicates were tested for
each binder and each temperature. After the beams were
conditioned for 1h, a creep test was performed according
to AASTHO T313. The beam was allowed to recover for
240s and this was followed by a strength test at a con-
stant loading rate of 0.65 N/s.

The experimental results and corresponding coeffi-
cients of variation (CoV) are shown in Figures 6 to 9.
The results represent average values. For creep stiffness
and m-value, the CoV values are less than 15% and 10%,
respectively which indicates reasonable repeatability. For
the BBR strength, the values are less than 25%, except
for the binders from Cells 20 and 21 at the lowest test
temperature of PGLT + 4°C.

The BBR strength results show a clear difference
between the different types of asphalt binder. All binders
pass the creep stiffness and m-value criteria at PGLT +
10°C (Figures 6 and 7). The binder from Cell 16 has sim-
ilar stiffness value to the binder from Cell 23. However,
the binder from Cell 16 has the lowest strength, whereas
the binder from Cell 23 has the highest strength
(Figure 8). This is also confirmed by average creep stiff-
ness and stress—strain curves shown in Figures 10 and 11.
A less obvious difference is observed for binders from
Cells 20 and 21 that have almost the same creep stiffness
and m-value, as shown in Figures 6 and 7. However,
stress—strain curves in Figure 11 indicate that the binder
from Cell 21 may perform better than the binder from
Cell 22.
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Table 2. Asphalt Binders Tested

Cell % %

no. Mix design Binder % RAP % RAS Total AC Virgin AC % Effective AC
16 SPWEB540L PG 64S-22 20 5 5.3 32 4.6

20 SPWEB540A PG 525-34 30 0 53 35 4.6

21 SPWEB540C PG 58H-34 20 0 5.4 42 4.6

22 SPWEB540C PG 58H-34 20 0 5.7 42 45

23 SPWEBS540I PG 64E-34 15 0 5.2 42 4.5

Note: no. = number; RAP = reclaimed asphalt pavement; RAS = reclaimed asphalt shingles; AC = asphalt content.
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Figure 6. Creep stiffness at 60s at PGLT + 10°C and PGLT +
4°C.

The results from the BBR strength test indicate that
the binders have different failure properties. This is evi-
dent for the binder used in Cell 23 in particular; both the
stress and strain at failure were significantly larger than
the other binders of the same low temperature grade at
PGLT + 10°C.

To further investigate differences in rheological and
strength properties of binders, one-way analysis of var-
iance (ANOVA) was performed. The significance level
(a) was set at 0.05. The null hypothesis (H) assumed that
all binder means were equal. The alternate hypothesis
(H,) was that at least one of the binder means was differ-
ent. An example is given in Tables 3 and 4 that shows the
ANOVA results for the PAV binder creep stiffness at 60s
at PGLT + 10°C.

The parameters in Table 4 are sum of squares (SS),
degrees of freedom (df), mean square (MS), F-value, P-
value, and F-critical. The degrees of freedom are
obtained between groups (number of groups minus one)
and within groups (number of total samples minus the
number of groups). The sum of squares is calculated by
adding the squared differences between the individual
responses and the mean. The mean square is calculated
by dividing the sum of squares by the degrees of freedom

C—PGLT+10C = PGLT+4C |
- > - CoV_PGLT+10C —o— CoV_PGLT+4C
0.4 10%
g ] — — ]
8 03 =
8 £
g 5 L o, B
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16 20 21 22 23
MnROAD Cell No.

Figure 7. M-value at 60s at PGLT + 10°C and PGLT + 4°C.

and the F-value is calculated as the ratio of between-
groups mean square to within-groups mean square (/0).

The F-value is greater than the F-critical value and
the P-value is smaller than the alpha («) level selected
(0.05). It can be concluded that there is enough evidence
to reject the null hypothesis and say that at least one of
the five binders has significantly different means and
belongs to a different population.

The analysis was also performed at PGLT + 4°C
and the same approach was used for m (60s), strength,
and failure strain, for both test temperatures. The analy-
ses indicate that for all combinations of properties and
temperatures, there are significant differences among
binders.

To identify these differences, an additional test was
performed. Tukey’s method, which is a pairwise compar-
ison technique, was chosen because it provides simulta-
neous confidence intervals for differences of all pairs of
means and controls the probability of making one or
more Type I errors (/0). The results of the pairwise com-
parison between binders are shown as boxplots in
Figures 12 to 15. The boxplot provides a visual interpre-
tation of the confidence intervals in which binders are
grouped according to their means; binders with the same
color and letter belong to the same group.
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Figure 8. BBR strength at PGLT + 10°C and PGLT + 4°C.
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Figure 9. BBR failure strain at PGLT + 10°C and PGLT + 4°C.

Several important observations can be made from
the results presented in Figures 12 to 15. The grouping
of binders based on similar rheological or strength
characteristics changes with temperature. For exam-
ple, in Figure 12, 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 the creep stiff-
ness at 60 seconds (S[60 s]) results at PGLT + 10°C.
The grouping changes for PGLT + 4°C. From Figure
13, it is observed that the grouping based on m-value
is different than the corresponding grouping based on
S(60 s). It is interesting to note that 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 also contains an antistripping agent. The most
visible difference is observed in Figures 14 and 15 in
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Figure 10. Creep stiffness vs. time at PGLT + 10°C.
8
.~
6 - L~
_.-_/'/ . ~ )
RO Y
£ A
= 4 RS
g i e —==-Cell 16
0 o /’/
& 5O PR Cell 20
S e
2 E ot —-—Cell21
2 Cell 22
# — - Cell23
0o/
0 0.5 1 1.5 2 2.5
% Strain

Figure I1. Stress—strain curves at PGLT + 10°C.

respect of the failure properties at PGLT + 10°C. In
both figures, the binder in Cell 23 is grouped alone
with the highest stress and strain at failure. The group-
ing 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.

Conclusion

In this research, a simple testing protocol developed to
obtain failure properties of asphalt binders at low tem-
peratures was used to characterize the behavior of five
asphalt binders at low temperature. The binders were
used in 2016 to construct several test cells at MnROAD
as part of a cracking experiment. Both creep and
strength properties were obtained using a BBR-Pro at
PGLT + 10°C and PGLT + 4°C, similar to current
BBR and DTT specifications. After the beams were
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Table 3. Summary: Single Factor for PAV Binder BBR Creep Stiffness at PGLT + 10°C

Groups Count Sum Average Variance
Cell 16 5 859.8016 171.9603 53.07403
Cell 20 4 1,006.217 251.5542 74.94623
Cell 21 5 1,203.323 240.6646 519.357
Cell 22 4 885.3054 221.3264 360.8912
Cell 23 5 948.5269 189.7054 65.00738
Table 4. ANOVA: Single Factor for PAV Binder BBR Creep Stiffness at PGLT + 10°C
Source of variation SS df MS F-value P-value F-critical
Between groups 21,183.38 4 5,295.845 2471315 4.21E-07 2.927744
Within groups 3,857.266 18 214.2926 na na na
Total 25,040.65 22 na na na na
Note: na = not applicable; SS = sum of squares; df = degrees of freedom; MS = mean square.
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Figure 12. Boxplot for pairwise comparison for PAV Creep Stiffness at (a) PGLT + 10°C and (b) PGLT + 4°C.

conditioned at the test temperature for 1h, a creep test
was performed according to AASTHO T313. The beam
was allowed to recover for 240s after which a strength
test was performed at a constant loading rate of 0.65 N/
s. All binders were PAV aged and all testing was per-
formed in air. Six replicates were tested for each binder
and each temperature.

The results obtained indicate that the new protocol
can be used to better discriminate between asphalt bin-
ders with similar rheological properties. Binders in Cells
20 to 23 have the same PGLT of —34, however, the fail-
ure properties are significantly different based on the sta-
tistical analyses performed. In particular, the asphalt
binder used in Cell 23 has significantly higher failure
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stress and strain than the other binders. It was also
noticed that the addition of antistripping agent may sig-
nificantly change failure properties.

From a research point of view, it is clearly demon-
strated that in the BBR strength test there are no devia-
tions from the requirement of constant stress rate and

that the BBR strength data is obtained under linear vis-
coelastic conditions for the entire duration of the test.
Based on the results of this investigation, it can be
concluded that a combination of creep followed by
strength testing provides a much better picture of the low
temperature properties of asphalt binders and improves
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the selection process of asphalt binders for low tempera-
ture applications.
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