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of multiphase bituminous materials for cold
region pavements

DiWang', Augusto Cannone Falchetto'”, Fan Zhang', Chiara Riccardi’ and Yuxuan Sun'

Abstract

In this study, the low temperature creep properties of multiphase bituminous materials (binder, mastic, Fine Aggre-
gate Matrix—FAM, and mixture) were experimentally evaluated, and the impact of size effect on FAM and mixture
specimen was also assessed. First, the mix design of mastic and FAM was performed based on the reference mixture
Asphalt Concrete (AC) 22 TS. The mathematical adaptation to the boundary sieve method was applied to calculate
FAM gradation and binder content. Next, a preparation method was proposed to produce Fine Aggregate Matrix
(FAM) in a laboratory environment, and scale-up slab samples were also fabricated for FAM and mixture specimens
to evaluate the size effect phenomenon. Finally, three-point bending (3 PB) creep tests were conducted on the mul-

tiphase bituminous specimens with different dimensions at -6 °C, -12 °C, and -18 °C with a modified Bending

Beam Rheometer (BBR) device and a dynamic loading machine, depending on the sample size. Results indicate

that the creep stiffness of the FAM was close to mixtures and much higher than the one observed in binder and mas-
tic. The proposed fabrication approach provides a satisfactory method for preparing a representative FAM phase

in the mixture, while the air voids can be easily adjusted during the slab compaction procedure. This study supports
the idea of using FAM to discriminate asphalt mixtures for cold regions. The correlation between up-scaled FAM

and mixture specimens should be further investigated, including different mixture types and corresponding FAM.

Keywords Bituminous materials, Low temperature properties, Multiphase, FAM, 3 PB tests, Size effect

Introduction

Durable and climate-resilient roads are essential for the
European infrastructure system [1]. This aspect is espe-
cially true for asphalt pavements since more than 90%
of the European road network is surfaced with asphalt
materials [2]. Extreme weather conditions like heat and
cold waves are expected to occur more frequently due
to global warming [3, 4]. As a result, asphalt roads must
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have superior failure resistance under various climatic
circumstances. Asphalt roads constructed in cold regions
such as the northern areas of Europe, America, and Asia
are exposed to extremely low temperatures, frost, and
freeze—thaw cycles, leading to different distresses [5-8],
deteriorations of the overall functional performance and
eventually resulting in shorter service life [3, 9]. There-
fore, it is crucial to precisely evaluate the low tempera-
ture features of bituminous materials and comprehend
how roads distress evolute.

Numerous studies have been conducted to evaluate
bituminous materials’ properties at low temperatures; for
this purpose, several experimental techniques, protocols,
and criteria have been developed, mainly for the binder
and mixing phases. For asphalt binder, the three-point
bending (3 PB) creep test with Bending Beam Rheometer
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(BBR) [10] and the Direct Tension Tester (DTT) [11] were
used to estimate the grading temperature and low tem-
perature creep properties. Besides, the Asphalt Binder
Cracking Device (ABCD) [12], developed during the
NCHRP IDEA 99 project [13], can also be used to directly
assess the potential low-temperature cracking in field-
like conditions. In the recent past, the 4 mm plate-plate
geometry was introduced for the Dynamic Shear Rheom-
eter (DSR) as an alternative to BBR [14]. Several follow-up
studies attempted to generate correlations between BBR
and 4 mm DSR measurements and parameters [15-17],
and promising results were obtained in the case of a spe-
cific grading range of PG [18]. Numerous tests can be
used to evaluate the low temperature strength and frac-
ture behavior of the asphalt mixture [3, 19]. For strength
properties, the uniaxial tension stress test (UTST), the
indirect tension tester (IDT), and the thermal stress
restrained specimen test (TSRST) can be adopted. In
contrast, the Disc-shaped compact tension (DCT), Semi-
Circular Bending (SCB), and notched three-point bending
(3 PB) tests can be used to evaluate the fracture response.

It is crucial to acknowledge the limitations of these
experimental procedures even though they were proven
to reasonably characterize bituminous materials at low
temperatures. On the one hand, there are ongoing debates
over whether binder tests can adequately capture the
comparable performance of mixtures when accounting for
the complex components of the composite. Initial macro
cracking typically appears in the intermediate material
phase, such as asphalt mastic/mortar [20-22]. On the
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other hand, preparing asphalt mixture specimens requires
a significant investment in time, materials, and expensive
compacting devices for large samples. The tests them-
selves are time- and energy-consuming. Furthermore, no
single test can provide creep and fracture characterization
of asphalt materials as this is also size-dependent at low
temperatures [23, 24]. Combined tests are required to bet-
ter understand the overall behavior of asphalt materials
at low temperatures. Moreover, in the authors’ previous
studies [3, 25], it has been proven that bituminous materi-
als, particularly asphalt mixtures, behave in a quasi-brittle
manner at low temperatures. Hence, as a result, the mate-
rials’ structure size may significantly affect their nominal
strength. This condition raises the question of whether
the relatively small BBR dimension mixture [24] and/or
FAM sample can genuinely capture the low temperature
behavior of the asphalt mixture.

Theoretical background

Several models have been proposed to represent asphalt
mixtures over the years [26, 27]. Among these, Lackner
et al. [28] introduced a multiscale/multiphase concept
to describe the viscoelastic response of asphalt roads.
Four scales/phases were identified: binder, mastic/mor-
tar, Fine Aggregate Mixtures (FAM), and mixture, while
the continuum scale/macro phase was defined for the
road structure. In this study, this model was further
developed and displayed in Fig. 1. For the lowest scale
(asphalt binder phase), a characteristic length of a few
um represents clusters of asphaltenes distributed in the

Asphalt mixture phase
aggregates (>d*)
binder, mastic, FAM
air voids

air voids
Macro phase

(continuum)

mesh size of filler: 63um based on European ssieving size; 75pum based on the US sieving size.
d*: definition of maximum passing sieving size varied in previous studies.

Fig. 1 Multiphase schematic of asphalt road materials based on [28]
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maltene matrix. Filler smaller than a specific dimension
is introduced for the next higher scale (mastic/mortar
phase). For example, according to European standards
[29], 63 pm is the critical diameter, while 75 pum is used
in North America for defining the filler threshold. In the
Fine Aggregate Mixtures (FAM) phase, the materials’
component is asphalt binder, filler, fine aggregates, and
air voids. The largest characteristic scale relies on the
fine aggregates used. In the asphalt mixture phase, coarse
aggregates were introduced, and the Nominal Maximum
Aggregate Size (NMAS) was equal to the character scale.
Mastic is typically considered an intermediate phase of
bituminous material with generally consistent material
properties that can be used to assess the overall perfor-
mance of mixtures [30]. However, due to the lack of air
voids, such material can not reflect the accurate response
and behavior of the asphalt mixtures. Therefore, due to
the air voids in the FAM, such a phase is considered more
representative of asphalt mixtures and potentially could
be used to estimate the mixture behavior [31]. It was vali-
dated that the FAM phases are where the initial thermal
crack occurs and macro crack propagation starts [31, 32].
As a result, at low temperatures, FAM materials might
be the phase potentially capable of discriminating the
behaviors of corresponding mixtures [33, 34]. Further-
more, fewer material requirements and smaller specimen
geometry lead to relatively inexpensive and fast tests for
FAM. However, there are no uniform design standards
for FAM. Previous studies found that FAM’ design,
including gradation, binder content, and air voids, could
significantly influence its rheological behaviors. For
instance, a 1% increase in binder content in FAM will
result in a 20-35% reduction in the shear modulus, and
a 1% decrease in air void will result in a 7% increase in
the shear modulus [35, 36]; not to mention the maximum
aggregate size and gradation. Hence, precisely determin-
ing the mix design of mixture-based FAM [36] is essen-
tial before characterizing its mechanical responses and
rheological behaviors.

As previously stated, FAM consists of fine aggregate,
filler, binder, and air voids. The fine aggregate defines the
upper threshold size, while the fine aggregate and filler
determine the gradation together. Fine aggregates are
typically made up of particles with a sieving size smaller
than 1.18 mm. Hence, 1.18 mm was commonly used as
the maximum sieving size for designing FAM materi-
als [35]. Alternatively, 4.00 mm, 2.36 mm, 2.00 mm, and
0.6 mm [37, 38] were also considered as upper threshold
sieving sizes to design FAM. However, such a definition
did not account for the gradation of mixtures. Consider-
ing that FAM could not exist independently of mixtures,
a mixture gradation based, especially the Nominal Maxi-
mum Aggregate Size (NMAS), designing method should
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be applied for FAM. In this study, two concepts, primary
and secondary control sieves, were introduced for this
purpose. Based on Bailey’s approach, the primary con-
trol sieve was designed with the assumption that only
the largest aggregate could form the aggregate structure
and function as a load-bearing component. Therefore,
the upper threshold sieve size could be determined using
the optimal aggregate size and packing theory [39]. The
fine aggregate initial break sieve (Dg, ), a function of the
nominal maximum aggregate size, is the upper threshold
sieve (NMAS). Following is a formula that may be used to
calculate the NMAS,, \:

FAIB = SCS = PCS x 0.22 = NMAS x 0.222 (1)

where SCS is the secondary control sieve of the reference
mixture, which is determined by multiplying the packing
concept factor PCS by 0.22.

This strategy was further evolved in a follow-up study,
and a protocol with nine calculation steps was proposed.
The grading curve of the reference mixture was first
introduced to establish the initial grading curve of FAM.
Then, the fine aggregate and filler densities were consid-
ered to modify this grading curve. More detailed infor-
mation can be accessed in this publication [31].

Several methods exist to determine the initial grad-
ing curve of FAM [40-43]. An empirical technique was
initially applied directly to the FAM’s binder content. A
fixed binder concentration of 8% was suggested while
considering a 10 pum binder film [40]. As previously
stated, a constant component content in the design may
ultimately result in no association between FAM and the
reference mixtures. Hence, experimental methods were
proposed, including the solvent extraction approach
[41] and the ignition method [42], which ascertained the
binder content in the FAM. However, poor repeatability
and reproducibility were found in these two methods. In
particular, limitations were observed for mixtures con-
taining polymer-modified binders since it is challenging
to physically separate FAM particles from the mixture.
In addition, both methods were time-consuming, and
the binder content could only be discovered after the
extraction and recovery. Ng et al. [43] developed a novel
calculation approach for the FAM’s binder content uti-
lizing the concept of surface area/specific surface to get
over these limits (Ss). This approach was used under
the hypothesis that FAM represented the mixture’s fine
matrix. As a result, the content of the binder in FAM
should be directly proportional to that of the mixture.
A series of formulations were developed to determine
the FAM’s reliable binder content (Pbg,,,). It should be
emphasized that this technique was a crucial stage in the
FAM design method that Underwood and Kim presented
[31]. Therefore, this method was adopted to decide the
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binder content. The ideal value for the air void is still
up for dispute. Karki et al. [44] combined experimental
work and numerical modeling to evaluate FAM materials
with various air voids. It was discovered that 1% air void
FAM samples show good agreement with the reference
mixtures. As a result, the mix design method suggested
by Underwood and Kim (2013) and 1% air voids were
selected in this study.

Objective and research approach

This work experimentally characterized and modeled the
low temperature creep properties and size effect on mul-
tiphase bituminous materials. First, the BBR dimension
of four phases of bituminous materials—binder, mastic,
Fine Aggregate Matrix (FAM), and mixture—were fab-
ricated in the laboratory. The base layer dense-graded
mixture, AC 22 TS, was selected as the reference mate-
rial. Moreover, two different binder contents (one associ-
ated with the mixture and one with the FAM) were used
in mastic to evaluate its effect. Then, scale-up specimens
were fabricated for FAM and mixture materials. Next, a
modified Bending Beam Rheometer (BBR) device and
a dynamic loading machine were used to character-
ize the low temperature creep properties of multiphase
bituminous materials at BBR size and scale-up dimen-
sions, respectively. Finally, comparisons and discussions
were conducted regarding the creep stiffness, S(60 s),
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relaxation properties, m-value, and Huet model param-
eters. Figure 2 provides a summary of the suggested
research methodology.

Materials and experimental work
Fabrication of multiphase bituminous samples in different
dimensions
In this study, a conventional German dense-graded base
layer Asphalt Concrete (AC) mixture, AC 22 TS [45],
was selected as the reference mixture. A 6% plain 50/70
binder [46], 4% air voids, and Gabbro aggregates (grada-
tion shown in Fig. 3 in green) were used for this purpose.
The roller sector compactor method [47] was used to
produce mixture specimens. Then, the related specimen
sizes, BBR dimension, 2 times scale-up BBR dimension,
and 5 times scale-up BBR dimension were cut (Fig. 4).
According to Eq. 1, the NMAS;,,, is 1.084 mm based on
AC 22 TS. Hence, 1 mm was selected based on the active
European standard [45]. The initial grading curve of FAM
(orange curve in Fig. 3) was established using the ideal
aggregate size and packing principle [31]. The density
of the filler and fine aggregates was then considered to
adjust this curve (red curve in Fig. 3). The related binder
content was determined to be 10.14% by weight, while a
target air voids content of 1% [44] was selected.

There is no universal protocol for fabricating
FAM specimens similar to the mix design. In earlier

Reference mixture: AC 22 TS (6% binder, 4% air voids)
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Fig. 4 BBR- and scale-up dimensions specimens of asphalt mixture and FAM materials

attempts, the Superpave Gyratory Compaction (SGC),
Marshall compactor, and direct compaction proce-
dures were used to manufacture FAM specimens [35].
A cylindrical FAM sample with a diameter of 100 mm
or 150 mm can be prepared using the SGC procedure
[48]. Then, cylindrical or prismatic specimens with
a variety of diameters can be cored or sliced. Despite
being frequently utilized in the mixture phase, the
SGC method has drawbacks and complications in pro-
ducing FAM, particularly when trying to reach the
target air voids. Marshall compactor was used to cre-
ate cylinder specimens with smaller sizes. However,
this compactor imposes a pure impact loading action,

completely disregarding the kneading effect brought on
by the movement of the rollers [49]. Additionally, it was
discovered that the samples from the Marshall com-
paction process had more brittle behaviors than the
samples from the field cores [50], which will ultimately
underestimate the low temperature properties. The
direct compaction method for small-dimension cylin-
drical specimens (height range from 30 to 75 mm, and
diameter from 12 mm to 12.5 mm) and prismatic speci-
mens (length from 50 to 60 mm, width from 10 mm to
12.5 mm, while the height from 6 mm to 6.5 mm) has
recently been proposed in addition to these two sam-
ple preparation techniques [51]. The loose components
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were initially put into a specifically made mold, then
compacted using fixed weighted loading units. With
this approach, materials could be used most effectively,
and fabrication time could be drastically decreased.
The disadvantages of this approach, however, are also
substantial. On the one hand, static loading cannot
replicate the kneading effect during field compaction,
similar to the Marshall compactor. On the other hand,
the operators’ considerable dependence on the com-
paction energy and air voids ultimately results in poor
repeatability and comparability. As a result, these three
techniques might not be appropriate for creating FAM
specimens.

In this work, the FAM specimen was fabricated using
the roller sector compactor method [47]. Pre-compaction
and force-controlled main compression are the two pri-
mary processes during the compaction procedure. Both
steps can replicate the rolling and kneading effects on
construction sites in a laboratory environment. Addi-
tionally, the desired air voids can be easily and precisely
achieved by flexibly adjusting the force and duration. This
technique has been proven effective in manufacturing
mixture specimens in various research [52, 53]. The cur-
rent study relied on the parafilm-coated method [54] to
validate the optimal compaction parameters to achieve
1% air voids. After the FAM slabs were fabricated, two
specimen sizes, having BBR dimensions and 2 times
scale-up BBR dimensions, were cut (Fig. 4).

The packing concept was utilized to determine the
binder and filler contents for the formulation of mastic
materials. The reference materials used were mixture and
FAM, where the latter is rich in asphaltene, masticp,

Table 1 Multiphase bituminous materials and component
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has a substantially larger binder content (67%) than
mastic, ;e (42%). The BBR geometry mastic samples
were prepared using a method suggested in the authors’
earlier studies [20, 55], and the short-term aged 50/70
binder was employed for this. The BBR geometry binder
samples were prepared with the long-term aged 50/70
binders [10]. The components of each phase of bitumi-
nous materials are listed in Table 1. It should be noted
that only the binder underwent the long-term aging con-
dition while all the other materials were only short-term
aged.

Low temperature 3PB tests

Five multiphase BBR dimension specimens listed in
Table 1 were utilized to assess their low temperature
creep properties via a modified BBR device (Fig. 5 left).
This apparatus was initially created for samples of BBR
geometry mixtures at low temperatures [56]. The creep
stiffness and relaxation characteristics could be accu-
rately calculated with a higher loading force of 44 N, a
longer loading duration of 1000 s, and air as the cooling
medium. The follow-up study found better correlations
between this technique and low temperature cracking in
actual asphalt pavements [57]. Therefore, the same test-
ing procedure was followed for the mixture test in this
current study (Fig. 5 middle).

In an initial experiment, two higher loading forces, 2
N and 3 N, were attempted on FAM samples to find the
optimal force. 3N was chosen based on sample response
and deflection (Velasquez, 2009). Based on the authors’
previous study [55], 1 N (980450 mN) was used for the
mastic (Fig. 5 right) and binder samples. All materials

BBR dimension beam samples Mixture FAM Masticmixture MasticFAM Binder
Binder content [%] [§ 10.14 42 67 100
Air voids [%] 4 1 - - -
Scale-up dimension beam samples 5% Mixture 2 X Mixture 2xFAM
Binder content [%] 6 6 10.14
Air voids [%)] 4 4 1

Fig. 5 BBR Pro device (left); BBR dimension samples set up: mixture sample

(middle), mastic sample (right)
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were tested for a single conditioning period of 1 h and
a testing period of 1000 s. Three replicates were pre-
pared along with three testing temperatures of -6 °C,
-12 °C, and -18 °C. Creep stiffness, S(¢), and relaxation
parameter (m-value) were measured and calculated, and
then, the Huet model [58] was fitted to the experimental
observations.

For scale-up samples, a dynamic loading machine was
used for the low temperature 3 PB test. For compari-
son reasons, the samples were scaled up from the BBR
geometry. In a previous study conducted by Velasquez
[59], 2 times of BBR beam specimens were produced to
evaluate the mixtures’ low temperature creep properties
via the 3 PB test, and 26 N was determined as the opti-
mal loading force. Such a testing protocol was adopted
for 2 times BBR mixture samples in this study (Fig. 6b).
Considering the comparison purpose, a same-size FAM
sample was produced. Based on the polynomial regres-
sion, a loading force of 22 N was set for 2 times the FAM
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sample (Fig. 6a). Due to the limitation of FAM slab size,
the larger specimen was only designed and fabricated for
mixtures. Considering the configuration of the loading
machine, the largest specimen that can be set up was 5
times BBR beam geometry (600 mm span). Hence, such
a size beam sample was fabricated and set on the loading
device (Fig. 6¢), and a loading force of 67 N was selected
based on the polynomial regression. For the testing dura-
tion, two threshold criteria were used; the test ended
either when it reached 1000 s or the deflection reached
1% [59]. Three replicators were applied for each material
and temperature.

Results and analysis

3PB creep tests on BBR dimension specimens

The creep stiffness, S(60s), and relaxation characteris-
tics, m-value (60s), were first calculated and fitted [10]
for all five multiphase bituminous materials under three
testing temperatures. Table 2 listed the results, and bar

—a
Fig. 6 3 PB tests configuration on dynamic loading machine: a 2 times scale-up FAM specimen; b 2 times scale-up mixture specimen; and ¢ 5
times scale-up mixture specimen

Table 2 Comparison of S(60s) and m(60s) for multiphase BBR dimension samples

Mixture FAM Mastic,ixcure Masticpapy Binder
S(605) 6°C 41833 22413 1829 1062 974
[MPa] “12°C 8629.6 32068 480.0 268.0 194.8
118°C 12,1528 48939 1304.1 768.1 4056
m(60s) 6°C 0158 0304 0.501 0515 0392
1 “12°C 0.108 0.246 0421 0403 0300
118°C 0067 0.169 0.292 0308 0238
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Comparison of S(60s) of BBR dimension sample
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Comparison of m(60s) of BBR dimension sample
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Fig. 7 Multiphase BBR dimension samples—results comparison:a S (60 s), and b m-value (60 s)

charts were plotted in Fig. 7. Since there are no critical
values for multiple phases of bituminous materials except
binder, only the changing trends were compared and
discussed in this stage. It was observed that the differ-
ences in S(60s) are much larger than the ones in #71(60s)
among different phases; such differences were more
remarkable at lower temperatures. For S(60s), the values
increase with the phases. The results of FAM range four
to ten times larger than mastic and binder phases; how-
ever, they are only about half as high as those obtained
on the mixture. An increase of 25% in binder content in
mastic leads to a more than 50% (52% to 57%) decrease
in the creep stiffness results. It should be noted that the
difference between Masticg,,, and binder, in comparison,
is less than that between Masticpy,; and Mastic, e
Therefore, the creep results for FAM and mixes are
comparable, whereas the features of the two mastics are
comparable to those of the binder. In the case of m-value
(60s) results, the differences between different phases
and temperatures were much less remarkable. Interest-
ingly, the results increased from binders to mastics while
decreasing from mastic to mixture. Only limited differ-
ences were found between different binder contents in
mastic, while the differences between FAM and lower
phases were more remarkable. Therefore, FAM materials
show very different behaviors from all other phases while
closer to the mixture response than mastics and bind-
ers. Hence, FAM appears to exhibit a higher potential to
represent mixtures’ behavior to discriminate bituminous
materials.

In addition to the standard low temperature creep
parameters, a simple rheological model was introduced
for further comparison. The Huet model [58], which con-
sists of two parabolic elements and one spring, has been
developed to assess the rheological responses of bitu-
minous materials. This model was validated in different
research and worked well in fitting low temperatures data

[20, 55]. The following equation shows the expression for
the creep compliance, D(t):
where,

<1 45
(2)

S(2) the creep stiffness;

E the glassy modulus for each material;

h, k exponents, commonly range from 0.08 ~ 0.3 (k) and
0.3~0.8 (k) in the relation of 0<k<h < 1;

0 dimensionless constant;

I’ the gamma function;

r characteristic time, associated with the relaxation
time of the material.

Figure 8 shows instances of the fitted and meas-
ured creep stiffness for all five multiphase samples
performed at -6 °C, while all the fitted Huet param-
eters along with R? were provided in Table 3 for all
conditions. It is clear that the Huet model reasonably
describes the experimental creep stiffness. Hence, the
fitted parameters can be utilized with confidence in the
following discussion. Across all the different phases, it
was found that the exponent parameters & and k were
quite comparable. When considering the phases of sim-
pler materials, smaller glass moduli, E_, characteristic
times, 7, and higher form parameters, §, were obtained.
Unsurprisingly, such trends point to softer behavior
in materials with simpler phases. However, a higher
binder content in the mastic merely results in softer
behavior and does not affect the glass modulus. In
Fig. 9, two clusters were found, particularly for the evo-
lution of the creep stiffness modulus over time. FAM’s
modulus is closer to those obtained in the mixture
(Fig. 9 black dotted ellipse), while two mastic materials
and the binder indicate similar performance (Fig. 9 red
dotted ellipse). Table 3 shows that although E_, §, and

1

t/o)"
C(h+1)

k
(t/7) +

b@®) = Tk +1)

S(®)  Ewo




Wang et al. J Infrastruct Preserv Resil (2023) 4:22

Mixture S(t) results fitting at -6°C
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FAM S(t) results fitting at -6°C
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Fig. 8 Huet model fitting of S(t) for multiphase BBR dimension samples at T=-6 °C: a mixture, b FAM, ¢ mixture-based mastic, d FAM-based mastic,

and e binder

log(z,) exhibited considerable variances within each
cluster, the differences between the two clusters were
more obvious than within cluster. However, this is not
true for parameters k and 4. In addition, the differences
between the two clusters got smaller when the tem-
perature became lower. Therefore, advanced statistical
analysis is required to better understand the differences
and correlations among different materials.

The grey relational analysis was conducted on the
creep stiffness data to better understand the correla-
tion among different materials. As shown in Fig. 7, the
differences between creep stiffness are much more sen-
sitive than the one in m-value. Hence, only measured

creep stiffness results under different temperatures
were used in this step; specifically, each replicate’s stift-
ness result recorded at 8s, 15s, 30s, 60s, 120s, 240s,
480s, and 960s was used for this purpose. Accuracy
testing was conducted first before the grey relational
analysis [60]. The relative error test was selected since
the mathematical process is simple and reliable. Fortu-
nately, the relative error of the grey model is less than
5% in this study [60]. Therefore, the grey system models
predicted results were considered to meet the require-
ments; results show the potential to reflect true devel-
opment trends. Next, the grey absolute correlation
degree ¢, was calculated with the following equations:
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Table 3 Huet model fitted parameter under all testing temperatures
Materials Temperatures E. (MPa) ') k h log(t,) R?
Mixture -6 °C 20,000 2.81 0.21 0.58 1.811 0.999
-12°C 20,000 2.81 0.21 0.58 2354 0.997
-18°C 20,000 2.81 0.21 0.58 2.963 0.998
FAM -6 °C 15,000 290 0.21 0.59 1.403 0.994
-12°C 15,000 2.90 0.21 0.59 1.922 0.991
-18°C 15,000 2.90 0.21 0.59 2.862 0.989
Mastic e -6°C 5500 313 0.22 0.60 -0.575 0.964
-12°C 5500 3.13 0.22 0.60 0436 0.995
-18°C 5500 313 0.22 0.60 1.733 0.996
Masticea, -6 °C 5500 3.94 022 0.61 -0.214 0.997
-12°C 5500 3.94 022 0.61 0.741 0.998
-18°C 5500 3.94 0.22 0.61 1.900 0.993
Binder -6 °C 3000 591 0.23 0.64 -0.866 0.999
-12°C 3000 591 0.23 0.64 0.092 0.998
-18°C 3000 591 0.23 0.64 1424 0.998

Creep stiffness S(t) [MPa]

€0i =

where,

S(t) experimental comparison at -6°C

S(t) experimental comparison at -12°C
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xg(k),xg(k) the value of the creep stiffness at the num-
ber k time (> 0), k is the time serial number, while # is the
total number of experimental time.

x?(k),x?(k) the predicted 1-AGO (accumulated gen-
eration operation) sequence at the number k time (>0),
k is the time serial number, while # is the total number of
experimental times.

The gray absolute correlation degrees were calcu-
lated between each material using Eq. 3 and summa-
rized in Table 4. The larger the value is, the better the
correlation between the two materials is. The follow-
ing classification was used to describe the relevance
degree: excellent (g,,>0.9), good (0.8 <¢,;<0.9), quali-
fied (0.7 <¢€,;<0.8), and unqualified (g,,<0.7) [61]. In
Table 4, it was found that under all three different tem-
peratures, the degrees between Mixture and FAM are
higher than 0.9 (excellent), which further supports the
idea that FAM could be used to represent the related
mixes response at low temperatures. Furthermore, it
is not surprising that good correlations (between 0.8
and 0.9) were observed between two mastic materi-
als (Mastic ;e VS. Masticpay) and binder and the
mastic with higher binder content (Masticps,, Vs.
Binder). For all the other groups, unqualified correla-
tions were found between most of them. This can be
mainly attributed to the materials’ components; both
materials consist of binder, filler, aggregate, and air
voids, so their mechanical response should be more
similar. Moreover, in this study, the grading curve of
FAM was determined based on the mixtures. Hence,
it is not surprising that a better correlation was found
between these two materials. For mastic, very limited
differences were realized between mastic vs. FAM and
mastic vs. binder; this may attributed to its interme-
diate phase between FAM and binder. In conclusion,
the FAM sample proposed in this study indicates the

Table 4 Gray absolute correlation degrees between each

material

Materials -6 °C -12°C -18°C
Mixture vs. FAM 0.9618 0.9471 0.9208
Mixture vs. Mastic e 0.5785 0.6479 0.6814
Mixture vs. Masticeyy 0.5481 0.5835 0.6231
Mixture vs. Binder 0.5305 0.5462 0.5604
FAM vs. Mastic iure 0.5850 0.6654 0.7275
FAM vs. Masticsay, 05521 05934 06463
FAM vs. Binder 0.5330 0.5517 0.5718
Mastic ixrure VS- MastiCeam 0.8265 0.8023 0.8215
Mastic,iure VS. Binder 0.6940 0.6563 0.6578
Masticpay, vs. Binder 0.8166 0.8068 0.8154

Correlation degrees higher than 0.8 are marked in bold
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potential to simulate and evaluate the response of the
reference mixtures.

3PB creep tests on scale-up BBR dimension specimens
Figure 10 shows that most tests (except 2XBBR FAM)
stopped at 1000 s at -12°C and -18°C; however, all tests at
-6 °C finished earlier than 1000 s. This is because 1000 s
or 1% deflection criteria were used for the testing dura-
tion. Hence, softer materials that reached 1% before
1000 s at higher temperatures were not unexpected. For
all the conditions, at the beginning of the loading pro-
cess, a peak deflection/creep stiffness was realized due to
the contact load, then a smooth creep stiffness curve can
be recorded (Fig. 10). The contact load of a minimum of
80 N was applied to ensure the loading unit touches the
sample, which is higher than the applied loading force.
The duration of such a period varied (ranging from 10 to
90 s). Hence, 60 s creep stiffness designed for BBR tests
may not be suitable for such test protocol. Therefore,
for the following analysis, the deflections over the entire
testing duration were calculated and compared starting
from £=100 s. The calculated deflection rates are listed
in Table 5.

In Table 5, it was found that the effect of contact load
indicated greater influences on higher temperatures and
simpler phases; overall, decreasing deflection rates were
realized when reducing the temperature. In addition,
fewer deflection steps were also found at low tempera-
tures; this effect may be attributed to the high load-bear
capability in stiffer materials. In Table 5, the deflection
rates of the 5 times BBR mixture were way lower than the
other 2 times BBR specimens; such differences became
more significant with lower temperatures. The responses
of 2 time BBR dimension mixture and FAM samples were
closer, and the differences were mitigated at lower tem-
peratures. Hence, for scale-up dimensions, in the same
dimension scale, the low temperature response of FAM
was similar to that of the mixtures already validated in
the BBR dimension. In future research, larger FAM sam-
ples will be fabricated and evaluated to better understand
the influence of size effect.

Summary and conclusions

This study used a modified Bending Beam Rheometer
(BBR) test to investigate the low temperature strength
properties of five different phases of bituminous mate-
rials, including mixture, Fine Aggregate Matrix (FAM),
mixture-based mastic, FAM-based mastic, and asphalt
binder. Furthermore assessed and discussed was the
impact of the size effect phenomena on scaled-up BBR
dimension samples. Testing temperatures of -6 °C, -12
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Fig. 10 Comparison of creep stiffness results for scale-up BBR dimension samples: a) 5 times mixture; b) 2 times mixture; c) 2 times FAM

Table 5 Comparison of the final deflection rate under different
temperatures [unit: 1/100000%]

Scale-up beam samples -6 °C -12°C -18°C
5 BBR mixture 094 0.24 0.01
2% BBR mixture 241 0.84 0.25
2xBBR FAM 4.72 1.30 0.31

°C, and -18 °C were applied for all materials. The result-
ing conclusions are as follows:

+ FAM can be prepared using the designing and calcu-
lation method of Underwood and Kim (2013). Using
different reference composites (mixture/mixes) will
result in considerably different mastic materials
based on the method’s underlying assumptions.

« The roller sector compactor is a reliable and efficient
device for preparing FAM specimens with precise air
voids.

+ When defining the mastic for the particular bitumi-
nous composite, careful consideration is required
because the binder content in asphalt mastics greatly

influences their low temperature behaviors (i.e., mix-
ture, FAM, mortar).

+ In the BBR dimension scale, FAM materials could
produce outcomes equal to or comparable to mixes.
Hence, when a solid analytical or model correlation
can be established, FAM can potentially replace mix-
ture testing by serving as a representative phase of
the asphalt mixture at low temperatures.

+ The responses of the 2 times BBR dimension FAM
and mixed samples were comparable, particularly at
lower temperatures, whereas the deflections of the
5 times BBR dimension mixture were significantly
lower.

Although encouraging, the findings of this study still
require further experimental validation. The current
research effort is being expanded to investigate various
sample sizes (for FAM and mixtures), size effect, loading
force, and testing temperatures. Such a thorough exami-
nation may eventually advance our knowledge of how
different phases of bituminous materials respond to low
temperatures. Another aspect beyond the creep response
is the different phases’ fracture characteristics and failure
behavior. These topics are part of upcoming research.
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