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Abstract Fine aggregate matrix (FAM), as the
matrix phase in asphalt concrete (AC), significantly
affects the fatigue behavior of AC. To accurately
assess the mechanical properties of FAM, a newly
designed experimental strategy for FAM testing was
developed, and the viscoelastic continuum dam-
age theory (VECD) theory was applied to analyze
FAM’s fatigue cracking characteristics. In this study,
a dumbbell-shaped geometry for dynamic shear
rheometer testing was designed and verified through
the FE-aided method. Subsequently, three AC mix-
tures’ FAM specimens with this special geometry
were fabricated for the frequency sweep and linear
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amplitude sweep tests. Results showed that the spe-
cially designed specimens effectively capture the
viscoelastic and fatigue properties of FAM with high
replicability. Analyses based on the VECD theory
indicated that FAM of porous asphalt (FAM(PA13)),
featuring a higher asphalt content, exhibits a signifi-
cant reduction in pseudo stiffness with increasing
damage at the initial stage, but the reduction rate
diminishes as damage progresses when compared to
the other two FAMs. It was speculated that the higher
aggregate content in FAM of dense-graded AC mix-
ture (FAM(AC20) induces stress concentrations in
the asphalt mastic near the protrusion areas of aggre-
gates, thereby rendering the sample more susceptible
to damage. The proposed methods will be readily
extended to characterize other mechanical properties
of FAM.

Keywords Fine aggregate matrix - Fatigue
performance - Viscoelastic continuum damage
theory - Dumbbell-shaped geometry - Viscoelastic
properties

1 Introduction

Fine aggregate matrix (FAM), typically composed of
fine aggregates, mineral fillers, and asphalt binders
[1-3], has been widely employed for evaluating the
mechanical properties of asphalt binder and asphalt
concrete (AC). Acting as the matrix phase of AC,


http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-024-02338-6&domain=pdf
http://orcid.org/0000-0002-7797-1134

130 Page 2 of 19

Materials and Structures (2024) 57:130

FAM fills the voids in the coarse aggregates’ skeleton
structure and binds them together, bridging the binder
and AC [4, 5]. Commonly, the mix of asphalt binder
and fillers is known as asphalt mastic, serving as the
binder material in AC [6]. With the further incorpo-
ration of fine aggregates, FAM can more accurately
represent the AC mixtures compared to pure asphalt
binders and asphalt mastic [7-9]. Compared to AC,
FAM offers time and material efficiency as it excludes
coarse aggregates [10, 11]. Consequently, FAM has
been extensively utilized to investigate various prop-
erties of asphalt binders, including healing [12] and
aging [13, 14], as well as the fatigue cracking [6,
15, 16] and damage [17] properties of AC mixtures.
These evaluations provide valuable insights into the
mechanical properties of asphalt binders and AC mix-
tures [18-22]. Moreover, they serve as a prerequisite
for the multiscale prediction of AC mixture perfor-
mance [23-26].

With the increase in traffic volume, fatigue crack-
ing has become a prevalent pavement distress that
significantly reduces the service life of AC [27-29].
FAM plays a critical role in the fatigue performance
of AC. This is because FAM is involved in both cohe-
sive and adhesive failure in AC. From a mesoscopic
perspective, fatigue cracking is mainly caused by
adhesive failure and cohesive failure in AC. Adhe-
sive failure refers to the separation between the coarse
aggregate and the FAM, while cohesive failure occurs
within the FAM [30-32]. Therefore, investigating
the fatigue performance of FAM is crucial to under-
standing the failure of AC [18, 33]. Many studies
have employed FAM to investigate the fatigue per-
formance of AC [15, 17, 34]. Several criteria, have
been introduced to determine the fatigue damage
of FAMs, such as a 50% reduction in modulus [35],
residual strength or strain [36, 37], dissipated energy
ratio (DER) [38, 39], and ratio of dissipated energy
change (RDEC) [40]. The 50% reduction in modu-
lus is an empirical criterion, assuming the sample
failed when the complex shear modulus decreased
to 50% of the initial value. Both DER and RDEC are
energy-based approaches, with DER considering the
total dissipated energy at each cycle, while RDEC
focuses on the change in dissipated energy [41, 42].
However, the analysis results based on these methods
are highly dependent on loading modes and testing
temperatures, limiting their applicability. Recently,
the viscoelastic continuum damage (VECD) theory

has gained attention for evaluating the fatigue dam-
age of asphalt materials, as its damage characteristics
are independent of loading and temperature condi-
tions [43—45]. Failure criteria, such as the reduction
in pusudo-stiffness at the peak stress [46] and pseudo-
strain energy based failure criteria [47, 48], have been
proposed to evaluate the fatigue life of asphalt mate-
rials. However, few studies have applied this theory
to evaluate the fatigue performance of FAMs [49,
50]. Therefore, further efforts are needed to achieve
a more accurate assessment of the fatigue properties
of FAM.

In the previous studies, various methods have been
employed to prepare FAM materials, such as sieving
the AC mixture to obtain the fine proportion [51-53],
or directly preparing FAM through mix design [54,
55]. These methods result in different compositions,
particularly in terms of binder content [56-58], which
significantly affects the mechanical performance of
AC. In terms of specimen fabrication, there is no
standardized approach for creating FAM specimens
for testing [59, 60]. Some studies utilize specially
designed molds to create specimens with complex
geometries [40, 61], while others use cored cylindri-
cal samples from FAM specimens manufactured by
the Superpave gyratory compactor [62]. These vari-
ations in sample fabrication methods and geometries
have a significant impact on the quality of the pre-
pared samples, including air void content and stress
distribution, which in turn influence the measured
results. It has been observed that a 1% change in
air void content can lead to over a 10% reduction in
modulus [63]. Therefore, more reliable FAM mate-
rial preparation and specimen fabrication methods are
urgently needed to reduce variability. However, there
still remains a lack of an effective experimental strat-
egy for FAM testing.

To fill this research gap, an enhanced experimen-
tal strategy for FAM was proposed in this study. The
method proposed by Underwood and Kim (2013) was
adopted for preparing the FAM materials [56]. This
approach utilizes asphalt mastic, which is a mixture of
asphalt binder and mineral filler, as the coating mate-
rial. It also takes into account the absorbed binder by
aggregates, making the fabricated FAM more repre-
sentative of the actual FAM in AC. A new dumbbell-
shaped specimen was designed through numerical
modeling, and its effectiveness was validated in reduc-
ing stress concentration at the ends of the sample and
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achieving a more uniform stress distribution in the mid-
dle section. The method for fabricating the FAM speci-
men with the designed dumbbell shape was also subse-
quently discussed, and fatigue tests were conducted on
the fabricated specimens. The testing results were then
analyzed based on the VECD theory, with the reduc-
tion in pseudo-stiffness at the peak stress utilized as the
failure criterion for further calculating the fatigue life
of the FAM specimen. The contributions of this study
can be manifested in following aspects: (1) Designing
an applicable specimen geometry for FAM testing; (2)
Developing a feasible approach to fabricate FAM mate-
rial and specimen for dynamic shear rheometer (DSR)
testing; (3) Validating the reliability of the prepared
specimens through various tests; and (4) Analyzing
the fatigue cracking characteristics of FAM using the
VECD theory.

2 Theoretical methodology

This section provides a concise overview of the
theoretical framework and methodology employed
in the present study. The initial segment introduces
linear viscoelastic theory and outlines the proce-
dure for constructing master curves. Following this,
the VECD theory and the approach for determining
the fatigue life of FAM are elucidated. The method-
ologies presented herein will be applied to assess the
viscoelastic and fatigue characteristics of the three
examined FAMs.

2.1 Linear viscoelasticity and master curve
construction

Asphalt binder and its mixes are commonly regarded
as viscoelastic materials, which can be described by
the following constitutive relationship [64]:

1

d
o(r) = / Gl - 5)—2(;)615 )
0

where ¢ is time, and £ is a time variable of integration;
G(?) is the relaxation modulus in shear. For numeri-
cal computation, G(¢) is generally expressed as the
format of the Prony series, which is known as Prony
series model or generalized Maxwell model and can
be written as below [65, 66]:

N
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i=1

where N is the total number of Maxwell elements;
G, is the equilibrium shear modulus; G; and p; are
the shear modulus and relaxation time of i th Max-
well element. G; and p, are the parameters of Prony
series model, and once determined, the Prony series
model becomes fully characterized. Commonly, the
FS test is employed to quantify the viscoelastic prop-
erties of asphalt materials. To derive the parameters
of the Prony series model, a Fourier transform is
conducted to convert Eq. (2), the Prony series in the
time domain, into the frequency domain, as expressed
below [67]:
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where j is the imaginary unit (j = \/—_1); G*, G,
and G” are complex modulus, storage modulus and
loss modulus in shear, respectively. @ is the angular
frequency.

From the FS test, G/, and G”" within a narrow fre-
quency range from 0.1 Hz to 100 Hz at the measured
temperature can be obtained. To extend the frequency
range, frequency sweep tests at different tempera-
tures should be conducted, and the acquired data are
shifted based on the time—temperature superposition
principle (TTSP). This allows the construction of
master curves at a reference temperature (7,) over a
wide frequency range by shifting the actual frequency
(w) to the reduced frequency (®,):

w,=wXay 6)
where a; is the shift factor. For FAM, the Williams-

Landel-Ferry (WLF) equation, as shown below, is
commonly adopted:

C\(T-T,)

log(ay) = _TTT)
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where C, and C, are the model parameters.
Furthermore, the shifted data points should be fur-
ther smoothed to derive the master curves in a wide
frequency range. In this study, the modified Huet
Sayegh (MHS) is adopted to fit the shifted data. The
mathematic expression of the MHS is as below [68]:

G'(0)ys
|G (@)ps|*
GH
_j l&ﬁmz + L‘| = D,(a))MHS
|G*(@)ys|” 1@

- jD,,(a))MHS

D¥(w)yps =

®)
where D*(@)ypss DN@)yps and D' (@), are the
complex, storage and loss creep compliances of the
MHS model, respectively; G*(w)ys, G/(w)ys and
G"(w)yg represent the complex, storage and loss
moduli of the original Huet Sayegh (HS) model [69],
respectively. 75 is the linear dashpot parameter. In this
model, a linear dashpot is placed in series with the
original and thus it can improve the fitting at the low
frequency region. Based on the relationship between
creep compliance and modulus, the storage modulus
and loss modulus of the MHS model can be calcu-
lated as follows:

, 1

G (@)yps = D@ )
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By optimizing the parameters of the WLF function
and MHS model, the master curves of FAM over a
wide frequency range can be developed.

2.2 Viscoelastic continuum damage (VECD) model

The VECD model is a commonly used method for
evaluating the fatigue damage of asphalt materials
[43, 70]. This model employs the elastic—viscoelas-
tic correspondence principle, proposed by Schap-
ery in 1984 [71], to equate the viscoelastic constitu-
tive equations to elastic ones through the concept of
pseudo strain. This allows the elimination of the vis-
cous effect. The pseudo strain can be calculated using
the following convolution integral:

t
R 1 dy
Y= e / Gt - é)a—édf (1)
0

where y® is the pseudo strain in shear; G® is a refer-
ence shear modulus, which is selected to be unity;
G(2) is the relaxation shear modulus; ¢ and & are time
and time integration variable.

To characterize the damage evolution with the
increase of loading time, two parameters, including
pseudo stiffness (C) and damage parameter (S) were
proposed. C is defined as the deviation of the stress
from the pseudo strain and it can be calculated as
follows:

(1)

() (D) 12)
where 7 is the shear stress. The damage parameter, S,
is defined as an internal state variable, which is used
to describe the damage growth in the sample. This
parameter is correlated to pseudo strain energy (WF)
based on Schapery’s work potential theory by the fol-
lowing expression [72]:

ds IWR\*

dr <_ oS > (13
where WX is the pseudo strain energy density func-
tion; a is a constant of the damage growth rate, which
is equal to (1 + 1/m), in which m is the maximum
slope of the relaxation modulus (G(#)) with time in the
log-log scale. To acquire G(¢) curve at time domain,
the developed master curve based on the MHS model
(Egs. 8-10) in the frequency domain is employed to
optimize the parameters of the Prony series model
through regression analysis. This is achieved by mini-
mizing the error between the master curves (storage
and loss moduli) calculated by the MHS model and
the Prony series model (Eq. 3-5). Once the param-
eters of Prony series are determined, G(f) can be
derived using Eq. (2) and thus m, the maximum slope
of G(f) can be obtained for the plot. To determine the
WR_ the pseudo strain energy density in Eq. (13), the

following equation proposed by Kim et al. for AC
under uniaxial tension loading is adopted [73]:

_ DMR

W= == x ()’ (14)
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where pseudo stiffness (C) is expressed as a function
of damage (S)v DMR, equal to |G*|ﬁngerprint/|G*|LVE’
is the dynamic modulus ratio, which is used to reduce
the effect caused by the sample’s variation. |G* | yg is
the dynamic shear modulus; and |G*|ggerprine an be
determined by the frequency sweep test before the
LAS test. Plugging Eq. (14) into Eq. (13) and using

the chain rule (% = % X 5—; , the following relations
can be obtained for the damage parameter (S):

ds (") ac]™

— = [-DMR — 15
dr l 2 dr ] (1>

t
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Since C and y® both are functions of ¢, Eq. (16) is
implicit and cannot be calculated directly. By using the
. dC _ dc ds . . .
chain rule (E = EE) again, the following numerical

approximation is derived to compute S:

DMR ; g2 T -
S=2 [( —— (") (G _Cj)> (6= 1) ]
j=1
a7
where N is the total cyclic number; Cj and 1; are the
pseudo stiffness and time at j th cycle. y® in Eq. (17)
from the uniaxial test can be replaced by the peak

pseudo strain (ylf) in the cyclic test. Thus, the damage
in cyclic tests can be expressed as follows:

N L
DMR 2 I+a 1
5= <T<7’f) (Cj—l‘cj)> (= ti4) ™
j=1
(18)

and the peak pseudo strain (yllf) can be expressed as
follows:

1 x
7y = r X |G ey, (19)

In this study, the experimental data from the LAS
test is used to analyze the fatigue damage. In order to
further calculate the fatigue life of samples at a certain

strain level (y), Eq. (20) is used [74]:

1 a \7
Ny =A( 571G i) 20)
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k- (CCy)
B =2a 22)
k=l-a-Cy+a (23)
1/¢c,
S = 1 — C@Peak stress (24)
f C]

where S, is the failure criterion based on pseudo-
strain energy; it corresponds to the reduction in
pseudo stiffness (C) at the peak stress. C; and C, are
the two parameters of pseudo stiffness (C(S)) fitted by
the following exponential function:

CclS)=1-C,5 (25)

For cyclic tests at a certain strain, C(S) can be cal-
culated by following equation [43]:

Ty
S =— (26)
)’p

Thus, by fitting the calculated C(S) based on exper-
imental data with Eq. (7), both parameters, i.e., C,
and C, can be determined.

3 Computational design of FAM specimen

In this section, a dumbbell geometry for the FAM
measurement is proposed. Besides, numerical mod-
eling is conducted to determine the geometric param-
eters in the DSR testing. Further, the characteristics
of stress distribution in the sample are also analyzed.

3.1 Geometric design

A well-designed geometry should be able to reason-
ably evaluate material properties and satisfy DSR
requirements, such as maximum torque. As depicted
in Fig. 1, a dumbbell-shaped geometry is proposed.
The total height of the geometry is 26 mm. The mid-
dle straight section with a 6 mm diameter is the pre-
defined zone for the property evaluation. The middle
straight section smoothly transmits to the two ends
with a curve with a radius of 5 mm. This geometry



130 Page 6 of 19

Materials and Structures (2024) 57:130

12.0

26.0
10.0

<
<

Fig. 1 The geometry of the designed FAM specimen

has been widely used in testing metal materials [75].
However, unlike the testing sample for metal mate-
rials, steel rings are attached to the two ends and
bound with the FAM material to fix the sample on
the DSR tightly. The use of rings is necessary as
the FAM material is too soft, and the rings ensure
that the applied torque by the DSR can be effec-
tively transferred to the test sample. Compared to the
commonly used cylindrical column shape for FAM
testing, the proposed dumbbell geometry has a dis-
tinct advantage. The cylindrical column shape often
experiences stress concentration at both ends due to
the constraints, leading to inaccurate testing results
and even fracture at the ends during the damage test.
The dumbbell geometry solves this issue by connect-
ing the two ends with a transition section, which can
significantly reduce the effect of constraints at both
ends, thereby providing more accurate testing results.
This advantage will be verified in the following sec-
tion. Additionally, despite the existence of studies
proposing similar designs with transition section
from the middle to the end, the marginal increments
in radii are often insufficient, resulting in insignificant
stress reduction and posing challenges in fabrication,
particularly for FAM with larger particles [61]. Fur-
thermore, certain geometries incorporating a varying

cross-section along the height of the specimen [40],
such as the dog-bone shape proposed by Apostolidis
et al. [76, 77], have been adopted, but the response
of the sample may vary at different locations of the
specimen. Nevertheless, it should be acknowledged
that the proposed geometry may still have certain lim-
itations. For instance, it might not be suitable for test-
ing severely aged FAM. Despite these limitations, the
proposed geometry is anticipated to be more appli-
cable and yield more accurate testing results in the
evaluation of FAM properties. The feasibility of this
geometry is assessed through numerical modeling in
the following section.

4 Numerical validation
4.1 Parametric study on FAM geometry

The transition zone significantly influences the stress
distribution in FAM specimens. Thus, a parametric
study on the neck radius is required. For this purpose,
a numerical investigation was conducted on geome-
tries with neck radii ranging from O to 5 mm, while
keeping the end radius (5 mm) and length (26 mm)
constant. In the simulation, the FAM material was
treated as a homogeneous material with shear mod-
ulus and Poisson’s ratio set at 100 MPa and 0.45,
respectively. The steel rings were fixed at both ends,
and the bottom steel ring was constrained. A torque
(T) of 70 N-mm was applied to the top steel ring.
Figure 2a illustrates the shear stress distribution for
specimens with varying neck radii. It is evident that
an increase in neck radii results in reduced stress
concentration at both ends. To quantify this effect,
ratios of stress at the neck (S23_Neck) to stress at the
middle (S23_Middle) were evaluated, as depicted in
Fig. 2b. The stress ratio decreases from 1.77 to 1.05
with increasing neck radii from O to 5 mm. The sig-
nificantly lower stress ratio for the geometry with a
neck radius of 5 mm proves the effectiveness of stress
concentration reduction for the adopted geometry.

4.1.1 Determining geometric parameters for DSR
measurements

Since the cylindrical sample is used in the stand-
ard DSR test, the physical geometry of the dumbbell
sample cannot be directly used in DSR testing, and it



Materials and Structures (2024) 57:130

Page 70f 19 130

(a)

R=0 mm R=1 mm R=2 mm (L) 1.0+ e [
0.8
N Z 0.6
23 N (")IO 4
23_ | & 0.21
) 0.0+— , | | |

R=3 mm R=4 mm

(©)

S, 523

(Avg: 75%)
+1.759e+00
+1.466e+00
+1.173e+00
+8.794e-01
+5.862e-01
+2.930e-01
-1.331e-04
-2.933e-01
-5.865e-01
-8.797e-01
-1.173e+00
-1.466e+00
-1.75%9e+00

| §

o 1 2 3 4 5
R_Neck (mm)

E; E23

(Avg: 75%)
+4.925e-02
+4.104e-02
+3.283e-02
+2.462e-02
+1.641e-02

-4.926e-02

Stress distribution Strain distribution

Fig. 2 Effect of neck radius on the stress concentraion of specimen: a shear stress (S23) distributions for specimens with different
neck radii; b concentration ratio (S23_Neck/S23_Middle); and c stress and strain distributions on the designed specimen

should be equivalent to the standard cylindrical shape.
The equivalent radius and height are named effective
radius and effective height. As the radius of the middle
section of the sample, the targeted zone in measurement
is equal to 3 mm. Therefore, this radius is used as the
effective radius for this geometry. The effective height
of the specimen is further calculated based on the
numerical simulation results of the designed geometry.
For a cylindrical sample under a shear torque, the shear
stress and shear strain can be expressed as follows:

T:kl

27
7[R2ff

_ 6 - Reff
B heff

Y (28)
where T is the applied torque; 7 and y is shear stress
and shear strain; k; is a constant; Reﬁr is the effective
radius, which is 3 mm in this study; 6 is the rotated
angle; and h,; is the effective height of the test
specimen.

Figure 2c illustrates the distribution of shear stress
and shear strain in the designed geometry, while the
average shear stress (7) and shear strain (y) on the
surface of the middle straight section were computed
as 1.648 MPa and 0.046, respectively. By utilizing
Eq. (27) and (28), k; and h,; were calculated, which
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were 0.998 and 15.506 mm, respectively. Therefore,
the determined three parameters, including k,;, effec-
tive radius (R,z), and effective height (h,;) were used
as the geometrical parameters for the adopted geom-
etry in DSR measurements.

4.1.2 Stress distributions

A comparative analysis is conducted between the
proposed geometry and the commonly used cylin-
drical specimen in order to evaluate the effective-
ness of the designed geometry. To this end, a model
is developed for the cylindrical sample, and the
modeling results are compared with those obtained
for the proposed geometry. Von Mise stress distribu-
tions for both geometries are shown in Fig. 3 when
subjected to the same shear torque. The results indi-
cate that high stress concentrations occur in the

Fig. 3 Von Mises stress

distributions in the a (a)
conventional cylindrical

specimen; and b dumbbell

specimen

Fig. 4 The designed mold
for preparing the FAM
specimen

26.0

(a) Geometry of FAM mold

middle section of the designed geometry, whereas
for the conventional cylindrical specimen, they are
concentrated at the two ends. This difference sug-
gests that the designed geometry can significantly
reduce the constraint effect of the two ends on the
targeted middle sections, thereby enhancing the
reliability of measurements.

4.2 Mold fabrication

To accommodate the geometry’s changing radius, a
specially designed mold is required to fabricate the
FAM specimen. Figure 4a and b show the geom-
etry of the mold and the assembled mold, respec-
tively. Considering its superior thermal stability and
anti-adhesion properties, Teflon is chosen as the
mold material. The mold is divided into two parts
at the middle section and can be easily assembled

S, Mises

(Avg: 75%)
+5.72e+00
+3.10e+00
+2.84e+00
+2.58e+00
+2.32e+00
+2.07e+00
+1.81e+00
+1.55e+00
+1.29e+00
+1.03e+00
+7.75e-01
+5.17e-01
+2.58e-01
+0.00e+00

(b)

Teflon Steel ring

(b) Assembled FAM mold
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by screws, which simplifies the removal of the FAM
sample from the mold after fabrication.

5 Sample preparation

This section outlines the preparation of the FAM mate-
rial, sample fabrication, and the mechanical measure-
ments of the fabricated specimen.

5.1 FAM material preparation

The FAM materials used in this study were prepared
based on three common AC mixtures in Hong Kong,
namely, gap-graded SMA10, dense-graded AC20, and
open-graded PA13. The SMA10 and PA13 mixtures
employed a styrene-butadiene—styrene (SBS) modified
binder with a Superpave performance grade of 76-16
(PG76-16). The AC20 mixture used a virgin asphalt
binder with a penetration grade of 60/70 (Pen60/70).
The binder contents for SMA10, AC20, and PA13 were
6.0%, 5.2%, and 6.0%, respectively. In this study, the
mix design method was utilized to prepare the FAM
materials rather than the traditional sieving method.
The mix design method is preferred due to its conveni-
ence and ability to control the compositions of the fab-
ricated FAM materials. In this method, fine aggregates
smaller than 2.36 mm, mineral fillers, and asphalt bind-
ers were considered the components of the FAM [25].
The Underwood and Kim (2013) method was adopted
to determine the compositions of the three FAMs [78].
This approach considers the asphalt mastic, a mix of
asphalt binder and mineral filler, as the coating material
in the calculation, which is consistent with the actual
AC mixture. Furthermore, this method deducts the
absorbed binder by aggregates, making the fabricated
FAM more equivalent to that in the real AC mixture.

In this method, the essential task is to determine the
thickness of coated mastic film (7). If the mastic content
is known, the compositions of the FAM can be entirely
determined. To this end, the effective binder (3,,) in
the AC mixture is calculated by using the total asphalt
binder (M,) minus the total absorbed asphalt binder
(M,,,). Based on the mass of effective binder and min-
eral filler, a theoretical volume (V. ymp) Of mastic
based on the given gradation (job mix formula) can
be calculated by adding the volume of effective binder
(V},o) and mineral filler (V, ;5) as shown below:

Vinasticome = Voe T Vo.75 (29)

Besides, the volume of asphalt mastic can also
be calculated by assuming all the spherical particles
coated by mastic films with the same thickness 7:

d_,+d 3 d.,, +d; 3
T i+1 i i+1 i
\% astic,i_€l<+T+2t> — <+T> ]

(30)
J

Vmastic,calc = 2 [Nl X Vmastic,i] (31)
i=1

where V, .qic.; a1d Ve cale are the volumes of mastic
coated on a single particle and all particles, respec-
tively; d; and d,, are the sieve sizes of sieve i and
sieve i + 1; N, is the number of particles retained in
sieve i. J is the total number of sieves. The mastic
film thickness ¢ can be founded by making V,.qic catc
equal t0 V,.qicomp- Thus, the compositions of the
FAM can be determined accordingly. The detailed
calculations can be found in the reference [78].

The corresponding compositions of the three stud-
ied FAMs can be determined, as presented in Table 1.
The calculated binder contents for FAM (AC20),
FAM (SMA10), and FAM (PA13) were 9.5%, 21.1%,
and 29.3%, respectively. AC20, with the highest frac-
tion of fine aggregates, resulted in the lowest binder
content of FAM (AC20).

The three FAMs were fabricated in the labora-
tory according to their compositions. For each FAM,
500 g of material was prepared. Mineral filler, fine
aggregates (<2.36 mm), and asphalt binder were
preheated in an oven at the mixing temperature for
one hour. Then, the fine aggregates were mixed with
asphalt binder in a mixer for 5 min, after which the

Table 1 Mass compositions (%) of the three studied FAM
materials

Size (mm) FAM(AC20) FAM(SMA10) FAM(PA13)
1.18~2.36 253 11.9 12.7
0.6~1.18 17.5 4.0 12.1
0.3~0.6 15.6 7.9 12.1
0.15~0.3 11.7 7.1 114
0.075~0.15 6.6 5.2 10.8
Mineral filler  13.8 42.7 11.6
Binder content 9.5 21.1 29.3
(%)

niem
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mineral filler was added and mixed for an additional
5 min. Finally, the loosened FAM material was put
back into the oven for half an hour to simulate short-
term aging. These prepared FAM materials were uti-
lized in the subsequent section for DSR testing.

5.2 FAM sample fabrication

In the fabrication of dumbbell specimens for test-
ing, it is crucial to control air voids in the specimen,
as they significantly impact the mechanical perfor-
mance of FAM. Although air voids naturally occur
in FAM for real asphalt mixtures, our study is ori-
ented towards achieving the minimal air void con-
tent in FAM. Several considerations motivate this
approach. Firstly, it is still unclear how much air
void in AC should be considered in FAM. Secondly,
due to the elevated asphalt binder content in FAM,
the anticipated air voids within FAM are expected
to be relatively low, with the majority of air voids in
asphalt mixtures manifesting as large optical voids.
Thirdly, air voids are conventionally treated as a

»BINDER I

Fig. 5 FAM sample preparation

d) Insert and compact
strips into the mold

(c) Shape FAM material into strips

phase in numerical modeling, rendering properties
measured on FAM without air voids more suitable
for subsequent simulation. Lastly, the introduction
of air voids into small specimens may complicate
quality control during fabrication, potentially lead-
ing to increased variations in test results.

Figure 5 illustrates the fabrication of dumbbell
samples using a designed mold. The following steps
were undertaken to produce the samples:

(1) The mold was assembled and fixed on a frame
(Fig. 5a). Then the mold was preheated in an
oven of 180 °C for one hour (Fig. 5b). Simul-
taneously, the raw FAM material was shaped
into small strips on a hot pan at around 90 °C
(Fig. 5¢).

(2) Once the mold was preheated, the strips were
inserted into the mold (Fig. 5d) and left in the
oven for five minutes. The preheated steel bar
was then used to compact the sample from the
top to evacuate any cavities in the mold. This step

»BINDER [

e) Cool down the mold at
room temperature

b 4

i . W

f) Freeze in the fridge

[T ]

Vil I .

() Split the mold and pick |
out the sample J
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was repeated around three times until the mold
was filled with the FAM material.

(3) The mold was then taken out from the oven and
cooled to ambient temperature (Fig. 5e) before
being transferred to a fridge at -10 °C for two
hours (Fig. 5f).

(4) After cooling, the mold was removed from the
fridge, and the screws were released, allowing the
mold to be split down the middle using a small
knife. The specimen was then carefully removed
from the mold (Fig. 5g).

The air void contents of the fabricated sam-
ples were measured to evaluate their quality. Due
to the smooth surface of the specimens prepared
using the designed mold, the volume of the sample
(Veam = 1769.06 mm®) could be accurately calcu-
lated using the sample’s geometry. The mass of the
FAM material (Mg,y,) in each sample was then deter-
mined by subtracting the mass of the two steel rings
from the total mass of the sample. Thus, the air void
content (P,) of the FAM samples was subsequently
calculated using the following equations:

MFAM
Gmb = V. (32)
FAM
Gmb
P =1-——
¢ Gmm (33)

where G, and G, are the bulk density and maxi-
mum density of FAM material, respectively. The
average air void content of the prepared samples was
determined to be 1.85%, with a standard deviation of
0.5%. While this variation may not be significant, it
is recommended to weigh the mass of the samples
before conducting tests to ensure accurate results.

6 Experimental tests

In this section, the setup of the DSR measurement for
the designed specimen is detailed, which is widely
used to perform the testing on FAM as it is versatile
and requires only a tiny amount of material [3, 10].
The two tests, namely the frequency sweep (FS) test
and the linear amplitude sweep (LAS), are intro-
duced. The two tests can be used to measure the lin-
ear viscoelastic (LVE) and fatigue properties of the
three studied FAMs.

6.1 DSR measuring system

Mechanical tests on FAM specimens were performed
using an Anton Paar DSR (model MCR 702), capable
of applying torque ranging from 0.1 to 200 mN-m at
a frequency ranging from 107 to 150 Hz and control-
ling the temperature from -150 to 550 °C. The setup
for the DSR testing is displayed in Fig. 6, wherein
fixtures with a sample clamping system are used for
the measurement. To set up the sample for testing,
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one end of the FAM specimen is first fixed on the top
fixture via a steel ring. Subsequently, the top fixture
is lowered (Fig. 6a) until the bottom steel ring enters
the gap of the bottom clamp. By tightening the screw,
the specimen can be securely fixed on the machine
(Fig. 6b). During testing, the torque applied by the
bottom fixture is transferred to the measured FAM
material via the steel rings (Fig. 6¢).

6.2 Frequency sweep (FS) tests

The FS test is a well-established method for analyz-
ing the LVE properties of FAM. In this study, FS
tests were conducted at temperatures ranging from 0
to 50 °C, with a 10 °C interval. Prior to testing, the
FAM sample was conditioned at the designated tem-
perature for 15 min to ensure thermal equilibrium
throughout the specimen. Subsequently, oscillating
shear strain loads with frequencies ranging from 100
to 0.1 Hz were applied. The strain level applied was
determined from the LAS test, at which the FAM
specimens exhibited linear behavior. Upon comple-
tion of the FS testing at one temperature, the tempera-
ture was incremented for testing at the next tempera-
ture. The FS test data at different temperatures were
then utilized to construct a master curve over a wide
frequency range using the modified Huet-Sayegh
(MHS). An example of the data points from the FS
test and the corresponding constructed master curves
are presented in Fig. 7.

10*
1031 Te20°C

1014 50 °C 40 °C 30°C
20°C 10°C 0°C
Shifted data MHS model

10

Reduced Frequency (Hz)
(a) Dynamic shear modulus (|G*|)

10° 10* 102 10° 102 10* 10°

For further damage analysis, the master curves
developed using the MHS model are transformed into
Prony series models. The derivation of the param-
eters for the Prony series model can be referred to in
Sect. 2.1. Approximately 13 Maxwell elements in the
Prony series model were employed to fit the master
curves from 107 to 10° Hz. The master curves result-
ing from the fitted Prony series parameters, as deter-
mined by Eq. (3) to Eq. (5), are presented in Fig. 8,
along with the original master curves developed
using the MHS models. It is evident that the opti-
mized Prony series models can closely approximate
the original master curves across the entire frequency
range, from 107 to 10° Hz. This good fitting ensures
a high degree of accuracy in the subsequent damage
analysis.

To assess the repeatability of the FS test across
multiple samples, three replicates are employed for
each of the three FAMs under investigation. The
Mean Percentage Absolute Errors (MPAEs) are cal-
culated for the tested dynamic shear moduli and
phase angles for the three FAMs at different tem-
peratures, as depicted in Fig. 9. MPAE represents the
average absolute error of all tested data points with
respect to their mean values. From Fig. 9, it can be
observed that the variability of dynamic shear modu-
lus is higher than that of the phase angle. Addition-
ally, the error is more pronounced at higher tempera-
tures or for the FAM with a higher aggregate content
(i.e., FAM(AC20)). Nevertheless, the tests conducted

28 50 °C 40°C 30°C
E 20°C 10°C 0°C
701 Shifted data MHS model
604 7,=20°C
g\:50-
w0 401
301
20
10
() e e e e e e
10® 10* 102 10° 10* 10* 10°
Reduced Frequency (Hz)
(b) Phase angle (o)

Fig. 7 FS test data at different temperatures and the corresponding constructed master curves
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Fig. 9 Testing errors of dif-

ferent samples in FS tests
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on different samples exhibit good replicability with
variations below 15% for dynamic modulus and phase
angle within a broad temperature range.

6.3 Linear amplitude sweep (LAS) tests

The linear amplitude sweep (LAS) test is com-
monly utilized to determine the linear viscoelas-
tic (LVE) range and assess the damage charac-
teristics of FAM. In this study, LAS tests were
conducted at a temperature of 20 °C for the three
types of FAM. Before testing, each specimen was
conditioned at the desired temperature for 20 min.
It is worth noting that before conducting the LAS
test, the modulus at 10 Hz was measured, which
was utilized as the specimen’s fingerprint modulus

30
Temperature (°C)

40 50 0 10 20 30 40 50
Temperature (°C)

(IG*|ingerprin)- During the LAS test, the applied
strain was increased linearly from 0.005% to 5%.
Figure 10 illustrates the typical curves obtained
from the LAS test. In Fig. 10a, the shear stress ini-
tially increases with the rise in strain levels, reach-
ing its peak value, and then decreases. The genera-
tion and propagation of cracks within the specimen
result in a rapid reduction in the stress of the FAM
sample. A comparison of the three curves based
on the three samples reveals that, at the initiation
of the test at small strain levels, the differences are
minimal. After the peak stress point, the variations
increase for the three samples as damage propagates
within the sample, leading to instability. Neverthe-
less, the variation is still very small. Therefore, it
can be confirmed that the LAS test still exhibits
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Fig. 10 Experimental curves from the LAS test for FAM (AC20)
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Fig. 11 Example of fractured FAM samples

good repeatability. Additionally, Fig. 10b demon-
strates that dynamic shear moduli and phase angles
exhibit opposing trends. The dynamic shear moduli
gradually decrease while the phase angles increase
with increasing strain levels. However, both curves
experience a sharp drop in the final stage due to
damage accumulation.

Figure 11 displays the four fractured FAM samples
after LAS tests, indicating the damage induced by the
applied strain. It is evident from the images that all
samples are broken in the middle sections, affirming
the suitability of the designed geometry for damage
testing.

7 Results and discussion
7.1 Master curves
Figure 12 illustrates the constructed master curves

for the three types of FAMs. It can be observed that
the MHS model adequately characterizes the complex

Dynamic modulus
Phase angle

0.01 0.1 1
Shear strain (%)
(b) Dynamic modulus and phase angle v.s. strain

shear moduli, including dynamic shear moduli (|G*|)
and phase angles (), over a wide frequency range
(10 Hz to 10° Hz). Additionally, the master curves
for the three FAMs exhibit distinguishable differ-
ences. In the log-log scale, the three FAMs exhibit
substantial variations in dynamic moduli at low fre-
quencies, and their differences tend to decrease with
increasing frequencies. This finding is predictable
since an increase in frequencies stiffens the asphalt
binder, reduces the stiffness gap between asphalt
binder and aggregate, and weakens the effect of FAM
compositions on their viscoelastic properties. Among
the three types of FAMs, it is evident from the plots
that FAM(AC20) is more elastic (higher shear moduli
and lower phase angles) compared to FAM(SMA10)
and FAM(PA13). The greater proportion of fine
aggregates in FAM(AC20) makes it stiffer than the
other two FAMs. The master curves are subsequently
converted into Prony series models for further dam-
age analysis.

7.2 Damage characteristic curves

The damage characteristic curves (C-S curves) based
on the LAS test are presented in Fig. 13. Figure 13a
presents the C-S curves of the three samples of
FAM(AC20). These curves show the degradation of
pseudo stiffness (C) with increasing damage (S). The
closely aligned results of the three calculated C-S
curves signify excellent repeatability in the test out-
comes. Figure 13b shows the C-S curves for the three
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Fig. 12 Constructed master curves of the three types of FAM
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Fig. 13 C-S curves of a three samples of FAM (AC20); and b the three FAMs

FAM types. It can be observed that their C-S curves
are significantly different. FAM (PA13) exhibits a
more significant reduction in pseudo stiffness at the
initial stage, as evidenced by its higher C, value, but
the slope becomes flatter (lower C, value) compared
to the other two FAM types with increasing dam-
age. This tendency suggests that FAM(PA13) may
have more severe damage at the initial stage, but the
rate of damage increase may be much lower with the
increase of loading cycles, which may be attributed to
FAM(PA13) having a higher fatigue life.

7.3 Fatigue performance characterization

The fatigue life of the three FAMs is calculated
based on Eq. (20) and plotted in Fig. 14 against the
strain level in the log-log scale. It is observed that
the fatigue life decreases with increasing strain
levels. The predicted fatigue life curves obtained
from the LAS test results effectively distinguish the
three FAMs. FAM (PA13) exhibits the highest pre-
dicted fatigue life, followed by FAM (SMA10) and
FAM(AC20), which is consistent with expectations.
The superior fatigue resistance of PA13, an open-
graded mixture with a higher asphalt binder content,
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Fig. 14 Predicted curves of fatigue life (N;) vs. strain (y)

can be attributed to its lower fine aggregate content.
Conversely, the higher fine aggregate content in
FAM (AC20) results in significant stress concentra-
tion in the aggregate tip zone and contact regions
between aggregates, rendering the mastic more sus-
ceptible to damage, which consequently characterizes
FAM(AC20) with the lowest fatigue life. However, it
should be noted that the strain levels of FAM in dif-
ferent asphalt mixtures may vary due to the effects of
coarse aggregates. When comparing the fatigue life
of asphalt mixtures, it is crucial to consider the actual
strain levels experienced by FAM in asphalt mixtures.

8 Conclusions and recommendations

In this study, a new experimental strategy was pro-
posed and applied to evaluate the mechanical prop-
erties of three AC mixtures’ FAMs. This improved
method provided a more accurate representation of
the actual FAM in AC and yielded more accurate test
results. Additionally, the fatigue properties of FAM
were analyzed using the VECD theory. The conclu-
sions drawn from this research are summarized as
follows:

The proposed geometry and fabrication methods
proved effective in evaluating the viscoelastic and
fatigue properties of FAM. Numerical and experi-
mental results demonstrated that the dumbbell-shaped
specimen reduced stress concentration at the sample
ends, thus improving testing accuracy.

LVE properties of three different types of FAMs
were evaluated over a broad frequency range. The
FAM with a dense-graded AC mixture (AC20)
exhibited greater elasticity compared to gap-graded
AC mixture (SMA10) and open-graded AC mixture
(PA13), showing higher dynamic moduli and lower
phase angles, especially at low frequencies.

VECD theory was adopted to analyze FAM’s
fatigue properties. theory was employed to analyze
FAM’s fatigue properties. FAM(PA13) exhibited a
faster reduction in pseudo stiffness at the initial stages
of damage, with a lower decrease rate as damage
increased compared to the other two FAMs.

In future work, CT scanning tests will be per-
formed to comprehensively evaluate the homogeneity
of FAM specimens. LAS tests will be conducted at
additional temperatures to assess the applicability of
the proposed method based on VECD theory. Time
sweep tests (cyclic tests at a given strain level) will
also be carried out to evaluate the fatigue life of FAM,
enabling a comparison with the predicted fatigue life
from LAS tests.
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