Journal of Southeast University ( English Edition)

Vol. 40, No. 2, pp. 193 —202

June 2024 ISSN 1003—7985

Identification and analysis of mixing-induced homogeneity
in reclaimed asphalt pavement materials

Wu Jiantao' Qiu Lei'  Jiao Yan’

Liu Quan'

Jing Chao®  Zhu Jinlong®

('College of Civil and Transportation Engineering, Hohai University, Nanjing 210098, China)
(*Hebei Transportation Planning and Design Research Institute Co., Shijiazhuang 050000, China)
(*Hebei Province Engineering Research Center for Harmless Synergistic Treatment and
Recycling of Municipal Solid Waste, Yanshan University, Qinhuangdao 066000, China)
(*Shanghai City Construction Municipal ( Engineering) Group Co., Shanghai 200131, China)

Abstract: Asphalt mixtures were prepared in the laboratory
using reclaimed asphalt pavement ( RAP) at a 40% mass
concentration to investigate the homogeneity characteristics of
RAP during the mixing process, taking into account the
mixing duration and aging rate. Specifically, titanium dioxide
powder was incorporated into RAP binders as an identification
tracer. Homogeneity indices were subsequently established to
evaluate the homogeneity characteristics of asphalt mixtures.
Computed tomography (CT) was used to create digital images
of asphalt mixtures, and Mimics software was used to identify
the components. Finally, a homogeneity evaluation system
was established to assess the uniformity of both the
components and RAP agglomerates. The results indicate that
homogeneity is mostly influenced by the distribution of coarse
aggregates,
Homogeneity improvement is hindered by the formation of

followed by asphalt binders and air voids.

new agglomerates during the mixing process, whereas it is
increased by prolonging the mixing time. A homogeneity
evaluation system based on components and agglomerates can
effectively reveal the principles governing homogeneity
characteristics and provide a reference for the construction of
high-quality recycled asphalt pavement.
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A sphalt pavement recycling technology has attracted
global interest owing to its ability to conserve re-
sources, reduce construction costs, and improve the envi-
ronment. However, the incorporation of reclaimed as-
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phalt pavement (RAP) materials in the production of as-
phalt mixtures results in superior quality owing to their in-
tricate composition and status'. The inclusion of RAP
materials in an asphalt mixture leads to the formation of
aggregates, new asphalt/asphalt rejuvenators, aged as-
phalt, and other components”™ . In particular, owing to
the presence of clusters caused by insufficient milling and
crushing, the blending efficiency between the newly add-
ed materials and RAP materials plays a critical role in
high-quality recycled pavement construction'*”" .

Previous studies have focused on visualizing the com-
ponents within asphalt mixtures to effectively investigate
the homogeneity of asphalt mixtures'' . 1"
successfully characterized the air void distribution with

Hassan et a

the aid of X-ray computed tomography ( CT). Further-
more, Gao et al. """ and Chen et al."" constructed a
three-dimensional pore structure using CT technology.
Vassaux et al. """ defined the homogeneity of recycled
asphalt mixtures by considering the distribution of carbon-
yl functions and accordingly proposed a model for recy-
cled mixture using an infrared imaging microscope,
where TiO, particles (0.15 wm) were used as a tracer for

14
Castorena et al. "

the new asphalt. utilized scanning
electron microscopy and energy dispersive spectroscopy to
feature a miscible map depicting new and aged asphalt.
To understand the evolution of homogeneity in recycled
asphalt mixtures, it is necessary to acknowledge the exist-
ence of RAP agglomeration, which is a basic characteris-

15-17 . 18
U7 Ferreira et al. "™ pro-

tic of pavement recycling
posed that there was a significant impact on the partial
cluster dissociation due to the activation of the RAP-bind-
er, which ranged between 40% and 70% . Xu et al. '
classified RAP materials into three categories, including
weak structural agglomerates, strong structural agglomer-
ates, and coarse aggregates, to quantify their aging de-
gree. They also proposed the loss rate and stability index
(w) as quantitative indicators for estimating the degree of
RAP agglomeration. Adbelaziz et al. ™" expressed inter-
est in the quantification of RAP activity in the recycled
binder and provided a viable framework for investigating
the application of RAP. Navaro et al. "' also defined an
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index to evaluate the degree of RAP agglomeration based
on microscopic observation techniques and chromato-

22-23] - .
21 innovatively character-

graphic analysis. Bressi et al.
ized RAP agglomeration by calculating the complex mod-
ulus of asphalt binders under ideal and actual mixing situ-
ations. Besides, Wu et al. ™ established an evaluation
method for a graded cluster of hot-recycled asphalt mix-
ture by considering the graded cluster quality and overall
asphalt rotational viscosity. Zhu et al. " and Li et al. "*
discovered that the use of high viscosity modifiers and
foaming agents for RAP applications could improve the
mechanical strength of the recycled asphalt mixture while
also improving the compatibility of matrix asphalt and
aged asphalt. Additionally, Wu et al. "' stated that pre-
treatment using binder extraction or hot-mix treatment
methods was necessary for the application of polyurethane
recycled asphalt in road engineering. It is crucial to un-
derstand the evolution of homogeneity and clusters in re-
cycled asphalt mixtures during the mixing process due to
the intricate nature of RAP materials in the production of
high-quality recycled asphalt mixtures. This study utilizes
CT scanning combined with titanium dioxide as a tracer to
investigate the component distribution through digital im-
ages generated by Mimic software. Accordingly,
homogeneity indicators were proposed based on compo-

two

nent distribution and agglomeration.

1 Material and Experimental Design

1.1 Raw materials

1.1.1 Asphalt

The laboratory utilized new asphalt with a penetration
grade of 60/80 to produce RAP materials, which also
served as new asphalt in this study. The primary indica-
tors of the base asphalt, along with the aged asphalt sub-
jected to the rolling thin-film oven test (RTFOT) meth-
od, were measured according to the specification require-
ments outlined in Table 1.

Table 1 Properties of asphalt before and after RTFOT

Asphalt Test items Reference value
Penetration (25 C, 100 g,5 s)/ 66
0.1 mm
Base asphalt -

Ductility (15 C)/cm >100

Softening point/C 48.7

Asphalt Mass loss/ % -0.2
after RTFOT Penetration ratio/ % 63
(163 C, 5 h) Ductility ratio (15 C)/% 179

1.1.2 Aggregates

Basalt was used as the coarse and fine aggregates for
the experimental investigation, while limestone was used
as the mineral powder. The primary indicators were
measured using a test procedure for aggregates in highway
engineering (JTG E42—2005), and the results are illus-
trated in Table 2.

Table 2 Properties of aggregates g/cm®

Aggregate Apparent density Bulk density
1* 3.007 2.916
2* 2.988 2.897
3* 3.001 2.912
4% 2.920

1.1.3 Titanium dioxide

Titanium dioxide powder was intentionally introduced
into aged asphalt as a tracer for asphalt binders, replacing
the mineral powder of equivalent quality derived from
RAP materials. Consequently, it is feasible to distinguish
between new and aged asphalt samples via CT scanning.
The basic properties of the used titanium dioxide powder
are illustrated in Table 3.

Table 3 Properties of titanium dioxide powder

Test items Measured values
Purity of TiO,/% 98
Volatiles in 105 C/% 0.5
Crystal size/um 0.23
Oil absorption capacity per 100 g/g <22.0
Density/(g « cm~3) 4.1
pH 6.0-8.5

1.2 Laboratory production of RAP materials

The RAP materials utilized in this study were produced
in the laboratory by replacing in-field RAP conducted un-
der controlled conditions. Specifically, the new asphalt
was subjected to RTFOT at 130 C for 48 and 96 h to fab-
ricate a RAP-binder with varying aging degrees. Subse-
quently , RAP materials were prepared by mixing aged as-
phalt with aggregates. A type of AC-13 asphalt mixture
was adopted, as illustrated in Table 4. The asphalt mix-
tures were manually crushed into loose RAP materials
using a hammer following mixing and compaction, as de-
picted in Fig. 1. Furthermore, the gradation of loose RAP
materials was measured (see Table 4). It is evident that
three paralle]l measurements demonstrated the consistency

(d)
Fig.1 Preparation of RAP materials. (a) Samples for aging 48
h; (b) Crushed sample for aging 48 h; (c¢) Samples for aging 96 h;

(d) Crushed sample for aging 96 h
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Table 4 Gradation curves of designed asphalt mixtures and
crushed RAP materials

Passing ratio/ %

Sieve

. Composite First Second Third

size/mm

gradation breakdown  breakdown breakdown

26.5 100 100 100 100
19.0 100 95.87 95.92 95.97
16.0 100 85.05 87.96 86.22
13.2 90.41 68.59 65.11 72.18
9.50 73.22 39.95 37.80 34.77
4.75 56.42 10.21 10.12 9.94
2.36 30.58 4.41 4.48 4.25
1.18 18.42 0.56 0.45 0.78
0.60 11.69 0 0 0
0.30 7.71 0 0 0
0.15 6.63 0 0 0
0.075 5.43 0 0 0

of the laboratory-prepared RAP materials in terms of the
gradation curve.

1.3 Design of experimental protocols

It is important to emphasize that the aim of this study
was to determine the effects of various blending condi-
tions on the homogeneity of recycled asphalt mixtures. In
contrast, determining whether the mechanical perform-
ance of the samples meets the specified standards is be-
yond the scope of this study. Additionally, a simplified
option such as the Marshall compaction method was em-
ployed instead of considering the utilization of rejuvenator
in recycled asphalt mixtures or the influence of compac-
tion methods on specimen preparation.

Two reference samples, including asphalt mixtures,
prepared primarily with new asphalt and asphalt aged for
4 d, were used to calibrate the CT value for subsequent
component identification. The resulting recycled asphalt
mixtures were manufactured with 40% RAP content. The
loose RAP materials are specifically heated to 80 C for 4
h and then mixed for 30 s as part of the pretreatment
process. The pretreated RAP materials are then mixed
with new aggregates and new asphalt to determine the set-
ting time (30, 60, 120, 180, and 240 s). Consequently,
the study determined various combinations of mixing time
(30, 60, 120, 180, and 240 s) and aging degrees (2
and 4 d) for the RAP binders. The mixing temperature
was fixed at 150 C in the thermal-equilibrium state for
each mixing condition, and two parallel Marshall speci-
mens were prepared for the experimental investigation.

2 Methodologies

2.1 Component identification of recycled asphalt
mixtures

This study implemented the CT method to identify the
components of recycled asphalt mixtures using a Discov-
ery CT750 HD medical CT scanner manufactured by GE.
Specifically, the cylindrical samples underwent CT scan-

ning to obtain a series of axial and radial images. Subse-
quently, Mimics software was implemented with the 3D-
Reconstruction function to assemble these images and dif-
ferentiate the varying CT values of components >’ .

First, each standard Marshall specimen was subjected
to CT scanning at fixed intervals of 0. 625 mm along the
axial and radial directions. Consequently, each specimen
consisting of 100 axial cross-sectional images and 155 ra-
dial cross-sectional images was imported into the Mimics
software to generate a 3D reconstruction of each individu-
al specimen using the 3D-Reconstruction function. The
CT value of each component was determined using ima-
ges of two of the reference samples mentioned in Section
1.3 during the identification process, and the obtained
criteria were applied to the experimental samples. The
histogram bimodal threshold method was used to deter-
mine the threshold values of new asphalt, aged asphalt,
and their blended mix to differentiate between aggregates
and voids'™’. This method involved repeatedly adjusting
the interval boundary of CT values in the CT value histo-
gram of the components. The differentiation between
aged and new asphalt was determined based on Fig. 2.
The image segmentation criteria for different components
based on CT scanning of cross-section samples can be im-
plemented as follows: 2546-3071 HU for coarse aggre-
gates, 2209-2296 HU for aged asphalt, 1638-2209 HU
for new asphalt, and 1024-1200 HU for voids. A colored
3D construction can be generated using the Marks func-
tion by obtaining images of experimental samples and CT
values for different components, as depicted in Fig. 3.
This also facilitates subsequent area division methods with
known thresholds for each component and the cross-sec-
tion images shown in Fig. 4.
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Fig.2 Differentiation of aged and base asphalt in CT-scan im-
ages

o ) ¢ 4
Aggregate Aged asphalt New asphalt Void
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Fig.3 Components identification of the recycled asphalt mix-
ture
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2.2 Homogeneity estimation of recycled asphalt mix-
tures

This study employed equal-area segmentation of images
for homogeneity estimation of recycled asphalt mix-
tures'™ . The segmentation is based solely on 100 axial
cross-section images of each individual experimental spec-

(b)

(c)

Fig.4 Samples of images for aging 4 d. (a) Mixing 30 s; (b) Mixing 60 s; (c¢) Mixing 120 s

imen. The cross-section image was divided into 36 equal
parts using a combination of annular and fan area division
methods to ensure homogeneity in both radial and annular
directions, as illustrated in Fig. 5. The following two
homogeneity indexes from varying perspectives were pro-

posed based on the above equal-area segmentation ™" .

Display of zoning

Fig.5 [Illustration of the homogeneity evaluation

2.2.1 Distribution-based homogeneity index

The area ratios of components, including air voids,
coarse aggregates, and asphalt mastics, were all ensured
by the following method. Accordingly, the distribution-
based homogeneity index, D, was calculated, as shown
in Egs. (1)-(5). As the value of D increases, the degree
of homogeneity decreases.

i

K,
A,

i (1)
where A, is the area occupied by a component in the i-th
region of the j-th layer cross-section; A, is the area of a
single segmented region. K specifies the area ratio of a
specific component.

2mt

Y K

i=1

1

77 2mt

(2)

i

where m is the number of segmenting diameters; ¢ is the
number of segmenting concentric circles; and K, is the

mean value of K within a single cross-section.

1 2mt - R
- «/2mt—1; (K; = X))

The standard deviation D, along the cross-section of
each layer is calculated for all K; in a single cross-sec-
tion.

S

i

(3)

D (4)

n =

where n is the number of layers of each specimen. The
mean value D of the standard deviation D; of all the cross-
sectional images of a single specimen is calculated to ob-
tain the homogeneity index of a component within the
specific specimen.

D =YD, (5)

where t represents different components, including coarse
aggregates, asphalt mastics, and air voids.
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2.2.2 Agglomeration-based homogeneity index
The presence of aged asphalt induces more agglomera-
tions inside the asphalt mixtures. Accordingly, the area
ratio of aged asphalt to total binders can be used as an in-
direct parameter to evaluate the agglomeration-based
homogeneity of recycled asphalt mixtures. Hence, the
agglomeration-based homogeneity index, H, was calcu-
lated to estimate the homogeneity degree, as illustrated in
Egs. (6)-(9). As the value of H increases, the degree
of homogeneity decreases.
Ay,
M, Ay, + Ay, (6)
where A, is the area occupied by aged asphalt in the i-th

region of the j-th layer cross-section; A, is the area oc-

Vij
cupied by new asphalt in the i-th region of the j-th layer
cross-section. M, specifies the area ratio of a specific

component.
2mt

1 n
2nmt z z M;

j=1 i=1

M = (7)

where M is the mean value of M,; within a single sample.

2mt

where the standard deviation H, along the cross-section of
each layer is calculated for all M, in a single cross-section.

] n
"= N/antjzl‘

where H is the mean value of the standard deviation H, of

2mt

; (M, - M)’ (9)

all the cross-sectional images of a single specimen.

3 Results and Discussion

3.1 Cross-section homogeneity using distribution-
based index

Fig. 6 illustrates the calculated D-values for various
components of the recycled asphalt mixtures, with red
dots representing the average of the two parallel speci-
mens within each experimental group, thereby capturing
the overall trend during the mixing process. The speci-
men containing coarse aggregates exhibited a maximum
D-value of 0. 143, which was achieved using asphalt that
had been aged for 2 d and mixed for 120 s. In contrast,
the minimum D-value (0.113 9) was obtained using as-
phalt aged for 4 d and mixed for 60 s. Although the in-
crease in the mixing time did not induce an explicit de-
creasing tendency for coarse aggregates, the large varia-

H = 1 2 (M, - M) 2 (8) tion in the D-value indicated that the mixing time contrib-
a = ij . .
2mt £ ' uted to the homogeneity of the recycled asphalt mixtures.
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Fig. 6 D-values of components. (a) Aggregate for 2-d aging; (b) Aggregate for 4-d aging; (c) Asphalt mastics for 2-d aging; (d) Asphalt
mastics for 4-d aging; (e) Air voids for 2-d aging; (f) Air voids for 4-d aging

The D-value of the asphalt mastics was significantly
smaller than that of coarse aggregates, as observed in the
maximum and minimum D-values of 0.083 5 and 0.063 0,
respectively. Nevertheless, it can be inferred that the dis-
tribution of asphalt mastics was significantly influenced by

the mixing time when preparing recycled asphalt mixtures.

The homogeneity of air voids was superior to that of
the other two components in terms of distribution, indica-
ting that its value was significantly lower than that of the
others. A decreasing trend can be observed, with the



198

Wu Jiantao,

Qiu Lei, Jiao Yan, Liu Quan, Jing Chao, and Zhu Jinlong

maximum and minimum D-values being 0. 055 8 and
0.022 9, respectively. Therefore, the extension of the
mixing time induced a slight decrease in the D-value of
air voids.

Unfortunately, the aforementioned homogeneity evalu-
ation based on individual components failed to adequately
describe the evolution of homogeneity with mixing time,
the overall homogeneity D-value,
which takes into account all components, was introduced

as expected. Hence,

and is displayed in Fig.7.
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Fig.7 Overall D-value for all components. (a) Samples pre-
pared with a 2-d aged binder; (b) Samples prepared with a 4-d aged

binder

It was explicitly evident that the predominant factor
fol-
The contribution

causing inhomogeneity was the coarse aggregates,
lowed by asphalt mastics and air voids.
of air voids to the inhomogeneity of recycled asphalt mix-
tures decreased with increasing mixing time, ranging
from 20% to 14% in the case of samples prepared with
2-d aged asphalt and from 16% to 11% for samples pre-
pared with 4-d aged asphalt. The contribution to the inho-
mogeneity of recycled asphalt mixtures fluctuated without
a clear tendency in the case of asphalt mastics. Nonethe-
less, the contribution ranged from 30% to 34% when the
samples were prepared with a 4-d aged binder, which was
significantly greater than that when the samples were pre-

pared with a 2-d aged binder.

An increased tendency was observed for the proportion
of coarse aggregates when the recycled asphalt mixtures
were prepared with the 2-d aged binder. However, this
rule was not applicable in the case of 4-d aged binders.
The green dotted line on the right axis presents the evolu-
tion of homogeneity with the mixing time indicated by the
overall D-value.

Fig. 8 highlights the trend line of the overall D-value
for the 2-d and 4-d aged asphalt. The overall D-value de-
creased at the initial stage (from 30 to 60 s) , which indi-
cated a progressive improvement in the sample homogene-
ity. At this stage, the added components were dispersed
predominantly via mechanical mixing, thereby decreasing
the overall D-value. However, during the stage from 60
to 120 s, the utilization of the 2-d aged binder resulted in
an increase in the overall D-value. From Fig. 7, it can be
deduced that the increase in the overall D-value was as-
This find-
ing can be attributed to the formation of new clusters dur-
ing the mixing process as the primary dispersion of the
original clusters, which is a result of 2-d aging, ended.
The 4-d aged binder continued to decline, indicating that
primary dispersion was still dominant despite the fact that
the formation of new clusters slowed the dispersion rate.

cribed to the distribution of coarse aggregates.

The formed clusters were further crushed when the mixing
time exceeded 120 s, and the sample homogeneity con-
formed to the expected declining tendency. Another ab-
normal phenomenon occurred in the case of 4-d aged
binders when the mixing time increased from 120 to 240
s. At this stage, the extension of the mixing time induced
more aged binders to participate in the new and aged
binder blends. Therefore, the sudden increase was caused
by an increased contribution percentage of asphalt mas-
as depicted in Fig. 7, resulting from a more signifi-
cant RAP aging degree.

tics,
Primarily, this suggests that
there exists an ideal aging-state line that indicates the
transition from the RAP of 2-d aging to 4-d aging.

0251

—A— Aging for2 d
—v— Aging for 4 d
Start to rise —-- Ideal aging state
2 0.24 :
<
%
S 0.23F .
=§ — Sudden rise
o Slow decline
© 022
Slow decline
021 1 1 1 ]
0 60 120 180 240

Blending time/s

Fig.8 Trend line of the overall D-value

3.2 Cross-section homogeneity using agglomeration-
based index

In addition to the homogeneity evaluation based on the
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distribution-based homogeneity index (D), the agglom-
eration-based homogeneity index H-value was applied to
characterize the homogeneity. Accordingly, the overall
H-values were calculated as the mean value within each
experimental group, considering the varying mixing times
and aging degrees. The error bar in Fig. 9 represents the
deviation between a specific H-value and its average val-
ue. There was no significant variation in the initial blend-
ing period (30-60 s) in the overall H-value for the 2-d
aged asphalt. Nevertheless, when the mixing time in-
creased from 60 to 120 s, a sudden increase in the overall
H-value was observed, which was in line with the overall
D-value. However, during the subsequent blending peri-
od of 120-180 s, a more pronounced decrease occurred
compared to the previous increase. As indicated before,
the sudden rise was ascribed to the newly formed clusters,
and the decline was attributed to the deformation of clus-
ters. This explanation was also applicable to the overall
H-value.

020

mm Aging for 2 d
B Aging for 4 d

0.16 -

0.14 -

Overall H-value

0.12 +

0.10 30 60 120 180 240

Blending time/s

Fig.9 Overall H-values for varying mixing times and aging
degrees

The overall H-values for the samples prepared with the
4-d aged asphalt decreased and then remained stable dur-
ing the blending time from 30 to 180 s. The high aging
degree weakened the flowability of loose asphalt mix-
tures, resulting in dispersion dominating over cluster ag-
glomeration during blending, while binder agglomeration
remained largely unchanged. However, regardless of
whether the binder was aged for 2 or 4 d, the continuous
extension of blending time induced progressive aging of
the binder after mixing for 180 s. As a result, binder ag-
glomeration reoccurred owing to the alteration of binder
viscosity.

In conclusion,the homogeneity of asphalt mixtures can
be intuitively characterized by the overall D-value. How-
ever, when RAP materials were employed as binders,
comprising aged asphalt and newly added asphalt, the fea-
sibility of solely employing the D-value was not satisfacto-
ry because of its inability to account for nonhomogeneous
components. Therefore, acknowledging that the H-value is
more sensitive to cluster formation, a more comprehensive
homogeneity evaluation of recycled asphalt mixtures can be
obtained by combining the D and H-values.

3.3 Axial-direction homogeneity using proposed in-
dexes

A distribution-based index was utilized to characterize
the homogeneity of the recycled asphalt mixtures in the
axial direction. It is important to identify weak spots lo-
cated in areas where the distribution-based index varies
dramatically and forms peaks.

Fig. 10 presents the overall D-values of the 100 cross-
sectional images that were uniformly selected. It can be
observed that the D-value is relatively higher at the top/
bottom portions of specimen, regardless of whether the
material is aged for 2 or 4 d. This indicates that the top/
bottom part withstands increased compaction without los-
ing homogeneity. When the sample was prepared with the
2-d aged asphalt, the sample with a blending time of 240
s exhibited the highest degree of homogeneity, while the
sample with a blending time of 120 s exhibited the lowest
degree of homogeneity. This conclusion was consistent
with the findings obtained from the cross-sectional overall
D index. When the specimen was prepared with the 4-d
aged asphalt, the homogeneity in the axial direction was
better than that of the 2-d aged asphalt.
should be noted that there was still a high degree of cross-
sectional inhomogeneity. In addition, the most favorable

However, it

100
80 Blending time/s :
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% <. ——120
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E 40l
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(b)
Fig.10 Overall D-value in the axial direction. (a) 2-d aging;
(b) 4-d aging



200

Wu Jiantao, Qiu Lei, Jiao Yan, Liu Quan, Jing Chao, and Zhu Jinlong

blending time was determined to be 180 s, which was in
line with the findings obtained from the cross-sectional
overall D index. The above analysis indicated that the
distribution of components in the cross-sectional and axial
directions essentially followed a similar rule. However,
the use of RAP materials with a relatively high degree of
aging did not result in a lower degree of homogeneity.
This interesting observation revealed that the evolution of
the homogeneity of recycled asphalt mixtures not only re-
lies on the properties of the RAP materials but also de-
pends on the appropriate production methods that corre-
spond to the component properties.

The fluctuation of aged binders over a 2-d period is
more extensive and dramatic compared with binders aged
for 4 d, making it easier to identify weak spots. It also
formed more peaks, representing more weak spots. The
peaks were consistently visible at image IDs 25-45 and
60-85, regardless of the mixing conditions. In conclu-
sion, weak spots appear consecutively along the axial di-
rection in the 2-d aged asphalt mixture and intermittently
along the axial direction in the 4-d aged asphalt mixture.
These weak spots were mainly distributed at the upper
one-third of the height position.

Fig. 11 shows the homogeneity of the recycled asphalt
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Fig.11 Overall H, value in the axial direction. (a) 2-d aging;
(b) 4-d aging

mixtures in the axial direction using the agglomeration-
based index. The distribution of H, values along the axial
direction demonstrated that the region with the highest de-
gree of inhomogeneity was located near the center of the
sample, while the top/bottom parts were the most homo-
geneous. This occurrence can be attributed to the in-
creased compaction at the top/bottom, resulting in cluster
deformation.

The agglomeration-based index induced a relatively low
degree of inhomogeneity in the sample in the axial direction
when comparing the distributions of D and H, values. In
the case of the 2-d aged asphalt, the most favorable mix-
ing condition occurred at a blending time of 180 s, which
was contrary to that obtained based on the distribution-
based index. However, when the sample was prepared
with 4-d aged asphalt, the blending time of 180 s still
seemed superior to others, which is consistent with the
rules obtained from the distribution-based index. In con-
clusion, the homogeneity evaluation system was indica-
tor-dependent, and a comprehensive homogeneity evalua-
tion should simultaneously consider the distribution and
agglomeration situations, particularly for RAP materials
with a relatively high degree of aging.

3.4 Summary of homogeneity indexes

In terms of evaluating homogeneity using a distribu-
tion-based index, coarse aggregates were more influential
than asphalt mastics and air voids, and each component
exhibited different trends as the mixing time increased.
Moreover, the overall D-value indicated the presence of
both new cluster formation and the deformation of exist-
ing clusters during the mixing process. The comparison
between these two parameters determined the fluctuations
in the distribution-based index. Regarding the agglomera-
tion-based index, the formation of new clusters occurs af-
ter the initial deformation of the old clusters, which re-
sults in a reduction in the H-value. Despite the high lev-
els of aging impeding the flowability of asphalt mixture
and hindering cluster formation, both aging levels experi-
enced a significant increase toward the end of aggressive
long-term aging. The conclusions drawn from the distri-
bution-based index and agglomeration-based index were
occasionally contradictory when considering the axial di-
rection. This indicated that a comprehensive evaluation
system should consider the component distribution and
agglomeration situations. Furthermore, varying degrees
of aging revealed distinct weak spot patterns.

4 Conclusions

1) The homogeneity of the recycled asphalt mixtures
was closely linked to the distribution of aggregates, as-
phalt mastics, and air voids. Among these factors, the
distribution of aggregates played the most significant role
in determining homogeneity, followed by the contribution
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of asphalt mastics.

2) An increase in mixing time generally leads to a de-
crease in the homogeneity of the samples. However, it is
important to note that the mixing process can also result
in the formation of new clusters, which may further dete-
riorate overall homogeneity. The occurrence of these new
clusters was closely linked to the flowability characteris-
tics of the asphalt binder.

3) The component-based index illustrated that the cen-
ter part of the cylinder specimen exhibited greater homo-
geneity than the bottom/top parts, while the agglomera-
tion-based index revealed comprehensive deformation of
clusters in the bottom/top parts. The weak spots were
mainly distributed in the upper one-third of the height of
the cylindrical specimen. It can be observed that the evo-
lution of homogeneity relies on the properties of the RAP
materials and appropriate production methods to match the
component properties.

4) The homogeneity of recycled asphalt mixtures can-
not be sufficiently represented by the distribution-based
index owing to the presence of clusters in the RAP mate-
rials. For efficient compensation, the agglomeration-
based homogeneity index can be used as an additional in-
dex for homogeneity estimation.
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