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Abstract In order to investigate the mechanical
behavior of asphalt-aggregate systems subjected to
direct shear loading and reveal the shear failure
mechanism, four groups of direct shear tests were
conducted on composite specimens under different
experimental conditions with a self-manufactured
direct shear test apparatus at 25 °C. Comparative
studies were conducted to evaluate the effects of stone
surface treatment, asphalt film thickness and loading
rate on the shear mechanical behavior of asphalt—
aggregate specimens. Results showed that two kinds
of the complete stress—displacement curves, including
the general single-peak curve and the first-known
double-peak curve, were clearly observed for each
condition. In addition, the internal failure mechanisms
were analyzed based on qualitative and quantitative
methods. It can be concluded that the potential failure
modes of the direct shear test include adhesive failure
at the asphalt—aggregate interface and cohesive failure
within the asphalt film. The research results enhance
understanding of the shear mechanical behavior and
failure mechanism of asphalt mixture, and also
provide a reference for the interfacial failure.
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1 Introduction

Asphalt mixture has been widely used in highways,
airport and bridge pavement constructions. When the
vehicles run on the asphalt pavements at a constant
speed, the strain and the stress inside the structural
interlayers have no obvious changes. However, sev-
eral cases of slippage cracking and permanent defor-
mation appear at the poor interface where the shear
stress exceeds the shear resistance of asphalt mixture,
or in the situations where the vehicles frequently brake
and turn sharply [1]. In fact, the typical destruction in
terms of rutting, peeling, and cracking due to bond
weakness are often reported currently, and these
irreversible structural and functional deficiencies in
the pavements significantly decrease the driving
comfort and service capacity of asphalt pavements.
Therefore, understanding the mechanism and charac-
terization of the shearing process through experimen-
tation and analyses is an indispensable step for
improving road performance and service life.

It is well known that bond conditions between
asphalt mixture directly influence road performance.
In general, the rheological properties of asphalt
mixture are the basis for a better understanding of
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the mechanical behavior of asphalt pavements. During
the research of the rheological properties of asphalt
materials, one must be clear about the temperature,
bonding condition and other influence factors, because
the mechanical behavior which is susceptible to
internal bonding condition and experiment process
shows elasticity, viscoelasticity, viscoplasticity in
stages [2—4]. Numerous studies [5—7] prove that the
physical properties and mechanical performance of
asphalt mixtures are directly dominated by the differ-
ent manufacturing methods and morphological fea-
tures at mesoscale level, such as shapes, distribution,
asphalt content and void ratio. Furthermore, a number
of studies have been conducted to measure and
evaluate the adhesive and cohesive properties of the
asphalt—aggregate combinations from experimental
aspects using pull-off testing [8-10]. These experi-
mental studies have provided acceptable and reason-
able results for further understanding adhesive and
cohesive properties of asphalt-aggregate systems.

Many researches have found that three factors are
responsible for the failure of asphalt mixture, includ-
ing strength reduction of aggregate particles, cohesive
loss within asphalt film and breakdown of adhesive
bonding between asphalt and aggregate [8—13]. Cohe-
sive failure is characterized by the separation of
molecules within the asphalt film. Adhesive failure is
related to the separation of the asphalt coating from the
aggregate. In addition, fundamental theories of the
adhesive bond of asphalt—aggregate systems including
mechanical theory, thermodynamic theory, physico-
chemical theory, and weak boundary theory have been
proposed. Based on the irreversible thermodynamics
theory, Zhu et al. [14] provided a viscoelastic—
viscoplastic damage constitutive model for asphalt
mixtures. Liu et al. [15] showed that limestone
aggregates could perform better than granite aggre-
gates for moisture resistance and also suggested that
the physico-chemical properties of aggregates may
play a fundamental and more significant role in the
generation of moisture damage than bitumen proper-
ties. Mo et al. [16] concluded that the adhesive zone
between stone and mortar tended to be the weakest
link by comparing the experimental results in the
interface region.

Adhesive failure between asphalt and aggregate
particles are only part of the causes. Research efforts
have been made to investigate the influence of
interfacial bonding conditions on the mechanical

properties of asphalt mixture. Interfacial bonding in
the adhesive zone due to stone surface morphology
and asphalt film thickness often have a significant
influence on the failure mechanism [16-18]. There-
fore, more comprehensive and accurate knowledge of
the interface is necessary to better understand the
asphalt-aggregate systems, and some significant
work, such as shearing fracture mechanism, needs to
be done.

The primary objective of this paper is to compare
and evaluate the shear characteristics and the failure
mechanisms of asphalt-aggregate systems through
direct shear tests and statistical analysis. The direct
shear tests were conducted under four different
experimental conditions at 25 °C. The results obtained
include the shear strengths, two types of shear stress—
displacement curves, failure envelopes, and failure
modes of asphalt—aggregate systems.

2 Direct shear test

The fundamentals of the experiment consist of
processing the sandwiched specimens that are cylin-
drical, @19 x 80 mm?, and shearing the specimen
components in the universal testing machine (WDW-
1) after maintaining them for 24 h at room tempera-
ture, as shown in Fig. 1. The following sections
describe the direct shear test conducted and the results
collected.

2.1 Materials and specimens

In this study, limestone and SBS modified asphalt
were employed. The limestone was obtained from
Huangshan Mountain in the south of Anhui province
in China. Limestone belongs to carbonate rocks, its
main composition is CaCO;, and apparent relative
density is 2.473 g/cm®. Thus, limestone aggregate
with high alkalinity used in the direct shear test can
perform better bond with acidic asphalt. The SBS
modified asphalt is widely adopted in Chinese asphalt
pavement engineering. The specimen components
were fabricated with the same raw materials including
limestone aggregate and SBS modified asphalt with
the physical properties shown in Table 1.

More specially, the desired asphalt film of the
asphalt-aggregate specimen depends on the fabrica-
tion stress, which is set on the specimen by a special
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Fig. 1 Apparatus for the direct shear test

Table 1 Physical
properties of SBS modified
asphalt

Physical properties of SBS modified asphalt Unit

Softening point
Ductility (5 mm/min, 5 °C)
Density (15 °C)

Penetration (100 g, 5 s, 25 °C)

Test result
0.1 mm 53
°C 86
cm 36
g/m’ 1.029

clamp holder during the fabrication process. The
holder has two clamps: the lower clamp is fixed with
the holder base and the upper clamp moves up and
down vertically with controlled displacements. The
specimen preparation consists of the following steps:

1.

Surface pre-treatment The limestone is firstly
sawed into slices with the thickness of approxi-
mate 40 mm. To obtain a relatively certain
roughness, one side of the stone slice is polished
(or sandblasted) with a surface treatment appara-
tus. The roughness of the polished surface is 37.9
um while the other sandblasted surface is 56.0 um,
which can be examined with a surface rough-
meter.

Core drilling The limestone slices are drilled for
the cylindrical stone columns. Then all stone
columns (@19 x 40 mm?) are washed in boiling
distilled water for 15 min to remove any dust on
the stone surfaces, and dry them in an oven at
80 °C for 4 h.

Pre-heating the aggregate and the bitumen Stone
columns and asphalt are placed in an oven at
160 °C for 1 h.

Fabricating the cylindrical sandwiched speci-
mens A pair of stone columns with the same
surface are fastened in the lower clamp and the
upper clamp of the holder, respectively. Then, a
drop of hot asphalt is placed evenly on the upper
surface of the lower stone column and then the
columns are pressed together quickly to form a
good stone-asphalt bond. Emphasizing that the
clamp holder can make the two columns parallel
and centered well.

Setting fabrication stress A gentle pressure of
89.9 kPa (or 22.5 kPa) is applied on the upper
clamp of the holder to control the thickness of the
asphalt layer by a fabrication stress bar. As the
upper clamp of the holder would provide a
pressure of 2.3 kPa, the total pressure loaded on
the sandwiched specimen is 92.2 kPa (or
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24.8 kPa) during the fabrication process. After
15 min, the pressure is removed from the clamp-
ing holder.

6. Conservation After cooling down for about an
hour, the sandwiched specimens are taken out
from the clamp holder and stored in a room at
approximately 25 °C for 24 h. The excess adhe-
sive asphalt at the edges of the specimen should be
trimmed with a heated knife.

2.2 Experimental method

The apparatus for direct shear test shown in Fig. 1, is
designed to match a microcomputer control electronic
universal testing machine (WDW-1) and equipped
with an environmental chamber. The environmental
chamber can maintain temperatures ranging from —40
to 120 °C with an error within 0.5 °C. The shear box
that is fixed in the environmental chamber, consists of
a loading block, a clamping device, and a guide rail.
And the details of the shear box are enlarged in Fig. 1.
Similar apparatus [19] has been employed in former
researches to investigate the shear characteristics of
interface between two different materials. The loading
block is fixed on the loading head of WDW-1, while
the guide rail is fastened to the base of WDW-1. The
clamping device is fixed on the guide rail and can be
moved only along the guide rail to meet requirement
of the test. There is a gap about 1 mm between the
right face of the loading block and the left face of the
clamping device, and the asphalt film of the sand-
wiched specimen is placed in a center position of the
narrow gap. The right part of specimen is fastened by
the clamping device, while the left part is suspended.
The weight of the suspended part is about 20 g, and it
can be neglected in the mechanical analysis [5, 19].

At the beginning of the test, specimens are kept in
an environmental chamber for at least 4 h to equili-
brate to the targeted temperature. During the shear test,
the applied load and displacement response of the
sandwiched specimen are captured automatically by
the microcomputer, and the experimental data mea-
sured could be used to determine the stress—displace-
ment curve.

In the factorial design, three condition variables
were considered: stone surface, asphalt film thickness
as well as loading rate. According to previous
researches [2, 20, 21], the similar surface types and

loading rates were applied. The asphalt film thickness
is determined by the fabrication stress applied to the
stone columns during preliminary fabricating speci-
men. The tests were designed and conducted under
four experimental conditions in terms of experimental
group (EG), control group of surface treatment
(CGST), control group of fabrication stress (CGFS)
and control group of loading rate (CGLR) and the
details of the experimental conditions are shown in
Table 2. Considering the viscoelasticity of asphalt, the
test temperature was set at 25 °C.

Twenty-two direct shear tests were performed on
the replicate specimens for each condition. In order to
verify experimental repeatability, twenty specimen
tests were picked out for analyzing test results of each
group. In another word, the findings of eighty spec-
imen tests are summarized in this paper.

3 Results and discussion

A shear load F is loaded on the specimens by the shear
loading block at a specific loading rate of 5 mm/min
(or 9 mm/min), and the vertical displacement of the
left half of specimen is recorded by the microcom-
puter. The interface shear strength (or peak shear
stress) can be calculated as follows [5, 19]:

F,
Tmax = me (1)

where T, 1s the interface shear strength, Fp, is the
maximal shear load applied to specimen, and A is the
cross-sectional area of specimen.

In addition, residual shearing phenomenon was
clearly observed in which the vertical displacement
continued increasing while the shear stress kept at a
constant value. Figures 2, 3, 4, 5, where R is defined as
replicate specimen, present the interface shear
strengths, residual shear strengths, and corresponding
vertical displacements of all the experimental speci-
mens, as well as the failure modes and two types of
shear stress—displacement curves obtained from the
direct shear tests.

3.1 Characteristics of the shear stress—
displacement curves

The shear mechanical behavior of asphalt—aggregate
specimens can be characterized by the complete



Materials and Structures (2017) 50:218

Page 5 of 13 218

Table 2

Experimental conditions for the direct shear test

Experimental condition

Surface type

Fabrication stress (KPa)

Loading rate (mm/min)

EG Polished surface 92.2 5
CGST Sandblasted surface 92.2 5
CGFS Polished surface 24.8 5
CGLR Polished surface 92.2 9
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Fig. 2 Stress—displacement curves of experimental group (EG): a Single-peak curves (SPCs); b Double-peak curves (DPCs)
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Fig. 3 Stress—displacement curves of control group of surface treatment (CGST): a Single-peak curves (SPCs); b Double-peak curves

(DPCs)

stress—displacement curves which are shown in
Figs. 2, 3, 4, 5 for all the experimental conditions. It
exhibits that two kinds of the complete stress—
displacement curves, the familiar single-peak curves

mode, respectively.

(SPCs) and the first-known double-peak curves
(DPCs), are observed. Each of the SPCs (or the DPCs)
for all the experimental conditions follows a similar



218 Page 6 of 13

Materials and Structures (2017) 50:218

(a)

800+

Shear stress (KPa)

OF——T—

— T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Displacement (mm)

(b)

5004

400

300

200

Shear stress (KPa)

—_

(=3

S
1

oF—T—T T T T T
00 02 04 06 08 1.0 12 14 16

Displacement (mm)

Fig. 4 Stress—displacement curves of control group of fabrication stress (CGFS): a Single-peak curves (SPCs); b Double-peak curves

(DPCs)
(a)
1000 oy R?2
——R4
800 ——R5
,C-VS\ _'_R6
& ——R7
%; 600 - ——RS
% | ——R12
= / ——R 15
5 400+ ——R 17
£ / ——R19
wn
200 -
e,
-0y g,
e e
00— — T

Shear stress (KPa)

e
0.0 0.2 0.4 0.6 0.8
Displacement (mm)

— .
1.0 12 1.4 1.6

(b)
600
P ——RI1
- / X — R3
500 17 ——R9
. I 1XN ——R 10
400 - ofdd T A ——R11
1 VA T700 (L R
i ¢ / A9} \
300 vy X
1 i/ SO AN
200 §/
/
100
0 —T—T T

— T T T T T T T T
00 02 04 06 08 10 12 14 16 18
Displacement (mm)

Fig. 5 Stress—displacement curves of control group of loading rate (CGLR): a Single-peak curves (SPCs); b Double-peak curves

(DPCs)

The SPCs shown in Figs. 2, 3, 4, 5a can be seen in
some researches [5, 14, 19, 21-23]: the shear stress
increases initially and then decreases with increasing
shear displacement. The ascending parts of the curves
show an approximately linear shape before approach-
ing to a peak value. The descending parts of the curves
show a strain softening behavior until leveling out a
plateau which is defined as the residual shear stress.

The DPCs shown in Figs. 2, 3, 4, 5b are first-known
but obtained by a direct shear test method, which are
analogous to the load—deflection curves by Canestrari
et al. [24]. The shape of the DPC is considerably
different from SPC but follows a similar mode among
them for all the experimental conditions. Each of the

DPCs generates two peak values with increasing shear
displacement. It implies that DPC may be due to the
separation of adhesive failure from cohesive failure
[8,9, 11, 12]. The whole curve generates the first-peak
stress with converging on a displacement (x;), and
then produces the second-peak stress with presenting
stochastic displacement (x3) distribution (the specific
positions of x; and x5 is shown in Fig. 6). It is observed
that the DPCs go through four distinct stages, includ-
ing ascending part, descending part, reascending part
and secondary descending part. The first stage corre-
sponds to the linear elastic behavior of asphalt—
aggregate interface. In this case, since the interfacial
bonding is the weakest link, which is caused by
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Fig. 6 Stress—displacement curves of sandwiched specimens under direct shear loading: a Single-peak curve (SPC); b Double-peak

curve (DPC)

different theories [16, 25], the second stage corre-
sponds to the interfacial failure between asphalt and
aggregate. After a transition phase of the cohesive—
adhesive hybrid failure, the third stage regarded as
reascending part is due to the separation of molecules
within the asphalt film and the shear stress increases
again until reaching the second peak value. The forth
stage regarded as secondary descending part corre-
sponds to the failure process when the shear stress
reaches an approximately constant value. The reason
for these conclusions will be introduced in the
following sections.

A direct comparison of the SPC and the DPC, a
general trend exists that the peak stress of the SPC is
higher than alternative peak stress of the DPC for each
condition. On the one hand, the ascending parts of the
SPCs almost overlap each other, while the post-peak
curves are relatively stochastic in Figs. 2, 3, 4, 5a. On
the other hand, the ascending parts of the DPCs also
show approximately linear shapes and gather together,
while the post curves including descending parts,
reascending parts and secondary descending parts are
remarkably different and complex under the same
experimental condition, especially in the final two
stages shown in Figs. 2, 3, 4, 5b. These differences are
probably due to the friction at the asphalt—aggregate
interface [19, 26, 27] and internal bonding condition
[25]. It should be noted that the asphalt-aggregate
interface and the molecules within the asphalt film can
not be completely independent of each other [27].
Therefore, this paper suggests that the plastic flow,
delay and viscoelastic properties of asphalt mastic can
retard the secondary ascending parts so as to produce

stochastic second-peak curves [27, 28]. In a word, due
to the differences of the internal bonding of specimens
and external loading process, each of the independent
replicate specimens has the mutative capacity for
shear resistance to some extent.

It also implies that the complete stress—displace-
ment curves are variable for replicate specimens with
the identical asphalt—aggregate materials under each
experimental condition, which indicates that the
mechanical behavior can be governed by the charac-
teristics of the stone surface, asphalt film thickness,
loading rate and other potential factors.

3.2 Effect of stone surface treatment

Evaluation and comparison of experimental group
(EG) and control group of surface treatment (CGST),
the effect of the methods of stone surface treatment on
the mechanical behavior is investigated. The polished
surface was created by polishing the saw-cut surface
with a fine-polishing disk, and the sandblasted surface
was made by blasting the saw-cut surface with a
coarse-blasting disk. In Fig. 2a, the shear strengths of
the specimens by means of polished treatment range
from 553 to 746 kPa. The shear strengths of the
specimens with sandblasted surface shown in Fig. 3a
range from 375 to 516 kPa, which are approximately
70% of the shear strengths of the specimens with
polished surface. Simultaneously, it is evident from
Figs. 2, 3,4, 3b that both of the first-peak stress and the
second-peak stress of the DPCs reduce to a certain

extent.
FI;
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It has revealed that the interfacial treatment of
asphalt—aggregate specimens has an obvious effect on
the interfacial bond strength. The micro-structure
characteristics and the adhesive quality of specimen
interface determine the experimental nature [20, 21].
The classification of the surface treatment is based on
the degree to which the interface is rough, smooth or
polished. Surface texture depends on the degree to
which the shear stress acting on the stone interface has
smoothed or roughened it. The interfacial textures of
specimen in interlocking situation significantly influ-
ence the shear strength and the bonding condition.
Although the interfacial micro-structures of the exper-
imental specimens were not measured, possibly a
rougher surface texture results in a larger adhesive
strength between the particles and asphalt at a specific
level [21].

3.3 Effect of asphalt film thickness

Using two types of fabrication stresses can lead to two
types of asphalt content, which are nearly equivalent
to being two types of asphalt film thicknesses.
Comparing of experimental group (EG) and control
group of fabrication stress (CGFS), the shear strengths
of the specimens subjected to fabrication stress of
89.9 kPa range from 553 to 746 kPa in Fig. 2a. In the
same way, the shear strengths of the specimens
subjected to fabrication stress of 22.5 kPa shown in
Fig. 4a range from 558 to 772 kPa that mostly
resemble those of the experimental group (EG).
Likewise, Figs. 2b and 4b also indicate that the first/
second-peak stresses of the DPCs have no remarkable
differences between the two groups.

Generally, it is believed that an optimum asphalt
film thickness of about 9—10 microns is necessary to
ensure durability and fatigue resistance of asphalt
mixtures [18, 29]. However, differences in the shear
strength of the specimens with various asphalt film
thicknesses are not obvious based on the results
mentioned above. The idealized adhesive zone repre-
sented by two stone columns glued by a thin bitumen
interlayer was appropriate to well explain the mechan-
ical behavior of the interfacial adhesion, the transition
phase from adhesion to cohesion and the completely
cohesive failure. The research reveals that the bitumen
film shows a peak strength value at 15-25 microns and
thicker film will result in cohesive failure of bulk
bitumen [17].

This may be due to the asphalt film thicknesses of
two groups of analyzed specimens that were almost
the same or possible with similar and random micro-
structures. Thus, two groups of comparative tests may
not be adequate to evaluate the effect of asphalt film
thickness. This paper also suggests that an exact range
of asphalt film thickness for obtaining the DPC should
be determined by conducting different asphalt film
thickness tests.

3.4 Effect of loading rate

Comparing of experimental group (EG) and control
group of loading rate (CGLR), a general trend
expected exists that a larger loading rate implies a
higher shear strength. In Fig. 2a, the shear strengths of
the specimens at a rate of 5 mm/min range from 553 to
746 kPa. The shear strengths of the specimens at a rate
of 9 mm/min shown in Fig. 5a range from 790 to
990 kPa, which are approximately 1.43-1.32 times
higher than those of the specimens at a rate of 5 mm/
min. Furthermore, the first/second-peak stresses
shown in Fig. 2b range from 348 to 474 kPa,
219-455 kPa, respectively. The first/second-peak
stresses shown in Fig. 5b range from 408 to
552 kPa, 303-593 kPa, which are much higher than
those shown in Fig. 2b, respectively.

It can be seen that loading rate has a remarkable
influence on the mechanical behavior of asphalt—
aggregate specimens, including the shear strengths of
the SPCs, first/second-peak stresses and curve shape
distribution of the DPCs. As mentioned above, these
results agree well with previous findings that larger
loading rate means that a larger adhesive strengths can
be developed [2].

3.5 Analysis of displacement

In order to summarize the characteristics of the single-
peak curves (SPCs) and the double-peak curves
(DPCs), the results including the average values of
displacement and corresponding standard deviations
for four groups of comparative tests are presented in
Table 3.

These results are compared for several character-
istics which basically reflect the shapes and boundary
conditions of the SPCs and the DPCs. Some potential
regularities that can be seen in Figs. 2, 3, 4, 5 and
Table 3. Clearly, it confirms that x, and x; exhibit
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Table 3 The average

Experimental condition SPC DPC

values of the displacement

(SD in round brackets) Xo (mm) x; (mm) X, (mm) X3 (mm)
EG 0.272 (0.0378)  0.172 (0.0352)  0.534 (0.258)  0.734 (0.237)
CGST 0.442 (0.141) 0.178 (0.0592)  0.491 (0.181)  0.843 (0.262)
CGFS 0.366 (0.0776)  0.162 (0.0305)  0.474 (0.135)  0.715 (0.151)

CGLR

0.300 (0.0531)

0.200 (0.0554)  0.325 (0.164)  0.500 (0.172)

superior convergence behavior, and focus on a value
with smaller standard deviations (SD), respectively. In
contrast, x, and x; are much more stochastic and
uncertain with much higher standard deviations (SD)
compared to those of x; and x, respectively.

As shown in Fig. 6, x, is the average displacement
of the shear strength of the SPC, x; is the average
displacement of the first-peak stress of the DPC, x; is
named as the average displacement of trough stress of
the DPC and x; represents the average displacement of
the second-peak stress of the DPC.

Figures 2, 3, 4, 5 show a summary that four groups
of comparative tests are sensitive to different exper-
imental procedures and the internal bonding condi-
tions of specimens. Accordingly, the shear stress—
displacement relationship introduced in this study
provides a better prediction for the shear mechanical
behavior of asphalt-aggregate systems subjected to
direct shear loading. More specifically, in view of the
effects of experimental differences on the overall
properties and the rather numerous results presented
here, it is possible to imply that the shear failure
mechanisms of asphalt—aggregate specimens are sim-
ilar among the four groups of tests.

4 Failure mechanism analysis

Based on the experimental methodology and results
elaborated above, failure mechanisms are presented
and discussed in this section.

4.1 Theoretical background

It is generally believed that the single-peak curves
(SPCs) can be obtained by compression test [14, 21],
direct shear test [5, 19], and tensile test [22, 23].
Something is just the other way around, the experi-
ment reported here has obtained the double-peak

curves (DPCs), which have no significant background
research in the literature. Thus, the existing studies for
asphalt mixtures are inadequate to capture the com-
plete stress—displacement curves during the direct
shear tests.

The DPCs can not distinctly reflect the internal
physical changes of asphalt—aggregate interface and
the failure mechanisms. The failure has not been well
understood and should be attributed to a wide variety
of causes. The internal bonding condition of asphalt—
aggregate specimen and external loading process will
have great influences on the failure mechanisms and
mechanical behavior of the tested specimen. In
particular, the interface between asphalt and aggregate
with random microstructures, possibly with anisotropy
and defects [30], should be taken into account more
deeply in the experimental procedures and result
analysis.

As a matter of fact, the adhesion between asphalt
and aggregate is an important technical indicator,
which directly relates to the stability and durability of
asphalt mixture and also influences the quality of
asphalt pavements [31]. According to the standard test
method, there are three types of failure modes that can
occur during direct shear tests: adhesion, cohesion and
a combination of both these [8, 9, 11, 12]. Further-
more, the shear fracture occurs through the asphalt—
aggregate interface as well as through the asphalt film.

Evidently, the direct shear test closely associates
with the internal bonding condition of specimen,
external loading process and testing machine. In
response, the stress—displacement curve with the
time-dependent properties shows nearly linear-elastic
property at small deformation initially, the transition
from adhesion to cohesion, and then complete failure
with a large plastic deformation. Furthermore, this
direct shear test method might also confirm the hybrid
failure of adhesion and cohesion, especially when the

obvious DPCs appeared.
m;
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4.2 Analysis of interface stress

The reliability of the adhesive interface depends on the
bonding condition and the internal stress. Different
materials have different natures and the same mate-
rials also have various micro-structures. Thus, even if
the asphalt—aggregate combinations are not subjected
to external shear loading, the interface of asphalt—
aggregate specimen also bear much higher internal
stress which is mainly caused by the following three
aspects [25].

First, asphalt and aggregate have intrinsic thermal
expansion coefficients and the various temperature
would generate internal stress between asphalt and
aggregate surface. Second, the different hygroscopic
expansion coefficients also can produce some internal
stress in the hot and humid environment. Finally, the
poor interface with air voids and imperfect asphalt film
also results in internal stress concentration.

A review of the literature proves that water affects
the adhesive bond between asphalt and aggregate
much more than the asphalt cohesion [8]. If a good
bond exists between the binder and the aggregate,
failure of the mixture occurs within the binder, but, if a
poor bond exists, adhesive failure of the mixtures
occurs at the binder—aggregate interface [32]. Some
results from the fracture model, which was adopted to
simulate the fracture damage within the Fine Aggre-
gate Matrix (FAM), indicated that a very high level of
stress concentrated near the aggregate tip that was
close to another aggregate tip and crack initiated in the
aggregate surface along with the development of FAM
interface damage [33].

The aforementioned review indicates that the
internal stress at the asphalt-aggregate interface
during specimen preparation have a significant effect
on the adhesive bond. For the sandwiched specimen,
the asphalt—aggregate interface had born much more
stress concentrations than the asphalt film before
performing the shear test under the dry condition.
Therefore, the asphalt—aggregate interface could be
broken sharply first, and slightly delayed cohesive
failure of the asphalt film happened in this direct shear
test.

4.3 Theory of rheological models

Since the rheological properties of the asphalt—aggre-
gate systems is shown by a direct shear test method,

rheological models can be used to describe the
rheological characteristics of the asphalt-aggregate
systems. Considering the shear test, Kelvin’s model
[28], fits the shearing results due to its constitutive
model and mathematical efficiency, and its constitu-
tive equation is given as Eq. 2.

t=Gy+ny (2)

where 1 is the shear stress, 7 is the shear strain, G is
shear modulus and 7 is the viscous parameter.

For the study of creep behavior, the function of
Laplace transform [3] is shown as Eq. 3.

F(s) = / " Flye e 3)

with © = 1oH(¢), the constitutive equation can be
written as

1oH(f) = Gy + 1y (4)

After applying the Laplace transform, the equation can
be expressed as

= = Gys) + 157(s) (5)
Then

Carrying out the Laplace transform again, the creep
equation is obtained as

we) =5 [1—e 7] (7)
With

ta :% (8)
1) = 0.63 (9)

From Eq. 8, #4 is defined as the delay time of the
viscoelastic asphalt mastic, and represents a physical
coefficient of viscoelastic model. In Fig. 7, the
intersection abscissa of the tangent line of the original
point and the horizontal asymptote of the creep curve
is considered as t4, which is equivalent to almost 63%
of the time of elastic deformation [28]. Therefore,
Kelvin’s model is also called as a time-delay model for
the viscoelastic asphalt mastic, and can prove the
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Fig. 7 Creep curve of Kelvin model

validity of the hysteresis for explaining the occurrence
of the second-peak curves of the double-peak curves
(DPCs).

Besides, the direct shear tests also have launched a
review of micromechanical behavior of asphalt mix-
ture. And the shear tests between asphalt mastic and
aggregate can be expressed by a stiffness model of Liu
et al. [27], which is built by combining a spring
element [27] and Burger’s model [3] in series with a
friction parameter u between them. What’s more,
aggregate is regarded as pure elastic material and the
spring element that obeys Hooke’s law is adopted to
represent the constitutive mechanical behavior, Bur-
ger’s model is employed to serve as the asphalt mastic
[27].

Above all else, plastic shear flow exists in the
asphalt film as well as at the asphalt-aggregate
interface during the shear testing. The hysteretic
nature of the viscoelastic asphalt mastic should be
one of the reasons that the second-peak of the DPC
appears in the direct shear test [28].

4.4 Analysis and evaluation of the general test
results

The tested specimens are typical composites, whose
constituents with different mechanical performance
include limestone aggregate, asphalt and air voids
[4, 10, 34]. However, the same limestone columns
may have some differences in physical properties
among them, and the fabricating process of specimens
may also contribute to the non-uniform asphalt films.
A research demonstrated that high void content
accelerates crack initiation [35], which amounts to a
great promotion for the distress of asphalt mixture

[29]. It can be concluded that the variety of asphalt
film and limestone surface makes the independent
replicate specimens present the randomness of
mechanical behavior and shearing resistance.

In addition, the mechanical properties of asphalt
include viscoelasticity and hysteresis [28]. According
to the above mentioned, when the shear stress exceeds
the critical resistance of asphalt—aggregate interface,
the first-peak curve will be obtained. During the
interfacial resistance towards collapse, the internal
resistance from asphalt molecules not only show a
short delayed phase but also keep the resistance
simultaneously. Then, it rapidly evolves the second-
peak curve when the shear stress exceeds the critical
resistance of asphalt film. It is worth indicating that the
peak displacements of the second-peak curves of the
DPCs are stochastic, which relate to the shear process.

Consequently, the clear separations shown in
Figs. 2, 3, 4, 5b suggest that the first-peak curves of
the DPCs should be regarded as adhesive failure, the
second-peak curves of the DPCs should be defined as
cohesive failure, and the complete shear process
should be known as a combination of adhesive-
cohesive failure. The characteristics of the DPCs
present transient-elasticity, viscoelasticity and non-
transient viscoplasticity. The shear flow, viscosity and
hysteresis of asphalt mastic might contribute to the
delayed second-peak curves of the DPCs [28].

In conclusion, the findings of the direct shear tests
are consistent with two intrinsic parts: asphalt binder
test and asphalt-aggregate interfacial test. Results
based on qualitative and quantitative analyses indicate
that the potential failure modes include adhesive
failure at the asphalt—aggregate interface and cohesive
failure within the asphalt film.

5 Conclusions and suggestions for later research

This paper presents an experimental study on the shear
characteristics, mechanical behavior of asphalt-ag-
gregate systems by the direct shear test method under
four different experimental conditions. The test results
and the discussions presented in this paper allow the
following main conclusions to be drawn:

(1) The proposed test method is effective for
determining the shear characteristics of
asphalt—aggregate systems, which is evident
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from the results and the experimental repeata-
bility for four experimental conditions.

(2) Two kinds of the complete stress—displacement
curves, including the general single-peak curve
(SPC) and the first-known double-peak curve
(DPC), are clearly observed. Each of the
double-peak curves (DPCs) generates two peak
values with increasing shear displacement,
produces the first-peak stress with converging
on a displacement, and then appears the second-
peak stress with presenting stochastic displace-
ment distribution.

(3) The mechanical behavior of asphalt-aggregate
systems can be governed by the characterizes of
the stone surface, asphalt film thickness, loading
rate and other unknown factors. Especially, the
loading rate has a pronounced effect on the
shear strengths of the SPC, the first-peak stress
and the second-peak stress of the DPC.

(4) In the shearing case, it has been found that the
double-peak curves (DPCs), which are pre-
sented here for the first time, have confirmed
that the potential failure modes include adhe-
sive failure at the asphalt—aggregate interface
and cohesive failure within the asphalt film.
Furthermore, the shear flow, viscosity and
hysteresis of asphalt mastic might contribute
to the delayed second-peak curves of the DPCs.

(5) Extending the current experimental research
and trying to verify the analysis results (stress,
displacement, failure mode and influence fac-
tor) with laboratory tests. And a rational range
of asphalt film thickness for generating the
double-peak curve (DPC) is necessary to con-
firm in later researches. Maybe there are some
other unknown factors that also contribute to the
direct shear test for obtaining the DPCs, which
deserve the further research by factorial exper-
iment design method and theory method.
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