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The occurrence of cohesive/adhesive hybrid failure at the bitumen-aggregate interface is widely acknowledged,
however, the quantitative evaluation of the cohesion/adhesion proportion is relatively weak. This study explored
cohesive/adhesive hybrid failure and provided a quantitative analysis of the proportion between cohesion and
adhesion. For this reason, this study considered a variety of experimental factors that included temperature (5 °C,
15 °C, and 25 °C), mineral morphology (three mineral types and three surface textures), and measured film
thickness (varying from 10 pm to 900 pm). By performing the bonding strength test, the strength was recorded
and interface failure was accordingly captured. The results indicated that the cohesion/adhesion proportion
varied significantly with the temperature, mineral morphology, and measured film thickness. In addition, it was
found that bonding strength decreased with the increase in the film thickness and temperature, which can be well
explained by variation in adhesion/cohesion proportion. Complete cohesive failure was observed when the film
thickness increased beyond a critical value at a relatively high temperature. An additional noteworthy finding
was the resemblance of a lunar crater for the failure interface at high temperatures, signifying the heterogeneous
composition of the bituminous binder around the interface.

1. Introduction

The debonding of asphalt mixtures caused by moisture infiltration or
vehicle loading is a long-term topic for pavement engineers [1,2]. In the
past several decades, many efforts have been devoted to achieving a
better understanding of the debonding mechanisms of asphalt mixtures.
Representative theories include the weak boundary layer theory [3],
mechanical adhesion theory [4], electrostatic theory [5], chemical
bonding theory [6], and surface free energy theory [7]. Multiple
experimental phenomena and a range of influencing factors were
considered when creating these theories, and they effectively accounted
for the bonding strength of the bitumen-aggregate interface in the face
of external loads and moisture.

The accepted failure mode at the bitumen-aggregate interface is
generally divided into cohesive, adhesive, and structural failure [8,9].
Nonetheless, either laboratory or in-field evidence indicated that the
failure around the bitumen-aggregate interface normally occurred with
a combination of adhesive and cohesive failure modes. Li et al. [10]
investigated the influence of mineral filler on the bonding properties of
bitumen mastics. As the increase in film thickness, the failure mode
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progressively switched from adhesive/cohesive failure to cohesive fail-
ure, indicating that the film thickness was a crucial factor of the
bitumen-aggregate interface failure. Mishra et al. [11] investigated the
influence of six different bitumen membrane thicknesses on the inter-
facial strength of basalt-unmodified bitumen systems. It was found that
as the thickness of the bitumen membrane increased, the cohesive fail-
ure mode gradually became dominant, and the adhesion between
bitumen and aggregate increased. Huang et al. [12] investigated the
influence of experimental conditions and material properties on the
adhesion performance of asphalt-aggregate interfaces. The results
revealed that the interfacial failure strength of asphalt-aggregate
exhibited a negative correlation with temperature and a positive cor-
relation with pull-out rate. Additionally, short-term aging was found to
enhance the bonding of the asphalt-aggregate interface, while long-term
aging had the opposite effect. Bidgoli et al. [13] reported that adhesive
and cohesive failure simultaneously occurred when the samples were
subjected to moisture damage using the Lottman test. Accordingly, the
adhesion-cohesion index was introduced to evaluate the moisture sus-
ceptibility of asphalt mixtures.

The use of the molecular dynamic method promoted the study of
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bitumen-aggregate interface failure at the nano-scale [14]. Gao et al.
[15,16] evaluated the adhesive properties and debonding behavior of
asphalt mixtures considering the mineral type and the presence of water
and reported that the adhesive and debonding behavior were associated
with the chemistry and mineralogical properties of the minerals. Chen
et al. [17] simulated the pull-off test using the molecular dynamic
method and found that the increase of film thickness induced the pro-
portion of cohesion area from 29% to 65%. From the above, it can be
concluded that the environmental temperature and experimental setup
considerably affected the hybrid failure around bitumen-aggregate
interface. Although some scholars theoretically or numerically identi-
fied the adhesive/cohesive hybrid failure mode, there is still a lack of
quantitative identification for the hybrid failure mode and its influ-
encing factors. For instance, Cala et al. [18,19] discussed the relation-
ship between adhesive area applied maximum force or work of fracture,
whereas the influence of measurement set up on the amount of adhesive
area was not mentioned.

As indicated by the above literature review, the failure mode around
the bitumen-aggregate interface has been well studied and understood
by means of various approaches. However, there are a few studies
particularly exploring the hybrid failure mode from a quantitative
perspective. This study presents an experimental investigation of the
adhesive/cohesive hybrid failure mode around the bitumen-aggregate
interface in dry conditions from a quantitative perspective. In reality,
moisture damage is normally the premise of the interface failure.
Therefore, many studies considered moisture damage in their investi-
gation of the bitumen-aggregate interface [20-22]. However, the pur-
pose of this study aims to provide a quantitative analysis of the
adhesion/cohesion proportion of the hybrid interface failure, particu-
larly for its influencing factors. Therefore, moisture damage or wet
conditions were not included in the experimental design for simplifi-
cation. To this end, three mineral surfaces including basalt, limestone,
and granite were used. In addition, the surface morphology was
intendedly distinguished with varying polishing procedures. After the
polishing, the surface free energy was characterized through the contact
angle test. Subsequently, the Pneumatic Adhesion Tensile Strength
Testing Instrument (PATTI) was adopted to measure the bonding
strength between bitumen and aggregate surface at different tempera-
tures, in which various film thicknesses were taken into account.
Consequently, the adhesive/cohesive hybrid failure was analyzed
through the digital image process.

2. Materials and experimental design
2.1. Bitumen and mineral surface

A kind of unmodified bitumen with a penetration grade of 60/80 was
used in this study. The technical indicators were measured according to
the specification JTG-E20-2011 (Ministry of Transport of the People’s
Republic of China 2011)[23], as shown in Table 1. All the test items
satisfied the engineering requirement.

Three different mineral surfaces that included basalt, limestone, and

Table 1
Technical indicators for used bitumen.
Bitumen Test items Measured
values

Original bitumen Penetration (25 °C, 100 g, 5 5)/0.1 66

mm
Ductility (15 °C)/cm >100
Softening point/ °C 48.7
After aging (163 °C, 5 Quality change/% -0.2
h) Residual penetration/% 63
Residual ductility (10 °C)/cm 179
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granite, were considered in this study. The mineral surface was manu-
factured by cutting the mineral collected from the market into slabs with
a dimension of 100 mm x 100 mm x 10 mm, as seen in Fig. 1.

After several preliminary trials, the surface of mineral slabs was
polished using a device combined with different sandpaper types and
polishing times following the procedure shown in Table 2. In what fol-
lows, the structured light projection method was used to characterize
the micro-texture of the mineral surface [24]. Based on the texture
characterization, the mean texture depth (MTD) for each mineral sur-
face can be accordingly calculated with the MATLAB code. Although the
boundary area of the mineral surface was not polished uniformly as
expected, the central areas can achieve a relatively good homogeneity
state. As indicated in Fig. 1, the lateral bonding strength test and contact
angle test were performed within the central areas. In this study, four
parallel measurements were carried out for one slab, as shown in Fig. 1.
Table 3 summarizes the combination of samples and test conditions in
this study.

2.2. Control of film thickness between bitumen and mineral surface

This study aims to investigate the influence of film thickness on the
interface failure mode. Before this, it is essential to precisely control the
film thickness, in other words, featuring the correlation between film
thickness and used bitumen mass. For this reason, this study utilized a
film thickness gauge with a measurement range from 0 to 1250 pm with
an accuracy of 0.1 pm to measure the film thickness of different bitumen
masses. Considering that the gauge was invented for the measurement of
coatings, it is not possible to directly measure the film thickness once the
tensile head was adhered to the mineral surface. Alternatively, this study
first used a plastic film with a known thickness of 160 pm to calibrate the
film thickness of bitumen, as shown in Fig. 2. This experiment prepared
10 different bitumen thicknesses, namely 10, 100, 200, 300, 400, 500,
600, 700, 800, and 900 pm, to investigate their impact on the bitumen-
mineral interface.

After preparing the bitumen-plastic interface with varying bitumen
masses, the final bitumen film thickness can be obtained by deducting
the thickness of the plastic film. In the end, the relationship between
bitumen mass and the film thickness can be accordingly established, as
shown in Table 4.

2.3. Experimental methods

2.3.1. Surface free energy of mineral slabs

The surface free energy of the mineral surface was measured by the
contact angle instrument, as shown in Fig. 3. For each slab, four mea-
surement positions corresponding to the bonding strength test were
selected. Based on the literature [25,26], it was found that W-G-F
(distilled water, glycerol, and formamide) is a widely used combination
for the estimation of surface free energy components. Therefore,
distilled water, glycerol, and formamide were used for the calibration of
surface free energy. Following Eq. (1), the surface free energy can be
calculated based on the measured contact angle. The interfacial adhe-
sive energy bitumen and different aggregates were calculated by Eq. (2)
[27].

7(l+cos) 1 7
If\/—ﬁ\/ﬁ\/};}’ﬁ—ﬁ @

Woadnension = 24/ ¥4 + 24/ ry, (2)

where y; refers to the surface free energy of the liquid; 6 is the measured
contact angle; Wygnension is the adhesion energy; y§ and ;¢ are the
dispersive and polar components of solid surface energy, respectively; ¢
and 7} are the dispersive and polar components of liquid surface energy,
respectively. Provided the standard liquids with known surface energies,
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Fig. 1. The preparation of mineral surface with varying morphological characteristics.

Table 2
Polishing procedures used in this study.

Polishing type Sandpaper type Polishing time

Type 1 80 mesh 10 min

Type 2 80 mesh + 240 mesh 20 min

Type 3 80 mesh + 240 mesh + 320 mesh 30 min
Table 3

Combinations of samples and testing conditions in this study.

Bitumen Unmodified bitumen
Mineral type Basalt, Limestone, Granite
Polishing Type Type 1, Type 2, and Type 3
Temperature 5°C, 15 °C, and 25 °C,

Film thickness 10 pm-900 pm
Four repeated measures for each combination: 1080 times measurement in total

the surface energy of mineral slabs can be accordingly obtained. In this
study, the surface energies of the standard liquids are given in Table 5.

2.3.2. Characterization of bitumen-mineral interface failure

The pneumatic adhesion tensile tester was implemented to measure
the bonding strength between bitumen and mineral surfaces. For the
preparation of samples, a specific amount of bitumen related to a certain
film thickness was weighed and heated to 150 °C and then dropped on
the pull-off stub. Film thicknesses ranging from 10 pm to 900 pm with
100 pm intervals were taken into account as shown in Table 4. After that,
the pull-off stub together with the bitumen and mineral slabs were put
into a fully automated intelligent temperature incubator to maintain the
measurement temperature for 30 min. Three measurement temperatures

were considered, which were 5 °C, 15 °C, and 25 °C, respectively.

The whole procedure and measurement protocols can be referred to
as standard [28]. After each measurement, the bonding strength be-
tween bitumen and mineral surfaces was recorded. In addition, failure
images were collected through the camera for further analysis. Based on
the digital image process (DIP), collected failure images were finally
converted into binary images, in which the proportion of adhesive
failure can be accordingly calculated by counting the white and black
pixels, and vice versa for the proportion of cohesive failure.

3. Results and discussion
3.1. Morphological analysis of mineral surfaces

Fig. 5 presents the morphological characteristics of mineral surfaces
with different polishing treatments concerning the mean texture depth
and the adhesion energy. As the increase in polishing time, MTDs of the
mineral surface increased linearly for different mineral types, which
illustrated that the polishing treatment enhanced the roughness of
mineral surfaces. The linear fitting results showed that the granite was
the most sensitive to the polishing process, while the basalt and lime-
stone presented an identical fitting slope. Herein, it was noticeable that
the mineral surface was fabricated in the factory, which might show
some difference from the natural surface of the aggregates. However, the
focus of this study aimed to characterize the influence of the mineral
surface on the adhesion/cohesion properties of the bitumen-mineral
interface. Therefore, fabricating distinguished surface characteristics,
to some extent, has achieved the goal in the scope of this study. The
distribution of the scatters indicated some measurement deviations at a
specific polishing time, which was on account of the non-uniformly
polishing that occurred around the boundary of the mineral slab as
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Fig. 2. Calibration of film thickness using thickness gauges.

Table 4

Bitumen mass used for the specific film thickness.
Thickness (pm) 10 100 200 300 400 500 600 700 800 900
Mass (g) 0.01 0.04 0.09 0.14 0.19 0.23 0.27 0.31 0.36 0.41

4 Distilled N
| Liquid water |
I Gas I
10cm I 1 I
s ll Glycerol Forma-| |
| mide |
l Gas N0 Liquid
— 1
N /
Contact angle instrument Principal of contact angle measurement
Fig. 3. Measurement of surface free energy for the mineral surfaces.
shown in Fig. 1. mineral surfaces increased linearly with the polishing time. On account
The influence of polishing time on the calculated adhesion energy of the contact angle measurement being limited in the middle area of the
followed a similar tendency to that of MTD, as the adhesion energy of mineral slab, parallel measurements showed less variation in results.
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Table 5
Surface energies of three reference liquids.

Reference liquids Free energy parameter / (mJ/ m?)

n " n
Distilled water 72.8 21.8 51.0
Formamide 58.1 39.5 18.6
Glycerol 63.5 26.6 36.9

Fig. 6 presents the relationship between the MTD and the adhesion
energy of mineral surfaces. It can be found that, in general, the MTD
showed a positive relation to adhesive energy, as a higher MTD value
induced a higher adhesion energy of mineral surfaces. This finding
conformed to the previously reported conclusions in the literature and
was also not difficult to understand. Although the coefficient of linear
correlation was only 0.44 when all types of mineral surfaces were taken
into account, the coefficient of linear correlation reached 0.87, 0.93, and
0.96 for basalt, granite, and limestone, respectively. Standing on this
point, it was demonstrated that the mineral type significantly influenced
the morphological characteristics of the mineral surface.

3.2. Influence of temperature and film thickness on the bonding strength

The analysis of variance (ANOVA) was performed on the measure-
ment to identify whether the parameters would significantly influence
the bond strength.

From Table 6, it can be observed that the P-values for film thickness,
temperature, polishing time, and mineral type are all less than 0.05. This
indicates that these four influencing factors have a significant impact on
the bond strength of the bitumen-mineral interface.

Fig. 7 summarized the bonding strength measured at different min-
eral surfaces and varying measurement conditions. In terms of the in-
fluence of film thickness on the bonding strength. It can be concluded
that, in general, the increase in the film thickness induced the reduction
of bonding strength. A more specific tendency can be described as fol-
lows: when the film thickness increased starting from 10 pm, the
bonding strength experienced a sharp decrease at the beginning stage.
After that, the decreasing rate started to be slow until the bonding
strength turned into a fluctuation stage.

Two additional conclusions should be compensated here. The sharp
decreasing stage almost followed a linear reduction at the beginning
stage. The other one was that there could exist two critical film thick-
nesses that depend on the mineral types and mineral morphology. The
first critical film thickness was used to tell the linear decreasing stage
and the later stages. The second critical film thickness referred to where
the bonding strength would not change considerably as the continuing
increase in the thickness. For example, the first critical film thickness
that occurred for the basalt mineral with a 20 min polishing time was
around 300 pm, however, it turned out to be 700 pm in the case of

ymm\mu\\ml\muw)A

Proportion of adhesion failure a =

adhesion damage pixels
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limestone with a 10 min polishing time. As for the second film thickness,
it was observed in some cases of this study while some were not. As can
be seen that the bonding strength of the granite mineral surface with the
polishing time came to a plateau after 500 pm, particularly at the
measuring temperature of 25 °C. However, the plateau did not appear
for the limestone mineral surface with the polishing time of 20 min when
the temperature was 5 °C or 15 °C.

On the other hand, the mineral type also played a crucial role in the
bonding strength results even if following the same measurement con-
dition. Regardless of the polishing time, the bonding strength for basalt
and limestone showed comparable results, which in most cases were
larger than the one measured for granite. This finding was consistent
with existing recognition. The granite mineral is composed of acid
mineral compositions, thus leading to a poor adhesion property with the
bitumen. The maximum value of bonding strength from Fig. 7 occurred
for the limestone mineral surface with the polishing time of 30 min,
nevertheless, it was interesting to see that the lowest bonding strength
was always recorded when the temperature was 25 °C, and more
importantly with almost the same value around 1.5 MPa. It can be
deduced that 1.5 MPa was the cohesive strength of bitumen. When the
temperature was 25 °C, the failure mode was 100% cohesive failure,
therefore, the measured bonding strength was independent of the min-
eral type and surface morphology. Nonetheless, the bonding strength
was slightly increased at ultra-thin film thickness, which will be dis-
cussed in detail combined with the analysis of failure mode.

Concerning the influence of mineral morphology, it can be concluded
that the change of mineral morphology would not cause significant
variation in the bonding strength when the measuring temperature was
15 °C and 25 °C, respectively. However, when the measurement tem-
perature was reduced to 5 °C, although with a comparable level of
bonding strength, the decreasing tendency with the film thickness was
altered to a great extent, especially for the granite mineral surface. This
demonstrated that the influence of the micro-texture of the mineral
surface would not significantly influence the bonding strength at a
relatively high temperature. Besides, the mineral type behaved with a
distinguished sensitivity to the change of mineral morphology at a
relatively low temperature.

In the case of the limestone, the measured bonding strength at 5 °C
was slightly inferior to the bonding strength at 15 °C. Although the
stiffness of bitumen was influenced remarkably by the temperatures.
The minor discrepancy indicated that the adhesive failure dominated
the failure mode. In addition, it also demonstrated that the adhesion
between bitumen and the mineral surface was better at a higher tem-
perature. On the other hand, the extension of polishing time seems to
contribute little to the variation of bonding strength between tempera-
tures, again confirming the discussion on the above mineral
morphology.

Compared with the limestone, the bonding strength between
bitumen and basalt followed the contrast rule. In most cases, the

total pixels

Fig. 4. Measurement of bonding strength around the bitumen-mineral interface.
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Fig. 5. Influence of polishing time on the mineral surface.

bonding strength measured at 5 °C was superior to that of 15 °C,
claiming that the cohesive failure contributed to the interface failure.
Some exclusions were also observed in the situation of a longer polishing
time. Accordingly, it can be deduced that the increase in temperature
(improving the adhesion property/weakening the cohesive strength)
and the increase in surface roughness (also enhancing the adhesive
strength) work together, consequently presenting a complicated ten-
dency for different mineral types. Standing on this point, it can be
concluded that, in the case of granite, the contribution of adhesion
improvement exceeded that of cohesion weakening.

3.3. Adhesion/cohesion proportion around the bitumen-mineral interface

In the above section, the influence of temperature, surface
morphology, mineral type, and film thickness on the bonding strength
was comprehensively discussed. Nevertheless, a very critical influencing
factor was not discussed, which was the proportion of cohesion and
adhesion in one interface failure. However, the failure mode governed
the bonding strength between the bitumen-mineral interface. The

Construction and Building Materials 399 (2023) 132555
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Table 6

ANOVA results for factors affecting bond strength.
Source Sum of squares df Mean squares F-value P-value
Film thickness 78.277 9 8.697 59.676 <0.001
Temperature 58.936 2 29.468 202.190 <0.001
Polishing time 2.179 2 1.089 7.475 <0.001
Mineral type 6.891 2 3.446 23.642 <0.001

influence of film thickness on the bonding strength was associated with
cohesive/adhesive failure, which will be discussed in this section.

Fig. 8 shows failure surface of the bitumen-mineral interface after
bonding test in various situations. Since the influence of micro-texture
on the bonding strength was not significant as concluded in the above
section. Failure surface for the different polishing times were not pre-
sented and further discussed in this section. It can be observed that the
influence of the measurement temperature and thickness on the cohe-
sion/adhesion were both significant. In the case of the basalt at 15 °C, As
the increase in the film thickness, the failure mode of the bitumen-
mineral interface transferred from the cohesive/adhesive composite
mode to the complete cohesive failure mode, which was in line with
previously reported studies [11,29]. The identical rule can be seen in the
situations of limestone and granite. So far, an extensively accepted
mechanism for this phenomenon has not come to a consensus. Based on
the experimental observation and analysis, a plausible explanation
could be ascribed to the inhomogeneity essence caused by either the
interfacial interaction that induces the re-ordering of the bitumen
compositions or the inhomogeneity distribution of bitumen components
once the observation scale reached a certain small level.

When the temperature increased to 25 °C, the failure mode was all
cohesive failure mode even at an ultra-thin film thickness. The cohesive
strength was considerably reduced on account of the temperature in-
crease, as a result, the cohesive strength was remarkably smaller than
the adhesive strength. Once the tensile loading was applied, the failure
preferred to be damaged inside the bitumen binder, therefore perform-
ing a total cohesive failure mode. From this perspective, the ratio be-
tween cohesive and adhesive strength could be highly associated with
the failure mode. If thinking one more step, it was not difficult to deduce
that there exists a critical temperature where the complete cohesive
failure mode started to occur. Given a total cohesive failure, another
interesting phenomenon can be observed as highlighted by the green
rings. Almost all cohesive failure images were presented in the form of
the lunar crater and as the film thickness increased, the diameter of the
lunar crater increased progressively. This indirectly demonstrated the



B. Shi et al. Construction and Building Materials 399 (2023) 132555
6 6 6
. {10min —e—5°C | _ |20min ——5°C | _ {30min —o—5°C
EsL —e—15°C | £, —e—15°C | £, —e—15°C
= —e—25°C | = —e—25°C | =7 [ —25°C
N’ -E\ N’ N’
= = = [\
Sod B o4 -\i\ AR
= = =
[ \ [ o
S S =l —
o %!- o N 20 T e
i q S peetidts £ he 5 Dl
=2 kL \i/ifi\i\i S2 \i— -4 £2 \§\ N 1
4 \ 3 4 —@0—@—(¢
1 r | r | r | r | 1 r | . | ; | r | 1 . 1 . | . | . |
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Film Thickness (um) Film Thickness (um) Film Thickness (um)
(a) Basalt
4 4 4
—~ | 10min —e—5°C | _ |20min —o—5°C | _ |30min —e—5°C
g —e—15°C | & —e—15°C | & —e—15°C
= —e—25°C | = ~¢ —e—25°C | = —e—25°C
1N S3h i =1
Eﬁ \%iﬁ\i E” \i\ E"
2 1 - t N 2 E ! ~ \i
@ Ne~0—g_] % ‘§—§_§\ } 9 5; E\ . “E —¢
- . 3 -
o0y B ~6={ oy PN —2 979 o, [ N
2 B\ — —
£ 1 E270 1 =2 -5 :
P Naagagad ] Tty l RESS
S A —0—9—0—_,_0—4 © —I4 9 o |
=] =] 1 =
1 r 1 r 1 r | . | 1 r | r | | r | 1 ; | . 1 . 1 r |
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Film Thickness (pm) Film Thickness (um) Film Thickness (pm)
(b) Granite
6 6 6
- —o— 5°C _ {20min —o— 5°C _ {30min —o— 5°C
g:f 5 —o— 15°C 5:5 — 15°C & 5 —o— 15°C
% —e— 25°C E, —e— 25°C % —e— 25°C
= = =
T4 Tod o4 -
@ 3 @ 3 73| N
g 5 # Ny 2h %\1
<= A S b ~8 = N ]
il & N !\S:2>i=' Brtee s, g\g\ = R §\§\§—§ ;gkg_%
y - ‘§‘§—§—§—4 1 = ~s—8-0—0—
1 r | r 1 | | 1 r | ; 1 . 1 . 1 r | . 1 . 1 r |
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Film Thickness (pm) Film Thickness (pm) Film Thickness (pm)

(c) Limestone

Fig. 7. Influence of film thickness on bonding strength.

inhomogeneity essence of the bitumen. When the film thick decreased,
the scale effect progressively increased, thus leading to a denser distri-
bution of lunar craters.

Figs. 9 and 10 show calculated proportions of adhesion changed with
the film thickness, following the equation shown in Fig. 4. As Fig. 8
indicated that when the temperature was set at 25 °C, the failure mode
was transferred into the cohesive failure. Therefore, the proportion of
adhesion was not calculated for the analysis.

As the increase of film thickness, the proportion of adhesion showed
the same tendency as the bonding strength. On the other hand, the

reduction of adhesion proportion could be the reason for the decrease in
bonding strength. This finding enlightened that the essential adhesive
property was not changed with the film thickness. The variation in
measured bonding strength was attributed to the variation in the
cohesive/adhesive failure mode. Comparing the proportion of adhesion
for three types of mineral surfaces, it can be concluded that the value
increased following the sequence of basalt, granite, and limestone.
Although many theories have been proposed to explain the influence of
mineral type on the adhesive properties between bitumen and aggre-
gates. The preference for adhesive failure mode around the bitumen-
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mineral interface could be a previously ignored mechanism.

With the increase in polishing time, the proportion of adhesion
increased for all cases, which indicated that the micro-texture also
contributed to the proportion of adhesive failure. In specific, it can be

described as the increase in MTD induced a high proportion of adhesive
failure mode, which was favorable for the bonding strength between
bitumen and minerals. Comparing the temperature 5 °C and 15 °C, the
critical value 0.5 was marked as the red dot line to tell which kind of
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failure mode dominated. In most cases when the temperature was 5 °C,
the cohesion dominated the failure mode. However, when the temper-
ature increased to 15 °C, particularly for the limestone, the adhesion
dominated the failure mode.

4. Conclusions

This study focused on the failure mode around the bitumen-mineral
interface. To this end, the influence of film thickness, micro-textures,
temperature, and mineral type on the interfacial failure in terms of the
bonding strength and failure modes were considered and comprehen-
sively discussed. Major findings were summarized as follows:

(1) The MTD and adhesion energy showed a good correlation with
each other. By polishing the mineral surfaces, the variation of
MTDs and adhesion energy can be effectively created.

(2) With the increase of film thickness, the bonding strength
decreased progressively and until reaching a critical film thick-
ness, the bonding strength was almost unchanged, indicating that
the cohesion damage dominated the interface failure mode. In
addition, the proportion of adhesion progressively decreased
with the increase in film thickness at 5 °C and 15 °C. When the
temperature reached 25 °C, the interface failure was a complete
cohesive failure.

(3) Concerning the cohesive failure, the failure surface was observed
with the lunar craters, demonstrating the inhomogeneity of
bitumen components. The scale effect of film thickness cannot be
ignored, which determined when the bitumen should be regarded
as homogeneous or not.

It is important to emphasize that the failure mechanism at the
bitumen-aggregate interface is much more complex. Therefore, further
studies should focus on quantitative analysis of the hybrid failure mode.
Based on the above findings, future research can be conducted from a
multi-scale perspective, such as exploring the influence of wetting
conditions, developing empirical and mechanical models of the hybrid
failure, to compensate for the limitations of this study.
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