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The interface bonding between Portland cement concrete (PCC) pavement and hot-mix asphalt (HMA) overlay plays an im-
portant role in the performance of the composite pavement. This research conducted a series of comprehensive laboratory studies
to investigate the influence factors of the interface bonding strength using a self-designed direct shear test apparatus that can
simultaneously apply normal stress and shear stress on a specimen. Four kinds of commonly used tack coat materials were
systematically tested and compared under various combinations of normal stress and temperature. Then, coupling effects of the
normal stress and temperature on the interface bonding between PCC and HMA were analyzed. The test results show that
temperature has a significant impact on the adhesion of the tack coat. Emulsified asphalt was considered the optimal tack coat
material because of its simple construction method. In addition, it was found that a damaged interface could still provide
considerable bonding strength. Normal stress generated by traffic loads was beneficial to the interface bonding strength, especially
at lower temperatures. The temperature had a significant effect on interface bonding and played a leading role in the failure mode

of interface bonding.

1. Introduction

The interface bonding between Portland cement concrete
(PCC) pavement and hot-mix asphalt (HMA) overlay is
widely recognized as one of the most critical influence
factors on mechanical responses of composite pavement as
well as its long-term performance [1-3]. Several studies have
revealed that a weak interface bonding strength will un-
doubtedly cause higher bending stress, shear stress, and
deflection in the composite pavement, resulting in some
unexpected pavement distresses [3, 4]. In the worst case, the
HMA overlay might encounter problems such as slippage
cracking, delamination, or severe rutting [5-10]. These facts
highlight the important role of interface bonding in com-
posite pavement. So far, most studies have focused on the
influence factors of interface bonding and experimental test

methods or equipment. Nevertheless, these studies have not
been widely accepted by researchers and engineers due to
lack of sufficient supporting data [11-14].

In the past few decades, many equipment and methods
have been developed for studying the interface boding,
including direct shear test, pull-off test, and torsional shear
test [15, 16]. The direct shear test is one of the most used
methods to investigate the interfacial adhesive properties of
multilayer materials or structures. Generally, in terms of the
stress field applied during the test, the direct shear test
includes pure direct shear test and direct shear test with
normal stress. The pure direct shear test only applies shear
force to the interface of specimen without normal stress,
such as Superpave shear tester [17], Leutner shear test [14],
Laboratory Bond Interface Strength device [18], and Florida
Department of Transportation shear tester [19]. However,
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there is almost no pure shear stress state in the interface of
composite pavement. Considering the influence of normal
stress, it is more in line with the actual situation. Uzan et al.
[11] designed a direct shear box that can apply both normal
and shear loads on the interface of the double-layered
prismatic specimen to measure the stiffness K under dif-
ferent test conditions. Donovan et al. [20] developed a device
to determine the optimum dosage of tack coat for a PCC
bridge deck overlaid with geomembrane and HMA layer. Al-
Qadi et al. [15] modified a direct shear tester that can apply
normal load in the horizontal direction and shear load in the
vertical direction. Arulrajah et al. [21] evaluated the interface
shear strength through a large-scaled direct shear apparatus.
The American Association of State Highway and Trans-
portation Officials (AASHTO) standard also recommended
a method using Louisiana Interlayer Shear Strength Tester to
test the interlayer shear strength between asphalt pavement
layers [22]. In the above equipment, it is recommended to
use a device that can apply both normal load and direct
shearing force since it can obtain the interface bonding
strength of the specimen under a more realistic stress state.

It has been widely accepted that the mixture type, PCC
surface texture, tack coat material, application rate of tack
coat, normal stress on the interface, and temperature are the
main influence factors affecting the interface bonding
strength between HMA overlay and PCC layer [23-25]. For
instance, a study pointed out that the interfacial shear
strength at 25°C is about five times that of high temperature
at 55°C. Ge et al. [26] conducted a series of orthogonal
experiments using the shear test method to evaluate the
impact of temperature, bonding material, and confining
pressure, but the study mainly investigated the benefits of
glass fiber reinforced asphalt membrane. Leng et al. [23]
used a direct shear tester to study several influence factors,
including HMA type, tack coat type, tack coat application
rate, PCC surface texture, and temperature. The investiga-
tion concluded that SS-1hP asphalt emulsion shows a better
performance than RC-70 cutback asphalt, and the optimum
application rate of tack coat is 0.27 L/m* Moreover, com-
pared with high temperature, the lower temperature is
beneficial to interface bonding strength. Later, an accelerated
pavement testing (APT) was conducted in 2008 to verify
some of these findings [24]. However, these two investi-
gations have some limitations. Firstly, only two kinds of
HMA mixtures and tack coat materials were included in the
test, which limited the distribution of these findings. Sec-
ondly, the studies ignored the effects of normal stress on
interface bonding, but the normal stress was so important
that it could not be ignored, which made the conclusions
unconvincing. Finally, the coupling effect of normal stress
and temperature were also not considered. The authors
believe that more efforts are needed to focus on more in-
fluence factors affecting interface bonding. It is also of great
significance to investigate the interfacial bonding strength
between HMA overlay and PCC pavement.

The objective of this study is to investigate the influence
factors that affect interface bonding strength between HMA
overlay and PCC layer through a series of laboratory tests. To
tulfill this purpose, a self-designed direct shear tester was
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developed, and both normal load and shear force could be
applied to the specimen at the same time. Four types of tack
coat materials, five different test temperatures, and four
different normal stresses were considered, and the coupling
effect of temperature and normal stress was further analyzed.

2. Methodology

2.1. Test Apparatus. Considering the effects of normal stress
on interface bonding between HMA overlay and PCC layer,
an upgraded direct shear test apparatus was developed, and
more details about the device can be found in the previous
research [25]. The equipment is able to apply normal stress
in a horizontal direction through a hydraulic actuator, and
the magnitude of normal stress can be obtained by a built-in
stress sensor, as shown in Figure 1(a). However, the direct
shear tester itself cannot apply the shear force to the
specimen. Therefore, a material testing system (MTYS) is
employed to apply the shear force on the loading plate under
a displacement control mode with a constant shearing rate of
2.5 mm/min in accordance with the AASHTO standard [22].
Specimen slot is designed for a double-layer specimen whose
size is 150 mm in diameter and 100 mm in height. The MTS’s
environment cabinet was used to control test temperature.

2.2. Material and Specimen Preparation. In this study, four
types of tack coat were investigated, including cutback as-
phalt, anionic emulsified asphalt, rubber asphalt, and virgin
asphalt. Table 1 lists the properties of the four tack coats. This
study adopted the manufacturer-recommended optimal
application rate of tack coat (i.e., 0.33L/m” for cutback
asphalt, 0.31 L/m? for emulsified asphalt, and 0.27 L/m” for
the rests). Commonly, the curing time of cutback asphalt
and emulsified asphalt was two hours and half an hour,
respectively.

As mentioned above, the specimen used for the direct
shear test is composed of two layers of materials, PCC and
HMA, as shown in Figure 1(b). Firstly, a concrete core
sample was drilled from a 50 mm thick PCC slab with a
smooth surface. Then, the hot-mix asphalt mixture was
compacted on the surface of the concrete core sample using a
Superpave Gyratory Compactor (SGC). Figure 2 shows the
aggregate gradation of the HMA mixture. According to the
Marshall design method, the optimum binder content was
4.5% when using the virgin asphalt.

2.3. Data and Parameters. The pretest result shows that there
were two typical shear stress-displacement curves for the
direct shear test, which represented brittle failure and plastic
failure, respectively. As shown in Figure 3, the shear stress
reduced dramatically after reaching its peak value for the
brittle-failure curve. In contrast, the shear stress of plastic
failure did not show a clear decrease trend during the whole
test. To describe the characteristics of interface bonding
thoroughly, this study used four parameters, including shear
strength, interface bonding coefficient (IBC), residual
strength, and residual ratio.
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FIGURE 1: The test setup. (a) The shear test apparatus. (b) Specimen.

TABLE 1: Properties of tack coats.

Tack coat type Penetration at 25°C (0.1 mm)

Ductility (cm)

Viscosity at 135°C (Pa-s) Softening point (°C)

53.2
62.4
67.8
65.1

Rubber asphalt
Virgin asphalt
Emulsified asphalt
Cutback asphalt

355
123
57.7
129

2.23 72.6
0.56 48.3
0.7 -
0.6 -

100

90 -
80
70 4
60
50 4
40 A
30 4
20
10 4

Percent passing (%)

0.075
0.15
0.3
0.6
1.18
2.36

9.5
13.2
16
19

Sieve size (mm)

—— HMA mixture
—=— Upper bound
—e— Lower bound

FIGURE 2: Aggregate gradation of HMA mixture.

2.3.1. Shear Strength. Shear strength is the peak shear stress
in the direct shear test, which can be determined from
equations (1) and (2). For the brittle-failure curve, it is easy
to obtain the peak shear stress. However, it is complex to get
the peak value in the plastic failure curve due to a lack of
evident peak value. After in-depth inspection and analysis of
most plastic failure curves, the authors found that it is
reasonable to use the shear stress at the shear displacement
of 5mm as its shear strength. Therefore, the shear strength
for the plastic failure curve is determined according to
equation (2):

F
- _ 1
T="0 (1)
max (1), Brittle failure,
Tmax = (2)
7(displacement = 5mm), Plastic failure,

where 7 is shear stress, MPa; 7,,,, is shear strength, MPa; F is
shear force applied by MTS, N; and A is the cross section
area of the specimen, mm~.

2.3.2. Interface Bonding Coefficient. Interface bonding co-
efficient (IBC) is a parameter introduced in the Goodman
contact model [27], as defined in equation (3). In 1978, Uzan
etal. [11] firstly adopted IBC to evaluate the interface contact
issue. IBC is the shear stiffness of interface bonding. A higher
IBC value indicates that the interface bonding tends to brittle
failure, while a lower IBC implies that the interface bonding
is prone to plastic failure:

K = 1000 x TALM (3)
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FIGURE 3: Two typical shear stress-displacement curves from the
direct shear test.

where K is interface bonding coefficient, N/cm?; 7., is shear
strength, MPa; and Ay is the displacement corresponding
with its shear strength, mm.

2.3.3. Residual Strength and Residual Ratio. As shown in
Figure 3, the interface bonding of the specimen does not
completely lose its strength after reaching the peak shear
stress. Actually, the residual strength of the interface
bonding is still high, especially for plastic failure specimen,
which suggests that the interface bonding strength between
HMA overlay and PCC layer might be still good enough,
even if suffering damage. Therefore, it is meaningful to study
the residual strength’s properties. In this investigation, the
residual strength is empirically defined as the shear stress at a
displacement of 10 mm. Consequently, the residual ratio can
be calculated by equation (4). In most cases, R is less than 1,
but R can also be greater than 1 in terms of its definition. It
should be noted that the residual ratio of the brittle-failure
curve is quite different from that of the plastic failure curve:
R TR

Tmax (4)
where R is residual ratio; 7y is residual strength, MPa; and
T 18 shear strength, MPa.

2.4. Test Plan. The laboratory investigation roughly includes
two steps. The first step was aiming at further studying the
influence of tack coat on interface bonding. Four types of
tack coat materials, virgin asphalt, rubber asphalt, anionic
emulsified asphalt, and cutback asphalt, were tested at 15°C
and 45°C under 1.5 MPa normal stress. Each test included
three replicates. The second step was attempting to figure out
the coupling effects of normal stress and temperature on the
interface bonding by implementing a multifactorial exper-
iment. Several different test temperatures between 0 and
60°C, with an interval of 15°C, were selected to represent
actual high and low environmental temperatures in the East
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China area. Test temperature included 0°C, 15°C, 30°C, 45°C,
and 60°C, and the normal stresses contained 0 MPa, 0.5 MPa,
1.0 MPa, and 1.5 MPa.

3. Results and Discussion

In this section, the shear strength, IBC, residual strength,
and residual ratio were calculated based on laboratory test
results. Both analysis of variance (ANOVA) and data
analysis were employed to figure out the significant influence
factors and internal mechanism of interface bonding be-
tween HMA overlay and PCC pavement.

3.1. Determining the Optimal Tack Coat Material.
Figure 4 illustrates the typical shear stress-displacement
curves for various tack coat materials at two different
temperatures. All tests in this section were implemented
under 1.5 MPa normal stress. It is obvious that the failure of
interface bonding was tightly related to the test temperature.
Low temperature was prone to lead to brittle failure and
higher shear strength, while the high temperature was likely
to cause plastic failure and lower shear strength. However,
when cutback asphalt was used, no matter at 15°C or 45°C,
the interface bonding exhibited plastic failure. The possible
reason was that the adhesion of cutback asphalt was weaker,
and its plastic deformation was better. In this situation, the
interface bonding was likely to form rolling friction.

It can be also found in Figure 4 that the test temperature
had significant effects on the bonding performance of the
tack coat. The adhesive ability ranking of tack coat based on
the shear strength at 15°C was emulsified asphalt > rubber
asphalt > virgin asphalt > cutback asphalt. It should be noted
that the shear strength of cutback asphalt was significantly
lower than that of others. In contrast, the adhesive ability
ranking at 45°C was virgin asphalt> cutback asp-
halt > rubber asphalt > emulsified asphalt, which was quite
different from the results at 15°C.

Figure 5 illustrates the test results of various tack coat
materials grouped by four interface bonding parameters. As
shown in Figure 5(a), emulsified asphalt showed the highest
shear strength at low temperature (i.e., 15°C), following by
rubber asphalt and then virgin asphalt. In contrast, the shear
strength from cutback asphalt was significantly lower than
others. However, the shear strength of emulsified asphalt
and rubber asphalt became smaller at high temperature (i.e.,
45°C), while the virgin asphalt and cutback asphalt produced
a higher shear strength. These facts indicated that temper-
ature played an important role in the adhesive properties of
tack coat, and the tack coat owning a high shear strength at
low temperature might not provide similar bonding per-
formance at high temperature. Therefore, considering the
influence of temperature could be helpful to choose the
proper tack coat material in engineering practice. In addi-
tion, the bonding properties of emulsified asphalt and
rubber asphalt were more sensitive to temperature change.

Figure 5(b) shows the results of interface bonding co-
efficient (IBC) from different tack coat materials. Like the
shear strength, emulsified asphalt, rubber asphalt, and virgin
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FIGURE 4: Shear stress-displacement curves at two different temperatures: (a) At 15°C. (b) At 45°C.

asphalt had higher IBC when the test temperature was at
15°C. However, all IBC decreased significantly at 45°C.
Further study revealed that the brittle-failure specimens had
higher IBC than plastic failure specimens. The IBC gap
between brittle-failure specimens and plastic failure speci-
mens suggested that the IBC of plastic failure might be less
than a certain threshold value. Unfortunately, this study
could not determine that value, and more tests were needed
in the future.

The residual strength was used to characterize whether
the interface bonding could still provide a certain strength
after the interface bonding was damaged. Roughly, a
specimen with higher shear strength was likely to have
higher residual strength according to Figure 5(c), which
meant that all residual ratios were at a high level. Residual
ratios presented in Figure 5(d) were able to prove the above
inference. The minimum residual ratio at 15°C and 45°C was
52.6% and 85%, respectively. In other words, the interface
bonding between HMA overlay and PCC layer could still
provide good adhesive ability after failure (that was when it
encountered a large relative displacement).

Based on the above analysis, it is clear that temperature
will affect the adhesive ability of the tack coat, and the in-
terface bonding between HMA overlay and PCC layer can
still provide considerable bonding strength after failure. The
shear strength and IBC results indicate that emulsified as-
phalt, rubber asphalt, and virgin asphalt are the three
suitable tack coat materials. Considering the different
procedures and difficulty of construction, this study rec-
ommends the emulsified asphalt as the optimal tack coat
material.

3.2. Coupling Effects of Normal Stress and Temperature on
Interface Bonding. This section tried to study the coupling
effects of normal stress and temperature on interface
bonding. In the recommended tack coat, emulsified asphalt
was adopted. Table 2 lists the main test conditions and
average test results. The results under 1.5 MPa and at 0°C

were not listed in the table because the shear force was too
high and exceeded the MTS range used in this study. It is
concluded from Table 2 that lower temperature and higher
normal stress were beneficial for interface bonding.

3.2.1. The Influence of Normal Stress. Further analysis was
conducted to study the relationship between interface
bonding strength and normal stress at different test tem-
peratures. From Figure 6(a), it is obvious that the shear
strength increased with the increase of normal stress at 0°C.
According to the test results, when the normal stress was
1.5MPa, the shear force was higher than 100kN, the
maximum applied load of the MTS. Consequently, the in-
terface bonding was very strong at 0°C, so it could meet the
adhesive requirements in most cases.

At 15°C, the influence of normal stress was more sig-
nificant. For example, the shear strength was increased by
50% when normal stress was changed from 0.5MPa to
1.0 MPa, as shown in Figure 6(b). In addition, the shear
strength was increased by 48.6% when normal stress was
changed from 1.0 MPa to 1.5 MPa. However, the enhance-
ment effect of normal stress on the interface bonding
strength was weakened as the temperature increased. As
shown in Figure 6(e), the normal stress had a very limited
influence on the shear strength when it was less than
0.5 MPa.

Figure 7 illustrates the relationship between normal
stress and other interface bonding parameters at 30°C, in-
cluding the shear strength, residual strength, interface
bonding coeflicient, and residual ratio. It can be found from
Figure 7(a) that both shear strength and residual strength
were positively correlated with normal stress, even though
the increase rate of shear strength and residual ratio grad-
ually slowed down. When normal stress increased from 0 to
1.5 MPa, the shear strength increased from 0.3 to 0.9 MPa,
and the residual strength increased from 0.07 to 0.7 MPa.
However, the growth trend of IBC was not consistent with
the increase of normal stress, which reduced at first and then
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FIGURE 5: Test results of various tack coat materials. (a) Shear strength. (b) Interface bonding coefficient. (c) Residual strength. (d) Residual ratio.

TABLE 2: Test results from different combinations of normal stress and temperatures.

Temperature ('C)  Normal stress (MPa)  Shear strength (MPa) IBC (N/cm®  Residual strength (MPa)  Residual ratio (%)
0 2.35 1445.33 0.00 0.00
0 0.5 3.11 1368.16 0.35 11.41
1.0 4.16 1415.66 0.80 19.35
0 0.77 518.21 0.07 9.12
15 0.5 0.69 271.38 0.41 58.66
1.0 1.04 448.46 0.43 41.78
1.5 1.55 859.79 0.88 56.79
0 0.28 161.46 0.14 48.19
30 0.5 0.36 158.37 0.30 82.61
1.0 0.93 417.43 0.71 75.65
1.5 1.15 343.00 1.01 87.20
0 0.12 33.67 0.06 49.42
45 0.5 0.31 98.07 0.27 87.51
1.0 0.57 152.09 0.61 106.28
1.5 0.58 144.27 0.59 101.97
0 0.05 17.78 0.03 56.87
60 0.5 0.39 100.75 0.33 83.60
1.0 0.38 445.05 0.41 106.22
1.5 0.37 223.72 0.37 99.79




Mathematical Problems in Engineering

5
1 1.6
4 /
< A = 1.2 4
a . s L
Z 3] 2
g ] . 08
c 2 /! z
s 5 = 1
(5} 4 o 4
=] ] <= ]
@ 1] / 04 4
] / B e IV 1
] / |
1 - | ]
0 —'fé = T T T 0.0 5
0 3 6 9 12 15 0
Displacement (mm) Displacement (mm)
—o— O0MPa —o— OMPa —— 1.0MPa
—— 0.5MPa —+ 0.5MPa —#— 1.5MPa
—— 1.0MPa
(a) (b)
| 0.8
12
— - ~ 0.6 -
£ 0.9 4 & =
s 91 =
£ 06 § 047
..;E g /\”M?/WM‘"—‘MW
] =
03] g ]{"Wr—-ﬂ———)———}—-w—-)—-)-—»—-m——;_ © 024 /77
0.0 T T T T 0.0 T T T T
0 3 6 9 12 15 0 3 6 9 12 15
Displacement (mm) Displacement (mm)
—o— 0MPa —— 1.0MPa —o— O0MPa —— 1.0MPa
—+— 0.5MPa —— 1.5MPa —+— 0.5MPa —— 1.5MPa
(c) (d)
0.5 J
0.4 q:vv’” v )
z : ~ o
203 ¥
E )
£ 02 /
e )
w
o1 ] /
}*ﬂ:ﬁ*mx,\x,wx)(vyﬁxﬂa-:ﬂ)—cmi-"f"‘i“fmn:x
0.0 T T T T 1
0 3 6 9 12 15
Displacement (mm)
—o— O0MPa —— 1.0MPa
—+ 0.5MPa —+— 1.5MPa

(e)

FIGURE 6: Shear stress-displacement curves under various normal stress. (a) At 0°C. (b) At 15°C. (c) At 30°C. (d) At 45°C. (e) At 60°C.
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increased. In addition, the residual ratio also had positive
correlation with normal stress. As shown in Figure 7(c), the
residual ratio rapidly increased from 40.9% to 78.1% when
the normal stress increased from 0 to 0.5 MPa, and then the
increase ratio reduced significantly.

In conclusion, the normal stress benefited interface
bonding strength, especially at a lower temperature. Higher
normal stress can increase both residual strength and re-
sidual ratio, but it usually had a very limited influence on the
failure mode of interface bonding.

3.2.2. The Influence of Temperature. To study the effects of
temperature on the interface bonding, the shear strength-
displacement curves were redrawn according to normal
stress. As shown in Figure 8, as the temperature increased,
the hump of the curves disappeared gradually. It was obvious
that the temperature was related to the failure mode (i.e.,
plastic failure or brittle failure) of interface bonding, and low
temperature tended to cause brittle failure. In contrast, only
plastic failure would occur when the test temperature was
not less than 45°C in this study. Additionally, the high

temperature would significantly decrease the shear strength,
no matter what the normal stress was.

The relationships between temperature and other
interface bonding parameters under 1.0 MPa normal
stress are illustrated in Figure 9. Despite some slight
fluctuations, both shear strength and IBC were negatively
correlated with. However, the residual strength did not
show any significant change when the temperature rose
from 0 to 60°C, which indicated that the temperature
might not influence the residual strength. It was inter-
esting that the residual ratio was positively related to the
temperature because plastic failure was easier to occur ata
high temperature, which would usually result in a higher
residual rate.

In summary, temperature had a significant effect on
interface bonding, and higher temperature would un-
doubtedly reduce the shear strength and interface bonding
coeflicient. Moreover, temperature played a dominant role
in the failure mode of interface bonding. Specifically, in-
terface bonding was more prone to plastic failure at high
temperature but trended to encounter brittle failure at low
temperature.
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FIGURE 9: Relationship between temperature and other interface bonding parameters. (a) Shear strength and residual strength. (b) Interface

bonding coeflicient. (c) Residual ratio.

4. Conclusions

To study the characteristics of interface bonding com-
prehensively, a series of laboratory tests were conducted
based on a self-designed direct shear test apparatus that
can simultaneously apply shear force and normal stress on
a specimen. Four kinds of tack coat materials were in-
vestigated under four different normal stresses and five
temperatures. This research tried to analyze the coupling
effects of normal stress and temperature on interface
bonding. The key findings or conclusions were summa-
rized as follows.

Temperature had a significant influence on the adhesive
ability of the tack coat. A tack coat that had high shear
strength at low temperature might not provide similar in-
terface bonding strength at high temperature. Although
emulsified asphalt, rubber asphalt, and virgin asphalt had a
similar adhesive ability, the emulsified asphalt was recom-
mended because of its simple construction method.

The interface between HMA overlay and PCC layer was
still able to provide considerable bonding strength after
failure, indicating that the damaged interface could still
function. The interface bonding coefficient could be selected
as an indicator to distinguish the failure mode of interface
bonding.

Normal stress benefited interface bonding strength,
especially at a lower temperature. Higher normal stress can
increase both residual strength and residual ratio, but it
usually had very limited impacts on the failure mode of
interface bonding.

Temperature had a significant effect on interface
bonding and played a dominant role in the failure mode of
interface bonding. Specifically, the interface bonding was
more prone to plastic failure at a high temperature, while it
trended to encounter brittle failure at a low temperature.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

Highlights. A special direct shear test device was designed
and manufactured to apply both normal stress and shear
stress on the specimen. Different tack coat materials were
tested and compared, and the optimal tack coat material was
determined. The coupling effects of normal stress and
temperature on interface bonding between Portland cement
concrete and hot-mix asphalt mixture were analyzed.
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