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ABSTRACT

Weak bonding between layers of pavement leads to damages on the composite pavement. Bonding plays
an important role in the durability and maintenance of composite pavement layers. The present study
evaluates the factors effective in bond strength of the interface between concrete and asphalt pavements.
The factors considered for this purpose include steel slag percentage in the concrete pavement, different
types of modified bitumen, and rates of tack-coat. To measure the bond properties, direct shear and shear
fatigue tests were carried out. In addition, texture depth and abrasion resistance were used in accordance
with EN 1338 standard to measure the roughness properties of concrete pavement. The test results
showed that 50% replacement of steel slag with aggregate resulted in an increase in physical properties
and texture depth of concrete pavement. Moreover, the results of the shear strength test of composite
pavement revealed that the optimal rate of using tack-coat varies between 0.6 and 0.9 I/m* and depends
on the type of tack-coat. Finally, a higher shear strength was obtained for crumb rubber bitumen

containing hydrated lime compared to crumb rubber modified bitumen and control bitumen.

doi: 10.5829/ije.2019.32.06¢.02

1. INTRODUCTION

Composite pavements have been studied for many years
and implemented globally in recent century. These
pavements have many advantages including long life,
low maintenance necessity, and enhanced driving
quality. Integrating the layers of composite pavements
may result in their good performance. Sufficient bonding
between layers of pavement leads less shear deformation,
enhanced elastic recovery performance, and less
permanent deformation [1], and thereby expecting longer
life for composite pavements. On the other hand, low
bonding between the layers can result in sliding the layers
over each other and reducing the shear strength between
pavement layers, leading to the reduced load transfer
capacity. All these factors lead to the occurrence of
cracking, rutting and shoving on the pavement. Previous
studies have indicated that weak bonding in the interface
can cause one-sixth to five-sixths reductions in pavement
life [2]. Muench and Moomaw [3] reported the
occurrence of separation between the layers of composite
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pavement due to the weak tack-coat between the layers,
penetration of water into the cracks, and insufficient
compaction of layers. One of the methods commonly
used for increasing the bonding between the pavement
layers is incorporating an interlayer of tack-coat between
the pavement layers [4]. Huang et al. [5] studied the
effects of surface characteristics and different types of
tack coats and reported that, for the optimal tack coat
dosage, the shear strength reaches its maximum value
and then decreases. The study also showed that emulsion
bitumen or asphalt rubber provided a suitable
performance in concrete pavement [5]. Hou et al. [6]
conducted a study on the modified tack coat in the
composite pavement and showed that the shear strength
of the interlayer with a modified tack coat increased by
69%. Also, they showed that the shear strength of the
modified tack coat was higher than that of control
bitumen [6].

Surface characteristics such as cleanliness, moisture,
and roughness can significantly affect the adhesion of the
composite pavement layers [7]. In this context,
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macrotexture (0.5 to 50 mm) and microtexture (<0.5 mm)
of pavement surfaces can seriously influence interface
bonding of composite pavement layers such that the shear
strength will be higher if the surface is rougher [8]. Song
et al. [9] indicated the effects of mixture type of
underlying layer, temperature, and tack coat application
rate on the interface shear strength. They found that at
intermediate temperatures, tack coat application rate
played a significant role in determining shear strength
while at intermediate to high temperatures, surface
texture depth had a significant effect on shear strength.
Finally, the texture depth of underlying layer on the shear
strength was affected by the tack coat rate [9].

Industrial and agricultural waste materials have
adverse effects on the environment. However, using
these materials has advantages because they improve the
mechanical properties of the concrete pavement [10, 11].
During the road constructions, it is possible to increase
the use of recycled materials instead of aggregates from
mountains or riverbed. One of the recycled materials of
the steel industry is steel slag. More than three million
tons of steel slag is produced annually in Iran, most
deposited in large quantities. Approximately, 50% of slag
production in Iran is from electric arc furnaces (EAF)
[12]. Allocation of this space can lead to heavy financial
costs for factories. In addition to occupying a huge
amount of plant space and environmental degradation,
due to the presence of some heavy metals within the
composition of this product, scouring steel slag can also
be dangerous for groundwater resources. The desirable
physical and mechanical properties of steel slag
aggregate include high compressive strength and
abrasion resistance, high internal friction angle, angular
shape, and roughness and can be used as aggregate in
pavement layers [12]. The environmental problems of
slag deposits in the steel manufacturing complex, on one
hand, and the lack of suitable aggregate resources in the
road industry, on the other hand, necessitates replacing
natural aggregates with these slags. Steel slag contains
angular crushed aggregates with rough surfaces.
Generally, these aggregates are 100% broken on both
sides and do not have flaky or elongated aggregate. Thus,
they have a proper interlock and their friction angle is
high (about 45°). Saxena and Tembhurkar [13] compared
the properties of fresh and hardened concrete containing
15, 25, 50, 75, and 100% replacement of coarse-grain
with steel slag and wastewater. They concluded that the
replacement of 50% of basalt aggregate with steel slag
aggregates increased compressive strength, flexural
strength, and modulus of elasticity of concrete at the age
of 28 days by 33, 9.8, and 22%, respectively [13]. Studies
have also been conducted on the application of steel slag
in asphalt mixtures. The results of this research have
shown that the use of steel slag could increase the
strength of the mixture against moisture sensitivity [14-
15], resistance to fatigue cracking [16], permanent

deformation [15], and resistance to rutting and dynamic
creep [17].

The studies conducted on the interface of composite
pavement layers indicated that the type and amount of
tack-coat material, as well as the surface pavement of
underlying layer, are among the factors most effective on
the bonding of composite pavement layers. Hence, the
present was conducted to explore the possibility of using
steel slag as crushed aggregates with rough texture in the
composite pavement to increase the roughness and
friction between concert and asphalt layers, thereby
increasing the shear strength of composite pavement.
Furthermore, different types of modified bitumen tack-
coat with various application rate were applied to
enhance the shear strength of composite pavement layers.

2. EXPERIMENTAL PROGRAM

2. 1. Methodology This study considered two
approaches for enhancing the bonding between
reinforced concrete and asphalt overlay. In the first step,
concrete pavement roughness can be raised to increase
the bonding between the composite pavement layers
because the steel slag induces a rough surface texture, a
high angle of internal friction, high specific gravity, and
angular shape. Therefore, the aggregates in the concrete
pavement were replaced by various percentages of steel
slag (25, 50, 75 and 100%). To obtain the optimum
percentage, the texture depth test was performed on all
specimens in compliance with ASTM E 965 and the
abrasion resistance test was performed in accordance
with EN 1338. In the second step, to assess the effects of
different tack coats, including control bitumen and crumb
rubber modified bitumen (CRMB), the crumb rubber
bitumen contains hydrated lime (CR/HL), direct shear
test was conducted using application rates 0f 0.3, 0.6, 0.9,
1.2, and 1.5 I/m?.

2. 2. Materials and Specimen Preparation In
this study, a Superpave PG 64-16 bitumen (provided by
Akam-bitumen Co.) was used to prepare specimens. In
addition, siliceous aggregates with continuous gradation
type 5 based on flexible Pavement design manual of Iran
[18] made up the overlay layer. The physical and
mechanical properties of aggregates are given in Table 1.
Othman [19] used 3% of hydrated lime (HL) by mass of
asphalt mixture and 15% of crumb rubber (CR) to modify
the binder. In this study, the added 3% hydrate lime by
mass of asphalt mixture. The CR was manufactured from
waste tires by a grinding process at ambient temperature,
and the size of the added CR particles fell between 0 and
1 mm. The amount of added CR was considered to be
15% of the asphalt binder [20]. The bitumen containing
CR and HL was mixed for 60 minutes at a mixer rate of
5000 rpm and a controlled temperature of 175°C. The
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reaction time was considered to be high due to the
specific surface area of material and the irregular shapes
of the CR particles.

Furthermore, in this research coarse-grained and fine-
grained aggregates, cement and steel slag are used. The
coarse-grained size used in this study is 4.75 to 19
millimeters. In Figure 1, the coarse-grained and fine-
grained curve of the existing experimental materials is
presented according to ASTM C33 standard. The cement
used is typical type-1I Portland cement manufactured by
Shahrood Cement Factory. The slag used in this study is
manufactured by electric arc furnace (EAF) in
Mobarakeh Steel Co., (Isfahan, Iran). The specific
gravity of the slag is 3.02 grams per cubic centimeter and
the abrasion of Los Angeles is 12.1%.

The mix design of concrete specimens is summarized
in Table 2. These specimens were prepared using a
mechanical mixer and are poured into special molds for
each test. In order to compact the specimens, a standard
rod and then a vibrating table was used. After mixing, the
specimens were kept under laboratory conditions for 24
hours. Next, the specimens are taken out of the mold and

TABLE 1. Physical and mechanical properties of aggregates

aggregate Steel slag
Test Standard
coarse  Fine  coarse Fine
%Slgl;/[ 2.71 3.04
Bulk specific
gravity ASTM
C128 2.63 2.95
Water
absorption AESS;’I 125 17 185 22
(%)
Sand AASHTO
equivalent T-167 69.5 76.4
Los Angeles ASTM 13 12
coefficient Cl131
regulations limit =—f— Gradation curve of sand

regulations limit

100 - /

=@ Gradation curve of gravel

Percent passing
B [e2} [
o o o

N
o
1

0
0.1 1 10
Sieve size (mm)
Figure 1. Gradation curve of fine and coarse aggregates

treated in water ponds at a temperature range of 22-25°C
for 28 days. In each mix design of the three specimens,
the cylindrical compressive and tensile strengths of
300x150 mm, a 100x100%500 mm prismatic beam were
made to determine the flexural strength of the concrete.
Also, to carry out the abrasion test using EN 1338, a
specimen with dimensions of 150 mm (L) X60mm (W)
x100mm (H) was used. Two-layer composite pavement
specimens were designed using a special mold 120 mm
high with an internal diameter of 100 mm. In this mold,
a steel slag reinforced concrete specimen with a height of
76.2 mm and a diameter of 100 mm was placed on the
lower part. Next, tack coat materials of control bitumen
(PG 64-16), CRMB (PG 70-16), and CR/HL (PG 76-22)
in amounts 0f 0.3, 0.6, 0.9, 1.2, and 1.5 I/m? were spread
on the interface between the two layers using a brush. The
asphalt mixture was then immediately poured on the
concrete specimen inside the special mold and the upper
layer was tapped by 125 impacts using a Marshall
Hammer to reach the required air percentages
corresponding to 98% of the Marshall density [21].
Figure 2 shows the construction of a two-layer composite
specimen and a view of composite specimens after the
opening of the mold.

2. 3. Test Method The abrasion resistance test was
carried out according to the method specified in BS EN1338
on 28-days specimens obtained from the cutting of prismatic
specimens. To evaluate the effect of underlying concrete
layer properties on the friction between the reinforced
concrete and the asphalt layers, a sand patch test was
performed (ASTM E 965). Determining the surface texture
depth based on the ratio of a certain volume of sand to the
total surface covered by the material is a suitable method for
asphalt and concrete pavement surfaces with a texture depth
greater than 0.25 mm.

The two-layer specimens were placed in room
temperature to be cooled, and after 24 hours of treatment,

TABLE 2. Mix design used in this research
Additives Gravel Sand Water

Series Cement

Control 400 987 808 160
SL-25 400 25 740 808 160
SL-S0 400 g, SO 4935 808 160
SL-75 400 8ggregale 75 740 808 160
SL-100 400 100 987 808 160

~ - L _ S

Figure 2. Manufacturing composite pavement specimens
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they were placed in an environment of 25 °C in a direct shear
mold device. The interface of a double-layered specimen
was carefully arranged in the gap between the specimens
and fixed in place. After assuring correct placing of the
specimens, a vertical force was applied at a speed of 50
mm/min. Finally, the device plots the applied force in terms
of fixed frequency displacement and produces graphs and
calculated shear strength. The direct shear fatigue apparatus
consists of four semi-circular steel rings installed on
Universal Testing Machine (UTM) device and used as the
shear force source, with shear force loading and
displacements recorded at a specified frequency during each
cycle. This test was loaded using a sinusoidal cycle based on
a stress control mode and performed at 10 Hz frequency and
25 °C on composite specimens. This test is performed three
times specimen at stress level of 0.4 MPa based on shear
strength test of direct shear specimens [22].

3. RESULTS AND DISCUSSIONS

3. 1. Effect of Steel Slag on Mechanical Properties
of Concrete The compressive strength of concrete
specimens containing slag was determined on 28 days after
curing. The test results are shown in Figure 3. The test
results indicate that the compressive strength of mix
concretes contains slag with 25, 50, 75, and 100% coarse
grains replacement with slag increased compared to the
control concrete. Generally, with the increase in the amount
of aggregate replacement with steel slag, compressive
strength is initially increased and then reduced. For example,
the replacement of 50% aggregate with slag in the water-to-
cement ratio of 0.40 resulted in a 56.4% strength increase.
Substituting 100% of aggregates by slag have led to a 5.77%
decrease in strength relative to the optimal amount. Because
the minimum compressive strength required for concrete
pavement is 27.6 MPa in the ACI 325.10R-99 code, the
compressive strength of the specimens is more than the
concrete pavement design criterion. There are three areas in
concrete that failure in any of them lead to the failure of the
specimen. One of the causes of increased compressive
strength can be the pozzolanic effect of steel slag. At early
ages, slag slowly reacts with the released calcium hydroxide
during cement hydration and does significantly contribute to
the compacting of the concrete matrix at the early ages [23].

The effect of steel slag on the concrete splitting tensile
strength is shown in Figure 4. As can be seen, the overall
trend of changes in tensile strength is incremental. Tensile
strength increased slightly by increasing the percentage of
slag as a substitute for aggregate in concrete. Meanwhile, the
tensile strength of the reinforced specimens increased
compared to the control specimen. Therefore, with
increasing slag from 25 to 50%, the tensile strength was
improved by 15%. Also, the replacement of 50 and 100% of
aggregate with slag resulted in 26 and 12% increase in
tensile strength, respectively. This increase is attributed to

the enhanced tensile strength due to adhesion between the
paste and aggregate and pozzolan reaction.

Figure 4 presents the flexural strength behavior of
concrete containing steel slag. As can be observed, by
increasing the amount of aggregate replacement by steel
slag, the flexural strength initially increases and then
decreases such that the 50% slag replacement increased by
16% compared to the control concrete. It is worth
mentioning that considering the cheaper price of slag than
natural aggregates, the use of slag in concrete pavement
reduces the cost of construction and total expenditure.

3. 2. Abrasion Resistance and Texture Depth of
Reinforced Concrete To evaluate the abrasion of
concrete, the abrasion resistance test is carried out by a
rotating cylinder. Accordingly, the device conforming to
EN 1338 standard was used and is applied to evaluate the
abrasion of concrete (Figure 5). The surface abrasion of
a concrete block with mentioned dimensions was
performed by a rotating cylinder with an abrasive
material under standard conditions. The worn width of
the concrete specimens is shown in Figure 6. As can be
noticed, thereis a significant difference between the

Control ~ SL 25 SL 50 SL 75 SL 100

= N W D U O
o O O O O o

Compresive Strength (MPa)

o

Figure 3. Bar chart compressive strength of concrete
containing Steel Slag

M Tensile Strength M Flexural Strength

Control SL 25 SL 50 SL 75 SL 100

Mechanical Properties (MPa)
O LB N W B~ U1 O N

Figure 4. Bar chart mechanical properties of concrete
containing Steel Slag
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amount of abrasion of the control and slag-reinforced
specimens. The abrasion of the concrete specimen
containing 50% slag was increased by 25% compared to
the control specimen. In general, the width of the wearing
of the specimens is between 15 and 23 mm. Also, the
abrasion of a concrete specimen containing 50% steel
slag was not significantly different from steel slag with
replacements of 75 and 100%. In accordance with
EN1338, the specimen contained 25% of the average
abrasion category (category 2) of this standard.
According to this standard, specimens containing 50, 75,
and 100% steel slag in the concrete pavement are in the
optimal category in terms of abrasion (abrasion widths
less than 20 mm). As the results show, increasing the
percentage of steel slag additive increases the abrasion
resistance of the specimens. A 56.4% improvement in
compressive strength and 25% in abrasion resistance is
associated with the optimum point of 50% slag.

Figure 7 presents the effects of steel slag on the
texture depth of concrete pavement. As can be observed,
there is a significant difference in terms of texture depth
between specimens containing the steel slag aggregate
and the natural aggregate. Thus, it can be inferred that,
because of its physical properties and high wear
resistance as well as its angular and broken shapes, steel
slag has a greater depth of texture. In general, the texture
depth of the specimens was between 0.4 and 2.2 mm, and
SL-50% specimen’s texture depth was increased by
about 30% compared to the control specimen. The results

Figure 5. The test procedure of abrasion resistance
according to EN 1338 and the grooved width of the
specimens

Groove width (mm)

S

0 25 50 75 100

Replacement of Steel Slag (%)

Figure 6. Effect of steel slag on the abrasion resistance of
concrete pavement

N
N w

Texture Depth (mm)
=) [
[C |

o

0 25 50 75 100
Replacement of Steel Slag (%)
Figure 7. Texture depth results for different steel slag
aggregate percentages

also indicated that the texture depth of SL-75% and SL-
100% specimens was increased slightly compared to that
of the SL-50% specimen. A study conducted by Song et
al. [9] non the optimal rate of tack coat and texture depth
revealed that a higher texture depth leads to a more
optimal tack coat rate, and higher shear strength is
created on the interface between the upper layer and
underlying layer. Therefore, in this study, to make a
composite specimen, the concrete pavement reinforced
with steel slag, which had a larger texture depth, was used
to create a stronger bond between the upper layer and the
underlying layer, resulting in greater shear strength at the
layer interface. These results showed that selecting the
pavement with a rougher surface, the specimen
containing 50% of steel slag should be selected as an
economically justified material for increasing adhesion
between layers in a rigid-flexible composite pavement.

Therefore, according to the above results, the
specimen containing a replacement of 50% slag instead
of aggregate is more appropriate in terms of mechanical
and abrasion properties and cost. Hence, it can be used in
reinforced concrete and asphaltic pavement to increase
the adhesion between the two layers and to select the
lower surface with rough surfaces.

3. 3. Effects of Bitumen Type and Tack Coat Rate
Between Pavement Layers

3. 3. 1. Interlayer Shear Strength and Shear
Fatigue of Modified Asphalt Binders As
mentioned above, the type and rate of tack coat applied
on the substrate surface of composite pavement play an
important role in the shear strength between concrete and
asphalt overlay. Therefore, in this study, the tack coat
types including control bitumen (PG 64-16), CRMB (PG
70-16), and CR/HL (PG 70-22) were investigated. Also,
the mentioned tack coat rates are 0.3,0.6,0.9, 1.2 and 1.5
1/m2,

Three important factors affecting the shear strength of
the pavement interlayer include friction, interlock of the
aggregates, and bonding strength of layers [24]. In this
research, the upper and underlying layers are composed
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of two different materials (the concrete base and asphalt
overlay), suggesting that the bonding strength will have
more effect on the friction and interlock of the
aggregates. In this section, the tack coat used between the
concrete and asphalt layers is analyzed and the adhesive
performance of the tack coat is evaluated. Figure 8
presents the tack coat rate of control bitumen vs. the
interface shear strength. As can be noticed, the higher rate
of applied control bitumen increases shear strength
initially and reduces it, afterward. These results show that
a higher rate of bitumen usage does not necessarily mean
increasing shear strength between layers. Obviously, the
additional bitumen causes the surface of the concrete to
be saturated and additional amounts on the surface to
reduce the strength. According to the obtained results, the
optimum rate of tack coat of the control bitumen is 0.9
1/m?, at which the highest shear strength is obtained.

Temperature has an important role in the shear
strength of composite pavement layers. At 25°C, the tack
coat plays an important role in the shear strength between
composite pavement layers. However, at a temperature
higher than 60°C, the change in the use of tack coat rate
does not significantly affect the shear strength [24].
Figure 8 presents the effect of the rate of using CRMB
and CR/HL as tack coat against the shear strength of
composite pavement. According to Figure 8, it can be
seen that with increasing the amount of CRMB, the shear
strength initially increases and then begins to decrease. It
is important to note that when the tack coat spreads on a
concrete layer, it starts to reduce slightly and does not
cover the whole surface, and thereby the shear strength
increases insignificantly. With increasing tack coat, the
shear strength increased significantly, and this upward
trend continues to some extent. When the amount of tack
coat is more than 1.2 1/m?, the shear strength is reduced
significantly and the concrete and asphalt layers skid on
each other.

It can be seen from Figure 8 that the optimum tack
coat rate for CR/HL is 0.9 I/m?. When there is little tack
coat on the surface, the shear strength does not increase
significantly. However, when the amount of bitumen
spread over the surface is excessive, the two layers slide
on each other with the least force. As can be seen, the
amount of shear strength of the tack coat in the amount
of 1.5 1/m? is less than the other specimens. However, in
the case of using an extra tack coat on a concrete
pavement, a shear sliding is created at the interface
between the two layers and the shear strength decreases
significantly. According to the obtained results, the shear
strength of the CR/HL was improved compared with the
control bitumen (PG 64-16). One of the reasons for this
strength increase may be the higher adhesion of modified
bitumen than normal bitumen and its proper spread is on
the rough texture of the concrete pavement.

Control Bitumen mCRMB m CR/HL Modified Bitumen
550

500

450
400
350 I
300
0.3 0.6 0.9 1.2 1.5

Tack coat Rate (1/m?)

Shear Strength (kPa)

Figure 8. Effect of tack coat rate on shear strength at
different tack coats

Fatigue life of concrete-asphalt composite specimen was
determined for different percentages of bituminous
interlayers in accordance with a 50% stiffness reduction
method. Figure 9 depicts the fatigue life of concrete and
asphalt specimens for 0.4 MPa stress level and different
percentages of tack coat. As can be seen, the tack coat
type utilized significantly affects composite pavement
performance. For equal values of tack coats, the number
of cycles leading to failure is increased in CR/HL
modified bitumen tack coats compared to the CRMB and
control specimen. The significant increase in the number
of cycles leading to failure in CR/HL modified specimens
confirms the fatigue parameter (G*.Sind) results obtained
from DSR testing for modified bitumen specimens.
According to Figure 9, after a significant increase in the
number of cycles leading to failure at the optimal
application rate, the Dbetween-layers tack coat
temperature was raised due to the cyclic loading and,
consequently, the tack coat became more a lubricant
rather than a binder agent [22]. Certainly, the number of
cycles leading to failure was increased more in field
performance by increasing the amount of tack coat,
because there was a longer rest period between traffic
loads so that the atmosphere can overcome the heat
generated between composite pavement layers [22]. The
results show that an optimal value of 0.9 1/m? is achieved
at a stress level of 0.4. For example, according to Figure
9, in a composite specimen with a CR/HL 3% tack coat
of 0.9 I/m?, the number of cycles resulted in the failure
was 4746, which enhanced the fatigue life by 10%
compared to that of the CRMB specimen. As can be seen,
the stress level of 0.4 results for CRMB specimen and the
optimum value of 0.9 1/m? leads to failure at a cycle
number of 4480, which increase the fatigue life by 75%
in comparison to the control specimen.
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Figure 9. Fatigue lifetime results based on the 50%
reduction method of different tack coat (Control, CRMB,
and CR/HL) on the concrete pavement at 0.4 MPa stress
level

4. CONCLUSIONS

A laboratory study was conducted to investigate the
effects of surface characteristics and modified asphalt
binders on the shear strength between asphalt overlay and
concrete base. The main results of the present study can
be outlined as follows:

Due to the minimum compressive strength specified
in ACI 325.10R-99 for concrete pavements, in this
study the compressive strength of the specimens is
more than the concrete pavement design criterion.
Therefore, the compressive strength of concrete
containing steel slag is 56% more than control
specimen and a steel slag of 50% was considered as
optimum value. For 50% replacement of steel slag,
the tensile strength and flexural strength of concrete
pavement increases by 26 and 16%, respectively.
One of the objectives of this research is to increase
the adhesion between concrete and asphalt pavement
by increasing the concrete roughness using steel slag.
The results showed that for 50% replacement of steel
slag, the abrasion resistance and texture depth of
concrete pavement increases by 25 and 30%,
respectively. Therefore, 50%-steel slag was used in
the concrete pavement to increase shear strength
composite pavement.

CR/HL modified bitumen is recommended as the
optimal interlayer material because of its excellent
adhesive performance. The optimum tack coat rate of
CR/HL modified bitumen is 0.9 1/m?.

Generally, the shear strength order of the studied tack
coats is as control bitumen< CRMB< CR/HL
modified bitumen.

The tack coat application rate also plays an important
role in the shear strength and shear fatigue of the
interface between the concrete base and the asphalt

overlay. By increasing the tack coat application rate,
the shear strength of the interface between layers was
initially increased and then decreased. The optimum
value of tack coat rate was 0.9 I/m?> for CR/HL
modified bitumen.

5. REFERENCES

10.

1.

12.

13.

Boulangé L, Sterczynskia F., "Study of interfacial interactions
between bitumen and various aggregates used in road
construction", Journal of Adhesion Science and Technology,
Vol. 26, No. 1, (2012), 163-173.

Khweir K, Fordyce D., "Influence of layer bonding on the
prediction of pavement life", Proc. ICE-Transport, Vol. (156),
(2003), 73-83.

Muench, S.T. and Moomaw, T., "De-bonding of hot mix asphalt
pavements in Washington state: an initial investigation", WA-RD
712.1 and TNW 2008-10. Washington State Department of
Transportation (WSDOT) and Transportation Northwest
Regional Center X , (2009).

Cho, S. H. "Evaluation of interfacial stress distribution and bond
strength between asphalt pavement layers", A dissertation
submitted to the Graduate Faculty of North Carolina State
University in partial fulfillment of the requirements for the Degree
of Doctor of Philosophy, North Carolina State University, (2016).
Huang W., Lv Q., and Tian, J., "Effects of Tack Coat Type and
Surface Characteristics on Interface Bond Strength", International
symposium on Frontiers in Road and Airport Engineering, (2015).
Hou D., Han M., Muhammad Y., Liu Y., Zhang F., Yin Y., Duan
SH., Li J., "Performance evaluation of modified asphalt based
trackless tack coat materials", Construction and Building
Materials, Vol. 165, (2018), 385-394.

Cross, S.A., and P.P. Shrestha., "Guidelines for using prime and
tack coats", Report FHWA-CFL/TD-02-002, Central Federal
Lands Highway Division, Federal Highway Administration,
Lakewood, Colorado, (2005).

Mrawira, D, Damude D.J., "Revisiting the effectiveness of tack
coats in HMA overlays: The shear strength of tack coats in young
overlays", Proceedings 14th Annual Conference, Canadian
Technical Asphalt Association, (1999), 116-129.

Song, W., Shu, X., Huang, B., Woods, M., "Factors affecting
shear strength between open-graded friction course and
underlying layer", Construction and Building Materials, Vol.
101, (2015), 527-535.

Shahba, S., Ghasemi, M. and Marandi, S., "Effects of partial
substitution of styrene-butadiene-styrene with granulated blast-
furnace slag on the strength properties of porous asphalt",
International Journal of Engineering-Transactions A:
Basics, Vol. 30, No. 1, (2017), 40-47.

Shafabakhsh, G. and Ahmadi, S., "Evaluation of coal waste ash
and rice husk ash on properties of pervious concrete pavement",
International Journal of Engineering-Transactions B:
Applications, Vol. 29, No. 2, (2016), 192-201.

Kavussi, A., Jalili Qazizadeh, M., "Fatigue characterization of
asphalt mixes containing electric arc furnace (EAF) steel slag
subjected to long term aging", Construction and Building
Materials, Vol. 72, (2014), 158-166.

Saxena S., Tembhurkar A.R., "Impact of use of steel slag as
coarse aggregate and wastewater on fresh and hardened properties



812

14.

16.

17.

G. Shafabakhsh and S. Ahmadi / IJE TRANSACTIONS A C: Aspects Vol. 32, No. 6, (June 2019) 805-812

of concrete", Construction and Building Materials, Vol. 165,
(2018), 126-137.

Amelian, S., Manian M., Abtahi S.M., Goli A., "Moisture
sensitivity and mechanical performance assessment of warm mix
asphalt containing by-product steel slag", Journal of Cleaner
Production, Vol. 176, (2018), 329-337.

Fakhri M., Ahmadi A., "Recycling of RAP and steel slag
aggregates into the warm mix asphalt: A performance
evaluation", Construction and Building Materials, Vol, 147,
(2017), 630-638.

Groenniger J., Falchetto A.C., Isailovic 1., Wang D., Wistuba
M.P., "Experimental investigation of asphalt mixture containing
Linz-Donawitz ~ steel slag", Journal of Traffic and
Transportation Engineering, (2017), 1-8.

Shafabakhsh G.H., Jafari Ani O., "Experimental investigation of
effect of Nano TiO,/SiO, modified bitumen on the rutting and
fatigue performance of asphalt mixtures containing steel slag
aggregates", Construction and Building Materials, Vol, 98,
(2015), 692-702.

Iran highway asphalt paving code, Vice Presidency for Strategic
Planning and Supervision. The Ministry of Road and Urban
Development, Publication Number 234, Iran, (2011).

19.

20.

21.

22.

23.

24.

Othman, AM., "Evaluation of hydrated lime effect on the
performance of rubber modified HMA mixtures", Journal of
Elastomers & Plastics., Vol. 43, No.3, (2011) 221-237.
California Department of Transportation, Materials Engineering
and Testing Services. Asphalt Rubber Usage Guide. 5900 Folsom
Blvd, Sacramento, USA, (2003).

Tozzo, C. Fiore, N. and D’andrea, A., "Dynamic shear tests for
the evaluation of the effect of the normal load on the interface
fatigue resistance", Construction and Building Materials, Vol.
61, (2014), 200-205.

Song W.M, Shu X, Huang B.S., "Laboratory investigation of
interlayer shear fatigue performance between open-graded
friction course and underlying layer", Construction and Building
Materials, Vol. 115, (2016), 381-389.

Metwally, Kh.A., Faried, A.S., Tawfik, T.A., "Significance of
Blast Furnace Slag as Coarse Aggregate in Concrete", Life
Science Journal, Vol.14, (2017), 1-6.

Sheng Li, Huang You, Liu Zhao-hui, "Experimental evaluation of
asphalt material for interlayer in rigid-flexible composite
pavement", Construction and Building Materials, Vol. 102,
(2016), 699-705.

Influences of Surface Characteristics and Modified Asphalt Binders on Interface Shear
Strength

G. Shafabakhsh, S. Ahmadi

Faculty of Civil Engineering, Semnan University, Semnan, Iran

PAPER INFO

Paper history:

Received 25 February 2019

Received in revised form 06 April 2019

Accepted 02 May 2019

Keywords:

Composite Pavement

Shear Strength

Mechanical Properties of Concrete
Steel Slag

Tack Coat

e OB (Sl 558 0 S e (g3l 53 (ol Sl F sl Esl Ly Y ins S
S it o S Caglie i S 0 sl S allae cl S oo il S 5o (53l sl (6516 5 53 o
3l 53 Y5 oyl s Jols ol 4 S e (slay g8l il 03,8 oy 1 (Al 355 5 o 5l
- b3l 5l St Sl yas SSe3l sk 4 sl o e 350 5 5 cilme e slas s gl o
ol S35 Gl e 625 Slo it S I it & pmen 5 B (Sie i 2y sl
el sl olas olabe sl 2l i oslizad EN 1338 5l b ol Cunslie 5 3L G Sialesl 51 s g

osdhe el 0l b sy S Ges il 5 SOl Sl a5l e 610K b 3V 5 oL e Ao ys 00

e A 8 N e e s S eslinal w53 sl 0L (S e (3l (b el hulesT b O

St Sal ool Sy 3 gl g i s Cglie emans Iy b 35l Cj.}‘\.;u_(:m.:}nﬁﬁi:»

doi: 10.5829/ije.2019.32.06¢.02

sl 0 sy QLA dals 8y SV s e sl L3 L aslis s




