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Abstract: When the direct tensile test is adopted to determine the interlayer tensile strength of the
asphalt pavements, specimen separation or internal cracking often occurs at the bonding area of
the loading head, rather than at the interlaminar bonding interface. In view of the tedious and
discrete data of the direct tensile test, this paper attempts to introduce an indirect tensile test to
determine the interlayer bond strength of asphalt pavement to solve this problem. However, the
indirect tensile test method of a binder lacks the corresponding mechanical theory. This paper
deduces the calculation formula of the indirect tensile strength of a binder based on elastic theory. A
mechanical model of the test was established with the finite element method. In accordance with the
two-dimensional elastic theory and the Flamant solution, an analytical solution of tensile stress in
the indirect tensile test is proposed through the stress superposition. On this basis, the calculation
formula for the indirect tensile strength of the interlaminar bonding is derived according to Tresca’s
law. A low-temperature indirect tensile test was designed and conducted to verify the correctness of
the formula. By comparing the results of the indirect tensile test and direct tensile test, it is found that
the interlaminar strength of the mixture measured by them is similar, and the dispersion of indirect
tensile test results is small. The results show that the indirect tensile test can replace the direct tensile
test to evaluate the interlaminar tensile strength.

Keywords: road engineering; asphalt pavement; indirect tensile strength test; interlayer bond
strength; calculation derivation

1. Introduction

The direct tensile test is often applied to measure the interlayer bonding strength
of asphalt pavements [1-3]. However, this test method is time-consuming because the
specimen needs to be adhered to the loading head using high-quality glue [4]. Even though,
the detachment frequently occurs at the glued interface during the test [5]. Besides, a tensile
failure may occur in the specimen itself instead of along the interlayer bonding surface.

Considering the defect of the direct tensile test, Ehsan adopted an indirect interlayer
tensile test to evaluate the mechanical properties of the cold joints of the asphalt pavement
by referring to the direct tensile test and a four-point bending test [6]. The results show
that the indirect tensile test is practicable. However, Ehsan did not make a correspond-
ing mechanical theoretical derivation for the indirect tensile test method, only directly
following the mechanical theory of the Brazilian disc test proposed by Hondros in 1959 for
the test of low tensile strength materials [7]. Therefore, the calculation results are not so
resonable. The Brazilian disc is the most widely used approach to test the tensile strength
oy of rocks [8-10], and was first used by Guo et al. in testing the open fracture toughness of
rocks [11]. The difference between this approach and other fracture tests is that it is unnec-
essary to introduce the crack or the pre-opened groove in the test piece [12]. Nevertheless,
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due to the high compressive stress generated between the indenter and the specimen, the
rock may yield and fracture near the loading point, which is inconsistent with the test
principle [13]. That’s why the method yet needs to be improved. Wang et al. solved the
problem by improving the Brazilian disk [14-16]. Two cuts were introduced on the upper
and lower ends of the disk specimen to make two parallel platforms for ease of loading.

By analyzing the loading mode of the disc, Guo et al. found that the concentrated
loading mode and the loading plate approach are susceptible to a shear failure at the
loading point, while the platform loading mode can better ensure a center cracking of the
disc [17]. This is the theoretical premise of the indirect tensile strength test. According to
Saint-Venant’s principle in elastic mechanics, if the surface force applied on a portion of the
boundary of an object is transformed into a static equivalent surface force with a different
distribution (the principal vector is the same, so is the principal moment for the same point),
the vicinity stress distribution on the boundary of the object will change significantly, with
the effect on the distance being negligible [18]. This implicates that as long as the loading
angle of the platform is within a certain range, the above conclusion is believable. The
researches are done by Qi [19], Wang [20,21], Khavari P [22], et al. shows that the optimal
loading angle is between 20° and 30°. Through the finite element analysis, Huang et al.
proved that when the loading angle is 20°, the Brazilian disk specimen will crack in the
center, and a central tensile failure will occur, which meets the theoretical requirements
for the indirect tensile test [23]. In addition, You, Wang, Huang deduced the calculation
formula of the tensile strength measured by a platform Brazilian splitting test and obtained
the corresponding calculation formula [23-25].

The above researches are of guiding significance for deriving the numerical solution
of the indirect tensile strength of the asphalt pavement interlayer bonding material (here-
inafter referred to as the indirect tensile strength of the interlayer bond). However, those
formulas cannot be directly applied in the calculation of the tensile strength in this work.
The main reasons are as follows: firstly, the existing researches are mainly focused on
the analysis of the Brazilian disk with the specific platform. The calculation formulas of
the tensile strength are not universal. Secondly, most of the researches depend on the
finite element or the discrete element simulation for the simulated calculation, lacking a
corresponding theoretical analysis. If the stress solutions obtained from these formulas are
used to represent the stress state of the samples in this study, deviations from the actual
state may occur.

Based on the above analysis, based on the two-dimensional elastic theory and the
Flemish solution, a two-dimensional model of indirect tensile test is established with the
aid of finite element method to analyze the stress of the bonding interface, so as to obtain
a mechanical model of the binding layer indirect tensile test. Besides, the actual stress
solution of the sample in the mechanical model is analyzed theoretically, and the calculation
formula of the indirect tensile strength of the binding layer is deduced on the premise of a
central cracking along with the bonding interface.

2. Establishment of the Mechanical Model for the Interlayer Bond
Indirect Tensile Test

The specimen and the loading mode used in the test are shown in Figure 1a. The speci-
men is a cylinder with a diameter of 100 mm, and a height of 100 mm, which is drilled from
a double-layer rutting plate specimen. The upper and lower loading strips were parallel
positioned on, and under the bonding interface. Since the elastic properties of the indenter
and the specimen are different, the friction will generate along with the interface of the
two kinds of material (Hooper, 1970) [26]. In order to reduce the additional shear stress
caused by the friction, the lubricant was applied on the surfaces of the strips [27]. A radial
compression loading was exerted by a universal testing machine. The displacement control
mode was adopted with a loading rate of 20 mm/min. Figure 1b shows the loading model
diagram, where, the YOZ plane is the bonding interface, and the XOY plane is the surface
that passes through the cylinder centroid and is perpendicular to the YOZ plane.



Materials 2021, 14, 6041

30f15

Upper hea
ek

Specimen ///\TM%
A

-?\\\\
\ ~—~—

I' Lower head
(a) (b)

Figure 1. Test: (a) loading test; (b) loading model.

To ensure the rationality and the operability of the test, firstly, the stress distribution
on the loading surface must be uniform. Secondly, the internal stress transfer within the
specimen is uniform, and the specimen cracks initially on the interlayer bonding surface
(i.e., the central plane of the load). Therefore, the following assumptions were proposed:

(1) To optimize the uniform stress distribution, an arc loading is applied on the plane
along the x-axis. In accordance with Saint-Venant’s principle and the researches done
by Kourkoulis et al., this loading mode can effectively abate the stress concentra-
tion [28-30]. Kourkoulis et al. conducted a series of standard Brazilian disk tests
employing a new three-dimensional digital image correlation system. It was found
that when the center angle of the arc loading surface was 24°, the stress was evenly
distributed along the contact ring [30]. Therefore, the center angle of the arc loading
surface in this study is selected 24°.

(2) To ensure the uniform internal stress transfer in the specimen, the specimen should be
homogeneously isotropic elastic [31]. When the asphalt mixture specimen is loaded
at low temperatures, the material displays elastic properties. Therefore, the specimen
can be regarded as homogeneous isotropic [32-34].

(3) The bonding layer is the weakest part of the specimen [35,36]. The tensile strength of
the other part of the specimen is greater than that of the interlayer bonding surface [37].
Therefore, the sample will start to crack along the YOZ plane.

In the following section, a two-dimensional model of the XOY plane, including the
loading indenter, is established with the finite element analysis software ABAQUS, as
shown in Figure 2. A uniform compression is applied to the specimen, as described in
(1). The uniform displacement loading is ensured through the contact units between the
indenter and the specimen. The friction coefficient between the contact units is assumed to
be 0 due to the application of the lubricants. The elastic modulus E and the Poisson’s ratio
are taken as 1.2 GPa and 0.35, respectively, for the rectangular specimen model with a length
of 100 mm, and a width of 100 mm. The center angle 2« of the upper and lower indenters
is taken as 20°. The elastic moduli of the two indenters are set as 206 Gpa according to the
material property. Hence, its elastic deformation can be ignored when compared with the
specimen. The Poisson’s ratios of the indenters are set as 0.3. The uniform compressive
load q is applied on the upper and the lower indenters simultaneously. The value of g is
calculated using Formula (1), where the test load P equals 12 kN [38]. The calculated stress
distribution is shown in Figure 3a. The stress analysis was carried out along the XOY plane.
In the finite element simulation, a reasonable design of the mechanical model of the XOY
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plane can ensure that the crack starts from the central point of the plane, which are the key
to ensure that the generation and propagation of the cracking is along the YOZ plane.

q=P/2b )

where, 2b = Rptana; | = 2R sin 24; « is a half of the platform center angle; Ry is the radius
of the cylindrical specimen, 50 mm.

Upper head 4 Contact unit

Lower head q Contact unit

Figure 2. Finite element 2D model of XOY plane of the sample.
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Figure 3. Stress distribution: (a) stress distribution results; (b) bold display of stress distribution trajectory.

For the convenience of this discussion, the tensile stress distribution trajectory in
Figure 3a is thickened, as shown in Figure 3b. As known from Figure 3b, the maximum
horizontal tensile stress oy appears near the XOY plane center of the test piece, and grad-
ually diminishes from the center to the vicinity of the two loading indenters. Since the
tensile stresses in the four rectangular corners on the XOY plane are rather small, the tensile
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stresses in these regions are ignored when the calculation model for the indirect tensile
strength of the interlayer bond is established. The mechanical model of the indirect tensile
test of the interlayer bond is shown in Figure 4.

'><

Figure 4. Mechanical model of the indirect tensile test of the interlayer bond.

On account of the established model, the calculation formula of the indirect tensile
strength of the interlayer bond is derived, and the validity of the formula is verified through
the experiment in the following section.

3. Theoretical Analysis of the Indirect Tensile Test of the Interlayer Bond

In the previous section, the indirect tensile test mechanism of the interlayer bond is
discussed. The two-dimensional finite element calculation model is established, and the
mechanical model in Figure 4 is proposed. It is assumed that the specimen is a semi-infinite
plane body that is subjected to a uniform load on its boundary in seeking the stress solution.
The internal stress at any point within the specimen is the superposition of the radial
stresses transferred from both the upper and the lower loading heads [39]. The solution
of the stress in the specimen is obtained in the light of the elastic mechanics under the
premise that the specimen is a semi-infinite plane body. However, the actual specimen is
not a semi-infinite plane body. Therefore, it is necessary to obtain a free boundary in the
mechanical model. To achieve it, the stress solution obtained at the boundary of the model
should be superimposed with a counter stress solution within the specimen. In this way,
the theoretical solution of the actual stress within the specimen can be obtained.

3.1. Stress Solution on the Boundary of the Indirect Tensile Test Model of the Interlayer Bond

To obtain the stress of any point M at the boundary of the indirect tensile test model, a
pair of symmetrical elements dx at the upper and the lower loading indenters are selected
and named as C and D, whose micro element force dF = gdx is shown in Figure 5.
According to the Saint-Venant’s principle, the stress components produced by the two
symmetrical microelement forces at the point M in polar coordinates are obtained from the
Flamant solution of the semi-infinite plane body which is subjected to the vertical load.

~ 2dF cos ¢q J
o

~ 2dF cos ¢

o e = dg2 =0 @

dUpl = 0'p2 =
where, p1 and p; are the radial distance between the microelement and the boundary point
M, respectively, ¢1 and ¢, are the circumferential angles between p1, p2 and the vertical

direction, respectively.
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Figure 5. Calculation schematic diagram of the boundary stress mechanical model of the indirect
tensile test of the interlayer bond.

Through the point M, the diameter MN of the circle O is drawn, which is intersected
with the circle O at points M and N. Since the microelement is small enough and the
loading angles of the indenters are relatively small, it can be approximated that C and
D are both on the circumference of the circle O. According to the circumferential angle
theorem, the circumferential angle corresponding to the diameter is a right angle, therefore,
ZMCN = ZMDN = 7t/2. In line with the circumferential angle theorem and the central
angle theorem, ZMNC = ZMDC = ¢ and ZMND = ZMCD = ¢;. Then, ZCMN =
/2 — ¢1and ZDMN = /2 — ¢;. In accordance with the superposition of the coordinate
transformation formulas of the stress component in the elastic mechanics, the tangent stress
dt and the normal stress do;, at point M can be obtained as follows:

dt = (doyy — dog) sin(G — ¢2) cos(5 — @2) + (dopy — dog) sin[—(71/2 — ¢1)]

cos[—(rt/2—¢1)] = —M%(—Copsl"’l sin @y cos 7 — —Cops;”z sin @1 cos ¢1) ©)
doy = doy cos?(71/2 — @2) + dopy cos®[—(71/2 — ¢1)]
_ (cos 91 sin? %03 + €oSs @2 sin? 91 ) (4)
P1 02
In line with the triangle theorem, Formula (5) exists in AMDN and AMCN:
p1 = 2R cos(p/2 — ¢2) = 2Rsin ¢, 5)
p2 = 2Rcos(p/2 — ¢1) = 2R sin ¢q

By introducing Formula (5) into Formulas (3) and (4), Formula (6) can be deduced as:
dF .
doy = ——= sin(¢g1 + ¢2), dT =0 (6)
In AMCD, ZCMD = 7t — (¢1 + ¢2), according to the sine theorem of the triangle, the
following relationship exist:

2R,

Sl — (g1 + 92)] @

p2/ sin @y =
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In AMCN, py/ sin ¢1 = 2R, and R = R/ cos &, which are substituted into Formula (7)
respectively, and Formula (8) are obtained:

sin[7t — (@1 + ¢2)] = sin(@1 + ¢2) = cosa 8)
If Formula (8) is substituted into Formula (6), the following formula is obtained:

dF dF ’
dU”__ﬁCOS“__TROCOS o 9)
Therefore, the stress at any point on the boundary of the indirect tensile test model
of the bonding layer can be established by integrating do;, along the loading head region

under the uniform load g:

2

Rsina Rsina P —cos®ua x:_Pcoszoc (10)

Tn = _Rsina Y T —Rsina 2b] 7Ry TRyl

As is shown by Equation (10), there exists one constant pressure stress P cos? a/ TRl
along the boundary of the indirect tensile test model of the interlayer bond, where, the
tensile stress is positive and the compressive stress is negative. To maintain the assumed
stress distribution in the model, a uniform compressive stress field with the intensity of
P cos? «/ TRyl needs to be applied on the model boundary. In addition, the theoretical
derivation in this paper is based on the elastic semi-infinite plane body, while the specimen
in the actual test has a free boundary. Therefore, to ensure the rationality of the calculation,
it is necessary to superimpose a uniform stress field with the intensity of P cos® a/ Rl
on the stress solution of the theoretical model so as to match the actual free boundary
conditions.

3.2. Stress Solution in the Indirect Tensile Test Model of the Interlayer Bond

Any point M in the indirect tensile test model of the interlayer bond is shown in
Figure 6. Its stress component in polar coordinates can be expressed by Formula (2). By
means of a coordinate transformation and the stress superposition in the same direction,
the stress component of any microelement in the model in a rectangular coordinate system
can be obtained:

doy = doy cos?(11/2 — 1) + dog cos?[— (/2 — )] = —2‘17[?
. (cos [ sin? @1 + CoS @ sin? goz)
P1 02
doy = doy sin?(71/2 — 1) + dog sin®[—(1/2 — )] = —2‘171: a1

.<COSS P1 COS3 (Pz)
P1 02
dTyy = doyy sin(71/2 — @1) cos(71/2 — 1) + dopy sin[—(71/2 — ¢2)]

_ 2dF (cos” ¢ sin @1 cos” @; sin @p

~cos[— (/2 — @2)] = T ( 01 - P2 )
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Figure 6. Schematic diagram of the internal stress calculation in the mechanical model of the indirect
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tensile test of the interlayer bond.

In the model, there exists a trigonometric relationship, which can be expressed as follows:

sin ¢ = (x — x’)/P1/C205 1 = (RO2— y)/Pl

p1? = (x—x')"+ (Ro—y) (12)
singy = (x —x")/p2,cos 9 = (Ro+y)/p2

022 = (x — x')2 + (Ro+y)?

By substituting Formula (12) is substituted into Formula (11). The results obtained are
integrated along the loading indenter region under the uniform load. When the uniform
tensile stress P cos? &/ TRl is superimposed on the boundary, the stress components in
the mechanical model of the indirect tensile test can be obtained as follows:

o, — _Deosa [ Rsina { (Ry—y) (x—x')? (Ry-+y) (x—2')? }
Rl —Rsina | [(x—x)+(Ro—y)2"  [(x=x')+(Ro+)?] (13)
+Pcosza_Pcosza(ﬁ+C +ﬁ_c —l—ﬁ—l—c _i_ﬂ_c)_’_l’cosza
7RI — 2mRol \A; 17T 4, 27T Ay 3T A 4 7RI

5= Lt e i )
Pesca oo = %)+ (Ry— y)] [(x=x")*+(Ro +y) ]Pcosza (14)
TR = ZnRol( C1+A +C2+A — G+ 2 +C)+ TRy
Ty = —Deosa [ Rsina { (Ro—yP(e=) _ _ (Roty) () 2}
O TRsina e+ Ro—y) T [+ (Roty)’] (15)
Ay + P;%sola _ _Z?Eof([(&);ly) _ (R0A+2y) _ (R(>A—3y) + (R(Ey) ]
where,
= (Ro+y)* + (x — Ro tana)?
Az = (Ro+y)* + (x + Ry tana)?
= (Ro —y)* + (x — Ro tana)?
A = (Rg —y)* + (x + Ro tan a)? (16)

By = (Ro+vy)(Rptana — x), B, = (Rg + ) (Rp tana + x)
C; = arctan(*5 4% Il;“iayn“), Cp = arctan(”é?#)

Bs = (Ro—y)(Ro tanzx—x),B4 Ro—y)(Rotana + x)

),C

_ x—Rptana _ x+Rptana
Cs = arctan(=¢ =), Gy = rctan(T_y)
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3.3. Tensile Strength of the Interlayer Bond in the Indirect Tensile Test Model

Figure 7 shows the interlayer bond failure of the indirect tensile specimens. In line
with the above experiment design, the specimens were destroyed from the bond layer in the
form of the center cracking. The secondary oblique shear cracks near the loading indenter
were caused by the friction between the indenter and the specimen due to the different
elastic properties of the two materials [40]. To avoid or mitigate the damage caused by
secondary cracking, the lubricant was applied to the surfaces between the indenter and
the specimen. The experimental results show that the experiment’s design is characterized
by feasibility.

(a) (b)

Figure 7. Interlayer bond failure of the indirect tensile test specimen: (a) SBR modified emulsified
asphalt sample; (b) SW binder sample.

On the loading diameter of the specimen, where x = 0, the shear stress Tyy is 0, as is
calculated from Formula (15). Therefore, it is known that the horizontal stress oy and the
vertical stress 0, on the loading diameter are the maximum and the minimum principal
stresses, respectively, which can be calculated from Formulas (13) and (14):

(17)

_ __ Pcos?a( By Bs Pcos®u
{ 01 = Ox = 3Ryl (A—1+C1+A—3—|—C3)+TOZ

_ _ —Pcos’a B By Pcos
=0y =—pr (& —C+72 -G+ 5%

where,
A1 = Ay = (Ro+y)* + (Ro tana)*
Az = Ay = (Rg — y)* + (Ro tana)?
By =By = (R() +y)R0 tanwa, B3 = By = (R(] - y)RO tan o (18)
C; = —Cp = —arctan[(Ro tana)/(Ro + )]
C3 = —C4 = —arctan[(Rp tanw)/(Ro — y)]

In fact, the interlayer bond failure in the asphalt pavement is typically caused by the
maximum shear stress. According to the Tresca yield criterion, no matter what the stress
state is, as long as the maximum shear stress Tmax reaches the limit shear stress 1y under
unidirectional stress state (its magnitude is only related to the material properties), the
yield failure will occur [41]. When 07 > 02 > 03, the formula can be expressed as:

(%
Tmax = ?s (19)
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where, 05 is the Tresca ultimate stress of the cross-section normal stress. According to the
strength criterion of the Tresca yield law, the tensile strength of the indirect tensile test for
the interlayer bond should satisfy Formula (20):

] — 03 =05 > 0T (20)

To obtain the critical condition for the Tresca yield criterion, the finite element calcula-
tion results are extracted, and the dimensionless values (¢/(P/7Rgl)) of o1 and o3 of the
line AB on the XOY plane are plotted in Figure 8. As is known from Figure 8, 07 > 0p > 03
is always true in the experiment designed in this paper, so Formula (17) is substituted into
Formula (20) to obtain:

2P cos? o ﬁ &

>
7TR()Z Al * Ag) =0T (21)

01 —03 =

—=—  gi/(P/zRo])
—o—  o3/(P/nRo )

0.5
Load diameter y coordinatis/yh/'/'\-\-\_
0.0
T T

r T
30 20 -10 O 10 20 3 40 50

o/(P/mRo )
by ]
S

Figure 8. Dimensionless 07 and 03 along the loaded diameters.

When the stress reaches the Tresca limit stress, i.e., 0s = o7, the specimen is considered
to have been damaged [42]. According to the Tresca yield criterion and the test results,
the specimen begins to fail from the center of the XOY plane. Since x = 0and y = 0
at the coordinate origin, as is known from Formula (18), A; = A3 = Ro?(1 + tana) and
Bi= B3 = Rp%tana. According to Formula (21), the calculation formula for the tensile
strength of the interlayer bond in the indirect tensile test is as follows:

4P cos? a tan &
— 22
T nRpl(1 + tana) @2)
And since | = 2Rysin24 and & = 20°, the final calculation formula for the tensile
strength of the interlayer bond in the indirect tensile test is obtained:

0.3688P
= ——— 23
or Ry (23)
4. Experimental Verification of the Indirect Tensile Test of the Interlayer Bond
4.1. Design of the Test

To verify the rationality and the operability of the interlayer bond indirect tensile test
designated in this work, the following experiment was designed and conducted. Three
kinds of bonding materials, the Styrene-Butadiene Rubber (SBR) modified emulsified
asphalt, the Styrenic Block Copolymers (SBS) modified emulsified asphalt, and the SBR
+ waterborne epoxy resin (SW) were utilized. Sixteen double-layered specimens were
cored from the rutting plates manufactured for each kind of bonding material, with four
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specimens being as one group, as shown in Figure 9a. The direct tensile test was set as
the control group. In the direct tensile test, the drawing head was bonded to the upper
and the lower surfaces of the specimen with strong adhesive resin, as shown in Figure
9b. After the resin was cured, the direct tensile test was carried out with a loading rate of
20 mm/min. The other two groups of specimens were applied for the indirect tensile test
with the loading rate of 20 mm/min as well. These specimens were kept at the specified
temperature, 5 °C and 10 °C respectively, for more than 5 h, and were then loaded at the
specified temperature, as shown in Figure 9c.

(b)

Figure 9. Specimens of bonding materials used for test analysis: (a) shaped specimens; (b) installation of tensile specimens;
(c) specimens kept in the environmental chamber.

4.2. Analysis of Test Results

The typical direct tensile failure of the specimens is shown in Figure 10a. The speci-
mens cracked at the interlayer bonding surface under normal circumstances. During the
test procedure, some specimens detached from the interface between the drawing head
and the specimens and had to be attached again, as shown in Figure 10b. The indirect
tensile failure mode of the specimen is shown in Figure 7.

(b)

Figure 10. Direct tensile test of the interlayer bond: (a) the direct tensile failure; (b) the detachment between the drawing

head and the specimen.
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The mean values of the indirect tensile strength and the direct tensile strength of the
three bonding materials at the two temperatures are shown in Table 1.

Table 1. Interlayer bond tensile strength of the indirect tensile test and the direct tensile test.

Temperatures Bonding Materials Indirect Tensile Direct Tensile
Strength (MPa) Strength (MPa)

SBR 2.645 1.762

5°C SBS 2.318 1.629

SW 2.816 1.863

SBR 2.279 1.480

10 °C SBS 2.001 1.352

SW 2.319 1.537

The deviation factor is analyzed for the data in Table 1 using Formula (24), and the
analysis results are shown in Table 2.

Cy = ﬁ x 100% (24)

where, o is the standard deviation of the test data and || is the absolute value of the
sample data average.

Table 2. Strength deviation coefficient of the two experimental approaches.

Deviation Coefficient Cy (%)

Items Temperatures
SBR SBS SW Mean Value
Indirect tensile 5°C 4.96 4.13 3.02 4.04
strength 10°C 9.92 8.88 7.47 8.76
Direct tensile 5°C 15.49 16.77 12.80 15.02
strength 10 °C 16.20 17.14 12.21 15.18

Table 1 is selected to be 5 °C and 10 °C rather than higher temperatures. The tempera-
tures are chosen in accordance with the following considerations. First, the tensile strength
of the interlayer bond will decrease sharply with large discreteness because the material is
no longer elastic at higher temperatures. Apart from that, when the temperature rises, the
asphalt mixture on and below the interlayer bond loosens with a consequent degradation
in the interface adhesion and the friction [43,44]. Its mechanical performance will fluctuate
or redistribute, even go beyond the elastic limit [45]. Therefore, higher temperatures are
not selected in this test.

As shown in Table 1, the indirect tensile strength of the three types of bonding materials
at 5 °C and 10 °C is greater than their corresponding direct tensile strength. The indirect
tensile strength average is about 1.48 times that of the direct tensile strength at 5 °C, and,
1.51 times at 10 °C. The above differential is mainly related to the stress transmission
and redistribution in the specimens during the loading period [43]. This effect is more
significant for the direct tensile loading due to the longer stress transfer path [46,47].

To explain the relationship between the indirect tensile strength and the direct tensile
strength of the three kinds of binder more intuitively, the test data are plotted as a column
chart, as shown in Figure 11. It can be seen from Figure 11b that the average value of the
direct tensile strength of the three materials is SW > SBR > SBS at 5 °C and 10 °C. Among
them, SW has the greatest direct tensile strength due to the optimum material composition.
SBR shows better low-temperature tensile properties than SBS, which proves the rationality
of the designed indirect tensile test and the correctness of the derived formula. Moreover,
the specimen and the drawing head fell off frequently during the direct tensile test, as
shown in Figure 10b. This not only prolonged the test cycle and aggregated the workload,
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but also could lead to a waste of specimens and resources. Therefore, the indirect tensile
test can better replace the direct tensile test at low temperatures.

Indirect tensile strength (MPa)
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Figure 11. Comparison of tensile strength of bonding materials: (a) indirect tensile test; (b) direct tensile test.

The deviation coefficient can express the degree of the data discreteness after the mea-

surement scale differential between the data is eliminated [48]. As known from Table 2, the
average deviation coefficient of the indirect tensile strength is below 9%, while the coefficient
of the direct tensile strength is greater than 12%. Among them, the deviation coefficients of the
SBR and SBS are greater than 15%, which is beyond the reasonable range required in the data
statistical analysis [49]. This indicates that the direct tensile test results have displayed great
dispersion, while the dispersion of indirect tensile test results is within a reasonable range.

5. Conclusions

In view of the defects of the direct tensile test for the interlayer bond in the asphalt

pavement, the indirect tensile strength test was designed and the corresponding calculation
formula was deduced. The validity of the test and the formula were verified.

L

II.

III.

Iv.

The interlayer bond strength of asphalt pavement can be determined by an indirect
tensile test, which effectively reduces the workload of the direct tensile test and the
waste of resources.

The finite element or discrete element theoretical solution was utilized in most existing
researches to express the stress state in the specimen. Different from these researches,
based on the two-dimensional elastic theory, the calculation formula of indirect tensile
strength of the interlayer bond is derived in this paper. The calculation formula
supplements the deficiency of the mechanical theoretical analysis of the indirect
tensile test of the interlaminar bind.

The failure mode of the specimen verifies the validity of the test introduce, i.e., under
the indirect tensile loading conditions designed, the crack starts from the center of the
XOY plane in the specimen.

At 5 °Cand 10 °C, the ranking of the direct tensile strength for the three bonding is
SW > SBR > SBS. This sequence is also confirmed in the indirect tensile test, which
reduces the workload and the waste of materials. Therefore, the indirect tensile test
can better replace the direct tensile test at low temperatures. It also conforms to the
premise of the theoretical deduction.

The indirect tensile test at low temperatures can better diminish the deviation of
the test data. The main reason is that the temperature change can caus a stress
redistribution in the sample. Due to the existence of internal pores of asphalt mixture,
the stress redistribution could affect the internal stress transmission in the sample.
Since the stress transmission path under the direct tensile mode is longer, therefore,



Materials 2021, 14, 6041 14 of 15

the impact is more significant than that under indirect tensile mode. That’s why the
deviation coefficient of the direct tensile test data is greater than that of the indirect
tensile test.
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