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Abstract: The crack resistance of asphalt pavement mixtures directly impact pavement service
condition and pavement distress. And characterizing the crack resistance of a pavement mixture can
reflect the crack resistance potential of asphalt pavement. This study analyzes several representative
highway sections based on time, material, and service conditions to identify the mixture type of
three layers. Semi-circular bending tests are conducted at 15 ◦C, and load–displacement curves are
recorded. Factor independence analysis is performed, and combinations showcasing the cracking
performance of the surface layer, middle layer, and bottom layer are selected. Analysis of variance
(ANOVA) evaluating the indices versus selected factors for the three layers identifies significant
influencing factors, and the crack resistance is analyzed based on these significant factors. The crack
resistance of the middle layer with the highest truck loads is significantly lower than the two other
lanes and the shoulder. Transverse crack spacing (TCS) can be used to directly evaluate the crack
resistance of the mixture. The Factor dots upper rate (FUDR) and absolute Factor dots upper rate
(absFUDR) indices are introduced to quantify the percentage deviation of a factor specimen from the
average crack resistance index–fracture energy ratio, indicating whether the crack curve becomes
sharper or flatter. The factor dots upper rate index is then applied to characterize the factors, and
the results are reasonable. It is found only on the surface and middle layers that the service age
has significant impacts on crack resistance, the Transverse crack spacing has significant impacts on
crack resistance index, and the Factor dots upper rate can identify the brittleness of mixtures with
different factors.

Keywords: crack resistance; cores; SCB; service age; asphalt aggregate ratio; load displacement
curve; TCS

1. Introduction

After asphalt pavement construction, the asphalt mixture in pavement undergoes a
complex process of distress until the end of its service life. The main types of distress are
rutting, transverse and longitude crack, stripping and potholes [1]. Among these forms
of distress, crack-resistance performance plays an important role in pavement condition,
as pavement service often leads to obvious crack distress, including fracture and fatigue
cracks [2–4]. Crack resistance distress in pavements is mainly caused by environmental
and loading factors such as traffic volume, oxidation aging, and in the case of pavements
with a semi-rigid base, the presence of many transverse cracks. Additionally, the materials
or structural factors of the pavement, such as mixture type and structural combination, can
also affect the pavement crack resistance distress [5]. To further investigate the difference in
crack resistance and the factors causing this difference, the field service, which is complex
and affected by numerous factors, was analyzed. Four important factors were examined:
accumulated traffic loads (ESALs), pavement service age (years), pavement section area
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(area), and materials used in different layers (mixture type). The significant factors were
selected for pavement crack evaluation [6–8].

Previous research has found a good relationship between the crack resistance of the
mixture and weather conditions, such as low temperature or intermediate temperature, al-
lowing crack-resistance performance to be used to evaluate pavement crack condition [9,10].
Insufficient crack resistance may result in small or longitudinal cracks. Field core testing
is a direct and reasonable approach used to illustrate actual pavement condition [3]. The
semi-circular bending (SCB) test is an effective method used to evaluate mixture fracture
performance compared to other crack tests, such as the indirect tensile test (IDT), bending
beam test, thermal stress restrained sample test (TSRST) or overlayer test (OT) [9,11,12]. The
SCB test offers advantages such as material and time saving, and accuracy of results [13].
And the un-notched SCB could be a promising alternative to distinguish asphalt mixtures
with regard to crack resistance, which is more convenient in mass specimens testing without
increasing testing variance [14,15] Thus, all the semi-circular specimens tested in this study
are un-notched SCB specimens at an intermediate temperature of 15 °C. The cores were
prepared as SCB specimens and tested at intermediate temperature to evaluate fracture and
fatigue performance [16]. Three indices, namely tensile strength, fracture energy and crack
resistance index (CRI) [17], calculated based on the load–displacement curve, were used
for all the tested specimens. Each index has its own advantages and disadvantages [15].

The aged and reclaimed asphalt pavement (RAP) containing mixture specimens ex-
hibits different fracture types, which can be identified using these crack indices [18,19].
Unmodified aged asphalt is harder than unaged asphalt, and unmodified aged asphalt
mixture has a high modulus and is more likely to experience brittle fracture. Modified aged
asphalt and asphalt mixture may not be harder than modified aged asphalt and asphalt
mixture, but they also tend to experience brittle fracture in the intermediate-temperature
crack test. This means that when the load–displacement curves of aged specimens’ SCB
tests are plotted, they are likely to have a short or nonexistent post-peak curve [20–22]. The
fracture energy of aged specimens is smaller than that of unaged specimens of the same
mixture type, and the crack indices of aged specimens also differ [16]. The tensile strength
of aged mixture specimens is likely to be higher than that of unaged mixture for both
modified and unmodified asphalt mixture over service age. The fracture energy of aged
mixture specimens is likely to be lower than that of new mixture specimens [23]. The CRI
of aged mixture specimens does not follow a consistent pattern. The indices study of crack
resistance mostly focusses on lab-aged mixtures and mixtures containing RAP, and the
indices study of crack resistance on field cores focuses on the effects of low temperature [10].
Studies investigating the crack resistance of field cores at intermediate temperature are
needed to improve our understanding of the crack resistance change on asphalt pavement
through service.

The objective of this research is to identify the factors that independently and signifi-
cantly influence the crack resistance of pavement specimens and to conduct a statistical
analysis of crack curve classification. A schematic diagram of the study is shown in Figure 1.
Firstly, the independent significant influence is explored via factors independent analysis
to determine whether these factors are significant to the crack resistance of a certain layer.
Secondly, an analysis of variance (ANOVA) and Tukey–Kramer comparison analysis of
factors on crack resistance is conducted to determine whether a factor significantly affects
the crack resistance of specimens. Thirdly, the crack curve statistical analysis aims to distin-
guish between brittle fractures and ductile fractures on mixture specimens with different
factor conditions.
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Figure 1. Schematic diagram of this study.

2. Materials Preparation and Test Method
2.1. Pavement Section Selection and Factors Indentification

To evaluate mixture performance in pavement, several sections without any mainte-
nance were selected. These sections were collected from 9 highways, as shown in Table 1.
After the year 2000, all newly built and maintained projects used a modified asphalt mixture
for the surface layer. Similarly, after the year 2007, all newly constructed and maintained
middle layers also used modified asphalt mixture. Therefore, the surface and middle layer
mixtures with a service age of less than 15 years are all modified.

The crack resistance of pavement in service is affected by various factors, which can
be categorized as the time factor, materials factors, and service factors. The time factor
only consists of one factor: service age. The materials factors are influenced by the original
materials properties, such as air void, mixture type, and asphalt aggregate ratio. The
service factors describe the service loads and environment, including the climate, average
temperature and equivalent single-axle loads (ESALs). Most expressways have a service
age of less than 20 years. If a pavement’s service age is greater than 20 years, maintenance
is conducted.

Table 1. The selected pavement section information.

Section ID Service Age (year) Structure Lane TCS2 (m)

1 RYDQ 17 4 cm SMA13 + 6 cm AC20 + 8 cm
AC25 + 36 cm CTB + 20 cm LFS 1, 2, 3 44

2 TZDQ 5 4 cm SMA13 + 6 cm AC20 + 8 cm
AC25 + 38 cm CTB + 20 cm CTB 2, shoulder 200

3 TZDQ 2 surface layers
9 others

4 cm SMA13 + 6 cm AC20 + 8 cm
AC25 + 38 cm CTB + 20 cm CTB 3, shoulder 21

4 XY1 4 4 cm SMA13 + 6 cm SUP20 + 8 cm
SUP25 + 34 cm CTB + 20 cm LFTB 2 30

5 XY2 17 4 cm AK13 + 6 cm AC20 + 8 cm AC25
+ 34 cm CTB + 20 cm LFTB 2 13

6 LL 9 5 cm SMA13 + 6 cm SUP20 + 10 cm
SUP25 + 38 cm CTB + 20 cm LFS 2 5.4
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Table 1. Cont.

Section ID Service Age (year) Structure Lane TCS2 (m)

7 JT 14 4 cm SMA13 + 5 cm SUP20 + 7 cm
SUP25 + 36 cm CTB + 20 cm LFS 1, 2 31.3

8 YH1 15 4 cm SMA13 + 6 cm AC20 + 8 cm
AC25 + 36 cm CTB + 20 cm LFS 1 25

9 YH2 15 4 cm AK13 + 6 cm AC20 + 8 cm AC25
+ 36 cm CTB + 20 cm LFS 1, 3 8.3

10 QY 17 4 cm AK13 + 6 cm AC20 + 8 cm AC25
+ 36 cm CTB + 20 cm LFS 1 25

11 FG 17 4 cm AK13 + 6 cm AC20 + 8 cm AC25
+ 38 cm CTB + 20 cm LFS 1 3.9

13 LX2 18 4 cm AK13 + 6 cm AC20 + 8 cm AC25
+ 36 cm LFTB + 20 cm LFS 1, 2 16.8

Note 1: AC or SUP stands for different HMA design criterions; 13 represents the nominal maximum aggregate
size of mixture; CTB = cement-treated base; CSM = cement stabilized macadam; LFTB = lime fly ash-treated base;
LFS = lime-fly ash soil. Note 2: TCS = transverse crack spacing (transversal cracks count per 100 m).

2.2. Specimens Preparation

Sections within a 300 m-long drilling zone from the selected sections were chosen.
At least 30 m was maintained between each drilled core. The cores were examined to
ensure that there was no obvious crack on the core surface and were then labeled with the
expressway name, position, and lane. These cores drilled from different pavement sections
were then marked and cut into specimens [10]. Since the optimal width for the SCB test is
50 mm and common surface-layer thickness in Jiangsu is 40 mm, the specimen thickness
of the surface, middle and bottom layer is 40 mm, 50 mm and 50 mm, respectively. The
radius of the SCB specimen was 75 mm. A total of 144 specimens were prepared, with
48 specimens for each layer. Each selected section layer mixture had two parallel specimens
to minimize deviation. The specimen preparation is shown in Figure 2.
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2.3. SCB Test and Indices

The un-notched SCB test components are shown in Figure 3. The test specimen has a
diameter (R) of 75 mm and is placed on two cylinder supports with a width of 0.8 diameter
(120 mm). The actuator is placed on top of the specimen and applies a vertical load. To
ensure uniform temperature in specimens, the specimens were placed in the environmental
chamber at the test temperature for 4 h prior to testing. The test temperature is 15 °C,
and the loading speed is 50 mm/min [24]. In a typical SCB test, the load–displacement
curve appears similar to that in Figure 4, showing a single peak curve. This peak can be
divided into the before peak zone and the post-peak zone, with the dividing point being the
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maximum force point. For the intermediate temperature crack test on asphalt mixture, the
load–displacement curve shows a continuous ascending curve before peak and a smooth
continuous descending curve post peak.
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After loading is completed, the curve is plotted, and three indices are calculated to
evaluate the crack resistance of the mixture. These indices are tensile strength, fracture
energy and CRI (crack index), as shown in Equations (1)–(3) below [8,25–27]:

σt =
4.8F
BD

(1)

where σt = SCB tensile strength (MPa); F = peak load (kN); B = specimen thickness (mm);
D = specimen diameter (mm).

G f =
W f

Alig
(2)

where G f = fracture energy (J/m2); W f = work of fracture (J); W f =
∫

Pdu; P = applied
load (kN); u = vertical displacement (mm); Alig = ligament area (m2); Alig = (1/2)D× B.

CRI =
G f

F
(3)

where CRI = crack index (1/m)
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The tensile strength indicates the ability of the mixture to resist strength and is used to
measure the load capacity of the specimen. A higher tensile strength indicates a better load
resistance for the tested specimen. The CRI is a combined index that divides the fracture
energy by the peak load [28–30]. Because crack progress could be divided into three phases:
uncrack working, crack work and failure, a higher CRI, at the same fracture or tensile
strength, indicates a better overall fracture resistance performance for the tested specimen.

2.4. Significance Factors Analysis

In terms of SCB test data, they were collected from different pavements under service
conditions, resulting in a range of data variation. To address this, it is necessary to identify
and remove possible outliers from the original test data. The JMP software platform was
utilized for this purpose to reduce bias, and all test data were entered into JMP as numerical
variables. ANOVA was employed as a statistical significance analysis model to determine
the relationship between dependent factors and one (or more) independent factors [31,32].

To illustrate the distribution of the selected data, means diamonds and Tukey–Kramer
comparison circles were plotted. In the diamond graph, the top and bottom points represent
the (α)*100 confidence interval for each group, and a confidence interval α = 95% was
selected. The mean lines across the center of the diamond represent the group mean.
Overlap marks appear as lines above and below the group mean, and they are calculated
as group mean ±

(√
2
)

/2×CI/2, where CI represents the confidence interval. For data
groups of equal sizes, overlap marks indicate that the group means are not significantly
different at the given confidence level. Similar to the mean diamonds, the Tukey–Kramer
comparison circle was used to compare the significance between two variables. The
Tukey–Kramer comparison circle is depicted in Figure 5 on the inner-right side of the mean
diamond, with the circle radius equal to corresponding various CI. When observing the
comparison circles of two variables, if the circles do not intersect or only have a small
intersection, this indicates that the two variables are significantly different.
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In the graph showing the Tukey–Kramer comparison circles, test results were used
to reveal the sensitivities of variables such as mixture type, service age (year), asphalt
aggregate ratio and so on. The circles were plotted on the right side of the diamond graph,
with each circle corresponding to a diamond on the left. The center of the circle was set to
the same value as the mean value, and the diameter was equal to the confidence interval.
By analyzing the intersection of any circles, the significance of the parameters could be
determined. If any two circles did not intersect or had only a small intersection area, this
indicated that the two corresponding parameters were significantly different. When a circle
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was selected, it was highlighted in red, while the circles representing significant parameters
were colored gray and bold [33].

3. Results and Discussion
3.1. Factor Independence Analysis

Since the asphalt mixtures for each layer have different structure, function and mech-
anism requirements, in this section, the results of three layers are discussed separately.
Firstly, the factor independence analysis was conducted on all selected factors, because the
performance of pavement mixture is complex and influenced by multiple factors [30]. To
avoid the correlated factors, several factors of each layer were selected via factor indepen-
dence analysis for further analysis. The stepwise regression method was used to test if one
factor was significantly different from another. The stepwise regression used minimum
Bayesian information criterions (BIC) as the stopping rule and forward direction. This
regression can handle both numeric and nominal types of factors, and BIC can control the
complexity of model at an appropriate level. The correlation of selected factors by three
layers is listed in Tables 2–4. The asterisk in the table means that the row and column of the
two factors are not independent. Then, the independent factors of the three layers were
selected; the independent factors of the surface layer were service age, mixture type and air
void, while the independent factors of the middle layer were service age, lane and air void,
and the independent factors of the bottom layer were service age, air void and asphalt
aggregate ratio. The total selected factors of three layers are shown in Table 5.

Table 2. Factors independence analysis of surface-layer specimens.

Factor ESALs Service
Age (year) Area Mixture

Type Lane Air Void
(%)

Asphalt Aggregate
Ratio (%)

Factor
Selected

ESALs \ * *

Service age (year) \ * *
√

Area \ * * * *

Mixture type \ *
√

Lane \
Air Void (%) \

√

Asphalt aggregate
ratio (%) \

√

\ represents same factor. * represents the two factors are not independent.
√

in the last column represent this
factor is selected from this table.

Table 3. Factors independence analysis of middle-layer specimens.

Factor ESALs Service
Age (year) Area Mixture

Type Lane Air Void
(%)

Asphalt Aggregate
Ratio (%)

Factor
Selected

ESALs \ * * * * *

Service age (year) \ * *
√

Area \ * *

Mixture type \ * *

Lane \ *
√

Air Void (%) \ *
√

Asphalt aggregate
ratio (%) \

\ represents same factor. * represents the two factors are not independent.
√

in the last column represent this
factor is selected from this table.
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Table 4. Factors independence analysis of bottom-layer specimens.

Factor ESALs Service
Age (year) Area Mixture

Type Lane Air Void
(%)

Asphalt Aggregate
Ratio (%)

Factor
Selected

ESALs \ * * * *

Service age (year) \ * * *
√

Area \ * * *

Mixture type \ *

Lane \
Air Void (%) \

√

Asphalt aggregate
ratio (%) \

√

\ represents same factor. * represents the two factors are not independent.
√

in the last column represent this
factor is selected from this table.

Table 5. Factor selection results of three layers.

Layer Factor Selection

Surface Service age Mixture type Air void Asphalt aggregate ratio
Middle Service age Lane Air void
Bottom Service age Air void Asphalt aggregate ratio

In the analysis of factor significance, it was found that some independent factors,
such as service age and air void, were selected for all three layers. In addition to these
common factors, the surface layer had also had the mixture type and asphalt aggregate
ratio as independent factors. This might be the result of two different mixture types, AC13
and SMA13. The middle layer had an independent factor lane, which meant loads on
lanes had an impact on the crack resistance of middle-layer specimens. Since trucks on the
expressway were recommended to drive in lane 3, the shear loads had the most impact on
the middle layer. This might result in crack resistance in the middle layer. The independent
factors of all three layers were mostly materials factor and service age; the performance
of materials and service age were the most important factors for selected expressway
crack-resistance performance.

3.2. Indices Analysis Results by Factors

To clarify the influence of each factor on the crack-resistance performance, ANOVA
tests were conducted on three crack indices versus selected factors of three layers. The
ANOVA tests were conducted with an alpha value of 0.05 at the 95% confidence level. The
results of ANOVA Tests of crack-resistance performance indices versus selected factors
of three layers were shown in Tables 6–8, the annotations were attached behind Table 6.
The p-value was used to evaluate the significance of factors. A small p-value (<0.05)
indicated that the selected factor has a statistically significant impact on the crack index.
The smaller p-value (<0.01 or <0.001) indicated that the selected factor has a relatively
higher significant impact.

From Table 6, we could see that the tensile strength was significant to the mixture type
and asphalt aggregate ratio, the fracture energy and CRI were more significant to service age
and the tensile strength was significant with regard to the mixture and asphalt aggregate
ratio. Crack indices of surface layer specimens did not have a significant relationship with
air voids. Table 7 showed that tensile strength and fracture energy are both significant to
service age; fracture energy was more significant to service age, tensile strength and CRI.
And tensile strength was significant to lane. Table 8 shows tensile strength, fracture energy
and CRI were significant to service age, and all three indices were significant at the highest
level. The fracture energy and CRI were also significant to air voids.
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From Tables 6–8, we learn the significant factors are service age and one internal
material factor, such as air voids or the asphalt aggregate ratio. The environmental factors
only have a significant impact on the crack resistance of middle-layer specimens.

Table 6. ANOVA results of crack-resistance performance of surface layer.

Index Factor DF a SS b MS c F-Value d p-Value e Significant
Effect f

Tensile
Strength

Service age 1 0.65 0.65 0.2250 0.6373 -

Mixture type 1 22.88 22.88 9.26 0.0037 **

Air void 1 1.93 1.93 0.64 0.4273 -

Asphalt aggregate
ratio 1 15.11 15.11 5.76 0.0200 *

Fracture
Energy

Service age 1 3.22 × 107 3.22 × 107 8.62 0.0049 **

Mixture type 1 1.85 × 106 1.85 × 106 0.4295 0.5151 -

Air void 1 3.75 × 106 3.75 × 106 0.9398 0.3376 -

Asphalt aggregate
ratio 1 1.53 × 107 1.53 × 107 3.7627 0.0578 -

CRI

Service age 1 1.82 × 105 1.82 × 105 7.3128 0.0092 **

Mixture type 1 3.31 × 104 3.31 × 104 1.1918 0.2800 -

Air void 1 5.52 × 104 5.52 × 104 2.2667 0.1393 -

Asphalt aggregate
ratio 1 2.22 × 104 2.22 × 104 0.7916 0.3777 -

a Degree of freedom. b Sum of squares. c Ratio of mean square. d F-value. e p-value. f Significant with * (p-value < 0.05),
** (p-value < 0.01).

Table 7. ANOVA results of crack-resistance performance of middle layer.

Index Factor DF a SS b MS c F-Value d p-Value e Significant
Effect f

Tensile
Strength

Service age 1 29.02 29.02 6.59 0.0133 *
Lane 3 51.10 17.03 4.12 0.0111 *

Air void 1 9.12 9.12 1.6465 0.2063 -

Fracture
Energy

Service age 1 3.43 × 107 3.43 × 107 7.17 0.0099 **
Lane 3 1.45 × 107 4.82 × 106 0.90 0.4504 -

Air void 1 1.89 × 107 1.89 × 107 3.41 0.0715 *

CRI
Service age 1 1.08 × 105 1.08 × 105 5.44 0.0237 *

Lane 3 2.52 × 104 8.40 × 103 0.37 0.7716 -
Air void 1 3.38 × 104 3.38 × 104 1.68 0.2019 -

a Degree of freedom. b Sum of squares. c Ratio of mean square. d F-value. e p-value. f Significant with * (p-value < 0.05),
** (p-value < 0.01).
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Table 8. ANOVA results of crack-resistance performance of bottom layer.

Index Factor DF
a SS b MS c F-Value d p-Value e Significant

Effect f

Tensile
Strength

Service age 1 27.53 27.53 17.19 0.0001 ***
Air void 1 1.68 1.68 0.83 0.37 -

Asphalt aggregate ratio 1 3.12 3.12 1.48 0.2299 -

Fracture
Energy

Service age grade 1 3.58 × 107 3.58 × 107 23.58 <0.0001 ***
Air void 1 5.31 × 106 5.31 × 106 2.95 0.0934 -

Asphalt aggregate ratio 1 1.04 × 107 1.04 × 107 5.07 0.0290 *

CRI
Service age grade 1 9.57 × 104 9.57 × 104 18.71 <0.0001 ***

Air void 1 1.16 × 104 1.16 × 104 2.04 0.16 -
Asphalt aggregate ratio 1 3.58 × 104 3.58 × 104 5.63 0.0217 **

a Degree of freedom. b Sum of squares. c Ratio of mean square. d F-value. e p-value. f Significant with * (p-value < 0.05),
** (p-value < 0.01), *** (p-value < 0.001).

3.3. Crack-resistance performance on Three-Layer Specimens
3.3.1. Crack-resistance performance Change on Surface Layer Specimens

From Table 6, we learn that tensile strength is significant to the mixture type and
asphalt aggregate ratio, while fracture energy and CRI are significant to service age. The
ANOVA and Tukey–Kramer results of surface layer were shown in Figures 6–8. The means
and 95% confidence intervals were shown in green diamonds. And the Tukey–Kramer
circles were shown in the right side; when selecting a parameter, the circles of parameters
with significant differences to the selected parameter were painted gray and others were
painted red. Thus, the impact of service age, mixture type and air void was introduced
when considering the impact of mixture type and air void. Figure 6 shows the tensile
versus mixture type; Figure 7 shows the tensile strength versus air voids. From Figure 8,
we learn that surface-layer specimens’ tensile strength was significantly different in terms
of mixture type, while the tensile strength of AC13M was significantly larger for SMA13Ms.
And the circles in Tukey–Kramer circles did not interact.
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Figure 6. ANOVA and Tukey–Kramer comparison of tensile strength of surface-layer specimens by
mixture type.
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Figure 7. ANOVA and Tukey–Kramer comparison of tensile strength of surface-layer specimens
based on the asphalt aggregate ratio.
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Figure 8. ANOVA and Tukey–Kramer comparison of CRI of surface-layer specimens by service age.

From Figure 6, we learn that surface-layer specimens’ tensile strength differed signifi-
cantly based on the asphalt aggregate ratio. The higher the asphalt aggregate ratio was, the
lower the tensile strength was. And the tensile strengths of 4.5% asphalt aggregate ratio
and 5.4% specimens were significantly different to the tensile strength of the 6% asphalt
aggregate ratio. This result also indicates that the AC13M’s specimens had a higher tensile
strength because Figure 7 showed that the lower the asphalt aggregate ratio was, the higher
the tensile strength was.

From Figure 8, we learn that surface-layer specimens’ CRI was significantly different
based on service age. The mid service age surface-layer specimens had the highest CRI and
extremely long service age surface-layer specimens had the lowest CRI. The average CRI
increased from short to mid service age and then decreased from mid to extremely long.
The CRI of mid service age and extremely long service age had significant differences. And
this crack resistance difference was significant at extremely long service age. This result
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indicated the crack-resistance performance did not decrease for pavement which had a
service age of 0 years; the surface-layer specimens’ crack resistance reinforced over the
first few years, reached the highest level at mid service age and then decreased with the
accumulating service age from mid service age. This decreasing tendency led to significant
differences in the crack resistance of surface-layer specimens when their service age reached
about 15 years.

3.3.2. Crack-Resistance Performance Change in Middle-Layer Specimens

From Table 7, we learn that tensile strength was significant to service age and lane,
fracture energy and CRI were also significant to service age. Figure 9 showed the average
fracture energy of specimens of mid service age was significant to that of the short, long
and extremely long service age. When the middle layers were paved, the mixtures of the
middle layer exhibited a fracture energy decrease in the first 5 years and then increased
from 5 years to 20 years. This tendency was the opposite to the tendency of surface-layer
specimens.
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Figure 9. ANOVA and Tukey–Kramer comparison of fracture energy of middle-layer specimens by
service age.

The middle-layer specimens from Figure 10 showed that different lanes exhibited
significant difference in tensile strength. Lane 3 was arranged as the lane for trucks and
vehicles from China’s regular traffic, and lane 1 and 2 were arranged as the lanes for
vehicles.

Thus, greater loads were applied to lane 3. And more trucks led to fracture of aggre-
gates which generated small cracks and degraded the tensile strength. Lane 2 also had a
small number of trucks, so the tensile strength of lane 2 specimens was smaller than the
tensile strength of lane 1 specimens and larger than the tensile strength of lane 3 specimens.

From Figure 11 we can learn the fracture energy of middle-layer specimens first
decreased with air voids at a percentage lower than 6%, then increased with the presence
of air voids of more than 6%.



Coatings 2023, 13, 1382 13 of 21

Coatings 2023, 13, x FOR PEER REVIEW 13 of 22 
 

 

  
Figure 9. ANOVA and Tukey–Kramer comparison of fracture energy of middle-layer specimens by 
service age. 

The middle-layer specimens from Figure 10 showed that different lanes exhibited signifi-
cant difference in tensile strength. Lane 3 was arranged as the lane for trucks and vehi-
cles from China’s regular traffic, and lane 1 and 2 were arranged as the lanes for vehicles. 

 
Figure 10. ANOVA and Tukey–Kramer comparison of tensile strength of middle-layer specimens 
by lane. 

 Thus, greater loads were applied to lane 3. And more trucks led to fracture of aggre-
gates which generated small cracks and degraded the tensile strength. Lane 2 also had a 
small number of trucks, so the tensile strength of lane 2 specimens was smaller than the 
tensile strength of lane 1 specimens and larger than the tensile strength of lane 3 speci-
mens. 

2

4

6

8

10

1 2 3 Shoulder

Lane

All Pairs
Tukey-Kramer
0.05

Figure 10. ANOVA and Tukey–Kramer comparison of tensile strength of middle-layer specimens
by lane.
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Figure 11. ANOVA and Tukey–Kramer comparison of fracture energy of middle-layer specimens by
air void.

3.3.3. Crack Resistance Change on Bottom-Layer Specimens

From Table 8, we learn that the tensile strength, fracture energy and CIR were signifi-
cant to service age and asphalt aggregate ratio, fracture energy and CRI were significant
to the asphalt aggregate ratio. The bottom-layer specimens’ crack resistance indices were
significant to service age and the asphalt aggregate ratio. All the indices were not significant
to the air void of bottom-layer specimens. The CRI of bottom-layer specimens was selected
based on the service age and asphalt aggregate ratio. From Figure 12, we learn that the
CRI of extremely long service age was more significant than CRI of short, mid and long
service age. The crack resistance of bottom-layer specimens experienced significant distress
at about 15 to 20 years, like the crack resistance of surface-layer specimens.
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Figure 12. ANOVA and Tukey–Kramer comparison of CRI of bottom-layer specimens by service age.

From Figure 13, we learn that the CRI of specimens with a 4.3% asphalt aggregate ratio
was significantly larger compared to the CRI of specimens with a 4.1% asphalt aggregate
ratio. This indicates the asphalt content of the original plant mixture had a long-term effect
on the bottom-layer mixture.
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3.3.4. TCS Indicated by Fracture Indices of Mixture

The TCS is an index representing the density of transverse cracks. A larger value means
a better pavement condition, with larger average spacing between transverse cracks, and a
smaller value means a worse pavement condition with smaller average spacing between
transverse cracks. The TCS grades in the local standard of Jiangsu are recommended as
follows: TCS ≥ 250 as excellent, 100 ≤ TCS ≤ 250 as good, 60 ≤ TCS ≤ 100 as medium,
30 ≤ TCS ≤ 60 as inferior and TCS≤ 30 as bad. TCS and TCS grade was used for evaluating
good and bad conditions of a section over a continuous distance. Thus, it also reduced by
time and the TCS-service age is shown in Figure 14 the TCS grade was significant to service
age. The short service age pavement had relatively high TCS and mid, long and extremely
long service age pavements had similar TCS.
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The relationships between TCS grade and mixture crack indices were also examined
and the results showed only the CRI of the bottom layer is significant to TCS, while other
indices were not significant to the TCS grade. This also shows the pavement sections
with many transverse cracks might not have low crack-resistance mixtures and the crack
resistance of selected sections could not evaluated via TCS. Figure 15 shows the ANOVA
results of bottom CRI and TCS grade; it is shown that the bottom-layer specimens had
lower CRI of the section with TCS at good condition, but the bottom CRI increased while
TCS decreased and the TCS grade became worse. Since TCS decreased with service age,
as Figure 14 shows, and the bottom CRI increased by service age, as Figure 12 shows, the
crack resistance of bottom-layer specimens increased but the number of transverse cracks
also increased. This showed the TCS or TCS grade of the pavement section had no direct
effect on the crack resistance of this section.
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3.3.5. Correlation between CRI with Fracture Energy and Index FUDR Analysis

Since all the indices reflect some aspects of mixture crack resistance, some of them may
have a linear relationship [11]. The results of factor analysis in Tables 2–4 show that some
indices have the same distinguishment on one factor, which means the two indices, CRI
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and fracture energy have same significance to the factors and they could be replaced by
one another. Some researchers found fracture energy could not characterize whole fracture
resistance performance, and the mixture specimens which have the same fracture energy
may have totally different fracture phenomena. They found CRI is sensitive to mixture
type and can be used to identify the mixture containing RAP. The mixtures containing RAP
have greater hardness compared to mixtures containing no RAP and mixtures containing
RAP have smaller CRI compared to mixtures containing no RAP when they have the same
fracture energy. Based on a similar thought, the CRI combined fracture energy can be used
to distinguish SCB specimens with different factors like service area, service layer, asphalt
aggregate ratio or air void. In this section, all the specimens were analyzed to reveal the
general rule, including the impact of the service layer. The correlation between CRI and
fracture energy of all specimens was plotted in Figure 16, which shows a linear relationship
between CRI and fracture energy, and the R2 is 0.712.

Figure 16 features colored data dots that indicate factor categories. The factors are
service age, asphalt aggregate ratio and air void. Since CRI is calculated by fracture energy
divided by peak load, data dots in the upper lines zone mean the peak load is smaller than
that on the fit line and the curve is flatter than that on the line. Data dots in the lower line
zone mean that the peak load is bigger than that on the fit line and the curve is higher than
that on the line. And the fit line is the average CRI versus fracture energy, which is the
average peak load. The surface layers dots in Figure 15 are mostly in the upper zone; the
bottom layer dots are mostly in the lower zone and the middle layer does not have obvious
deviation, which indicates surface-layer specimens’ curves are higher than average and
bottom-layer specimens’ curves are flatter.

The index factor dots upper rate (FDUR) was promoted to evaluate the percentage
of factor data dots set on the upper side of the fit line. Most previous research focused
on specimens and the difference between various asphalt mixtures was characterized by
means, variance or correlation of fracture indices. This index, FDUR, tried to characterize
a large number of specimens with different factor conditions. Since the best fitting factor
has factor dots with an upper rate equaling 50%, −50% was added for normalization. The
larger the absolute FDUR (absFDURfactor) one factor was, the greater the impact the factor
had on the fracture pattern. FDUR and absFDUR were calculated in Equation (4) and (5).

FDUR f actor =
Nupper− f itline

Ntotal− f actor
× 100%− 50% (4)

abs
(

FDUR f actor

)
=

∣∣∣∣∣Nupper− f itline

Ntotal− f actor
× 100%− 50%

∣∣∣∣∣ (5)

The CRI-fracture energy graph classified by factors is shown in Figure 15 and the
FDUR is shown in Table 9.

The FDUR and absFDUR data were used to study curve form. The absFDUR indicated
the impact level one factor has. The larger absFDUR one factor type was, the more bias
this factor type caused. The positive or negative sign of FDUR indicated the curve was
sharp or flat. If one specimen was FDUR positive, the load–displacement curve was flatter
comparing to the average level; otherwise, it was sharper. For further analysis, the FDUR
of three layers was plotted and shown in Table 9 and Figure 16.

In Figure 17, the positive value is plotted as a solid column, the negative value is
plotted as a transverse line column and the 0 value is plotted as a hollow column. Since
each layer mixture has its unique mixture type with a specific aggregate–asphalt ratio, the
mixture type was not introduced for the whole CRI-fracture energy curve analysis.
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Table 9. FDUR value versus different factors.

Factor Factor Type Factor
Percent (%) Factor Count FDUR (%) absFDUR

(%)

Layers
Surface 34.4 54 31.5 31.5
Middle 33.8 53 33.0 33.0
Bottom 31.8 50 −46 46

Area
North 49.7 78 −16.7 16.7

Middle 21.0 33 −1.5 1.5
South 29.3 46 4.4 4.4

Service age
(years)

Short 18.5 29 −13.3 13.3
Mid 29.3 46 15.0 15.0
Long 17.8 28 42.9 42.9

Extremely
long 34.4 54 −18.5 18.5

Asphalt
aggregate
ratio (%)

4–4.5 42.7 67 −38.1 38.1
4.5–5 26.1 41 −1.2 −1.2
5–5.5 11.4 18 0 0
5.5–6 0 0 - -
6–6.5 19.8 31 46.8 46.8

Air void
(%)

0–2 26.7 36 5.6 5.6
2–4 55.5 75 −19.3 19.3
4–6 14.8 20 0.0 0.0
6–8 3.0 4 −50 50
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Figure 17. FDUR versus factors and factor types.

From Figure 16b and Table 9, it is shown that the factor “layer” has largest curve form
impact. The FUDR of the surface and middle specimens is 31.5% and 33%, respectively.
And the FUDR of the bottom specimens is −16%. The surface-layer mixture AC13 and
SMA13 are entirely composed of modified asphalt mixtures and the middle-layer AC20 and
SUP20 are mostly composed of modified asphalt mixture. This indicates the surface and
middle layer mixture have flatter fracture curves compared to the bottom-layer mixture.

From Figure 16c and Table 9, it is shown the factor “area” specimens have no significant
difference area. The north area specimens have a relatively large absFUDR. The north and
middle area specimens are tougher than others with −16.7% and −1.2% FUDR. South area
specimens are softer than others with 4.4% FUDR. The north and middle area specimens
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are sharper compared to others and south area specimens are flatter. And the north area
specimens have more bias curve phenomena.

From Figure 16d and Table 9, it is shown the factor “service age” specimens have
significant difference; the short and extremely long service age specimens have negative
FDUR and mid and long service age specimens have positive FDUR. The specimens of long
service age have largest absFUDR 42.9%. This indicates short and extremely long service
age specimens are harder than others and mid and long service age specimens are softer
than others. The long service age specimens have the most data above the CRI-fracture
energy fit line.

From Figure 16e and Table 9, it is shown the factor “asphalt aggregate ratio” also refers
to the mixture types, the 4% to 4.5% asphalt aggregate ratio often suits the bottom layer of
the AC25 and SUP25 mixture, the 5% to 5.5% asphalt aggregate ratio often suits the middle
layer of the AC20 and SUP20 mixture, the 5% to 5.5% asphalt aggregate ratio often suits
the surface-layer AC13 mixture and the 6% to 6.5% asphalt aggregate ratio often suits the
surface-layer SMA mixture. The 4% to 4.5% and 6% to 6.5% asphalt aggregate ratios have
relatively large absFUDR, which indicates the fracture phenomena of the bottom-layer
mixture and surface-layer SMA13 are different in terms of their average curve phenomena.
The 4% to 4.5% asphalt aggregate ratio AC25 and SUP25 specimens are harder than others
with −38.1% FUDR, and 6% to 6.5% asphalt aggregate ratio SMA13 specimens are softer
than others with 48.6% FUDR.

From Figure 16f and Table 9, it is shown the factor “air void” also has a curve form
impact. The 4% to 6% air void specimens have 0 FUDR, so their data have average
distribution on both sides of the CRI-fracture energy curve. The 0% to 2% air void specimens
are slightly softer than others with 5.6% FUDR; correspondingly, the 2% to 4% and 6% to
8% specimens are tougher than others with −19.3% and −50% FUDR.

Figure 17 gives a total review of FUDR. As shown by the analysis above, the high
absFUDR values in terms of the layer, service age and asphalt aggregate ratios are as
follows: the factor layer with surface, middle and bottom types; the factor service age with
long and extremely long types; the factor asphalt aggregate ratio with 4% to 4.5% and 6% to
6.5% types and the factor air void with 6% to 8% types. These types of factors can obviously
affect the fracture curve form.

4. Conclusions

1. Several representative expressway sections were selected and the SCB intermediate
temperature fracture test was conducted. The factors independence analysis and
different indices for different layers were applied. Service age and air void are
independent factors for all three layers. The mixture type is a significant factor in
relation to tensile strength on surface-layer specimens, lane is a significant factor to
tensile strength on middle layers and the asphalt aggregate ratio is a significant factor
to CRI on bottom layers.

2. ANOVA and Tukey–Kramer comparison analysis of three layers was conducted and
the indices of each layer and factors were analyzed. The most important factors
affecting mixture crack resistance were one time factor (service age) and one material
factor like air voids or the asphalt aggregate ratio. Only middle-layer specimens have
another environmental factor lane, and lane 3 with the most truck loads has the lowest
crack resistance of all lanes.

3. For the surface layer, AC13M’s crack resistance is significantly larger than SMA13M’s,
the crack resistance of 4.5% and 5% asphalt aggregate ratio specimens is significantly
larger than that of the 6% ratio specimens, the crack resistance of extremely long
service age specimens is significantly smaller than short, mid and long service age
specimens. For the middle layer, the crack resistance of mid service age specimens
is significantly smaller than the crack resistance of short, long and extremely long
service age specimens. For the bottom layer, the crack resistance of 4.1% asphalt
aggregate ratio specimens is significantly smaller than the crack resistance of 4.3%
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asphalt aggregate ratio specimens, while the crack resistance of extremely long service
age specimens is significantly smaller than the crack resistance of short, mid and long
service age specimens.

4. Only the CRI index of the bottom-layer mixture has a significant relationship with
TCS of the section from which the mixture was cored, while other mixture indices
cannot represent the pavement transverse crack spacing of the section. The pavement
sections with many transverse cracks may not have low crack-resistance mixtures.

5. The index FUDR and its absolute value absFUDR are promoted as an index for
determining if a mixture of a certain factor type is softer or tougher than average on
a statistical level. And this index is sensitive to many factors. The specimens with
surface layer, middle layer, long service age or a 6% to 6.5% asphalt aggregate ratio are
obviously softer than others and have an obviously flatter load–displacement curve
on a statistical level.
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