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+e construction control indices were commonly used to ensure the quality of asphalt layers in the construction process. However,
the relationship between the construction control indices and the low-temperature performance of asphalt layers is not clear. +e
purpose of this paper was to investigate the effect of the variations of the construction control indices on the low-temperature
performance of asphalt mixtures to determine the key construction control indices, and propose the method for the monitoring of
these indices using the Building Information Modeling (BIM) platform. +e low-temperature performance of asphalt mixtures
was evaluated by the semicircular bend (SCB) test. A new prediction model of critical strain energy release rate was established to
evaluate the low-temperature performance of the asphalt layer. Five factors are considered for the low-temperature performance,
which are the gradation and asphalt-aggregate ratio in the asphalt mixture plant, rolling temperature, gradation segregation, and
temperature segregation. Orthogonal test (OT) results indicated that the order of importance of factors affecting the low-
temperature performance is asphalt-stone ratio, gradation, and molding temperature.+e influences of gradation segregation and
temperature segregation on the low-temperature performance were quantified in this study. Furthermore, the construction
control indices were monitored by the BIM platform developed in this research. In the construction process of the asphalt layer,
the gradation variation caused by the segregation should be paid more attention to ensure the low-temperature performance of
the pavement.

1. Introduction

Low-temperature (transverse) cracking is one of the main
distresses of asphalt pavement [1]. After the low-temperature
cracks appear in the pavement, the main problem is that
water will enter the pavement structure through the cracks.
It will stay inside the pavement structure, weaken the
strength of the base layer and the subgrade, accelerate the
road damage, and reduce the driving quality [2, 3].+rough
investigation, it was found that the construction quality
issue of asphalt layer is an important reason for the low-
temperature cracking of asphalt pavement [4, 5]. +e

construction process control of the asphalt layers is mainly
conducted according to the asphalt pavement construction
specifications [6, 7]. +ese specifications specify the items
and frequency of quality inspection in the construction
process, and give the requirements of the extreme value or
range of the inspection items. However, these specifications
do not clarify which construction control indices are related
to a certain performance of the asphalt layer and the degree
of influence, which causes blindness of construction.

+e construction control indices mainly include the raw
material properties, gradation of asphalt mixture, asphalt-
stone ratio, rolling temperature, rolling passes, degree of
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compaction, thickness of asphalt layer, and evenness [6, 7].
From the perspective of construction, the main factors af-
fecting the construction quality can be summarized as the
gradation of asphalt mixture, asphalt-stone ratio, rolling
temperature, rolling passes, and thickness of the asphalt
layer. Furthermore, under the same conditions, the volume
parameters of the asphalt mixture are also determined by
these factors.

+ere are many studies on various factors affecting the
low-temperature performance of the asphalt mixture. Li
et al. [8] analyzed the influence of different aging conditions
on the low-temperature properties of asphalt mixtures.
Dong et al. [9] studied the effects of traffic level, overlay
thickness, mixture type, intensity of surface preparation
before overlay, pavement thickness, and freeze index on
transverse cracks based on the Long-Term Pavement Per-
formance (LTPP) data. +e National Cooperative Highway
Research Program (NCHRP) report 9-22 [10] investigated
the influencing factors of rutting, fatigue cracking, and low-
temperature cracking, including the factors related to
construction process. However, the abovementioned influ-
encing factors’ analysis is not aimed at the construction of
asphalt layers, and the range of the influencing factors is
different from the actual construction of the asphalt layer.
Moreover, these studies have not systematically and com-
prehensively compared the effects of the variations of dif-
ferent construction indices on the low-temperature
performance of the asphalt layers. +erefore, it is necessary
to investigate the relationship between the construction
control indices and the low-temperature cracking of pave-
ment to clarify the key construction indices of the low-
temperature performance.

After determining which indices need to be controlled,
the following problem is how to achieve the real-time
monitoring of the construction indices. In the asphalt
mixture plant, the digital image processing technology
[11–14] or online detection [6, 7] was used to measure the
gradation of asphalt mixture in real time. +e asphalt
content of the asphalt mixture can be measured in real time
by the online detection of the asphalt mixture plant [6, 7].
Moreover, the ground-penetrating radar can be used to
determine the air voids and the thicknesses of the asphalt
layers in real time [15].

After determining the real-time detectionmethods of the
construction indices, it is also necessary to solve the mon-
itoring problem of these construction indices. At present, the
construction control of the asphalt layer is still conducted by
the manual inspection and manual recording in China,
which cannot meet the requirements of construction process
control. Furthermore, these data are static and isolated,
causing great inconvenience to road construction parties for
monitoring, searching, and analyzing data. At the same time,
paper documents are easy to lose and difficult to store. So,
the intensity and timeliness of construction control de-
creased. In the field of building construction, Building In-
formation Modeling (BIM) technology has been used to
solve these problems [16–19]. Ding and Xu [20] established
the BIM cloud storage system to solve a large number of
problems such as data processing, information security, and

cost in BIMmodel applications. Das et al. [21] put forward a
web service framework for the integration and management
of the construction supply chain data. Chen et al. [22]
proposed a cloud-based framework that provides web-based
services for viewing, storing, and analyzing BIM model data.
Lin et al. [23] established a web-based BIM model process
management system to improve the efficiency of contractors
for sharing the construction information and tracking the
construction project. Based on the natural language-
processing method, Lin et al. [24] proposed an intelligent data
retrieval method for cloud BIM applications, which is used
to solve the contradiction between construction-related
parties in finding the required information from a large
amount of information. Sattineni and Azhar [25] integrated
BIM models and Radio Frequency Identification (RFID)
technology to monitor the construction personnel, equip-
ment, and material status in real time. Conde et al. [26]
investigated the advantages of the use of BIM with photo-
grammetry support in small projects. Most of the software is
used for the modeling and designing of roads and bridges.
Few BIM platforms can monitor the construction quality of
roads and bridges in real time. +erefore, it is necessary to
develop BIM platforms to display the construction infor-
mation in real time.

+e objective of this study was to investigate the effects of
the variations of different construction indices on the low-
temperature performance of asphalt mixtures and give the
monitoring method for these construction indices. Semi-
circular bend (SCB) test was used to evaluate the low-
temperature performance of asphalt mixtures. A new pre-
diction model of critical strain energy release rate was
proposed to evaluate the low-temperature performance of
the asphalt layer. Moreover, the BIM platform was devel-
oped to monitor the construction quality of asphalt layer in
real time.

2. Experimental Program and BIM Platform

+e key construction control indices were determined using
the laboratory tests, and the BIM platform was developed in
this study, as shown in Figure 1.

2.1. Raw Materials. Styrene-butadiene-styrene (SBS) mod-
ified asphalt concrete-13 (AC-13) was selected as the re-
search object in this study. +e raw materials were provided
by a highway construction project in China.

2.1.1. Asphalt. In this paper, the binder of SBS modified
asphalt (I-C) was used. +e basic performance can meet the
requirements of JTG F40-2004 [6]. +e results of perfor-
mance tests according to JTG E20-2011 are shown in Table 1
[27].

2.1.2. Mineral Aggregate. In this study, four different kinds
of crushed basalt aggregates were selected, which were
0–2.36mm, 2.36–4.75mm, 4.75–9.5mm, and 9.5–13.2mm,
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respectively. +e properties of these aggregates are shown in
Table 2.

+e properties of the limestone filler are presented in
Table 3. +e tests shown in Tables 2 and 3 were carried out
according to JTG E42-2005 [28], and the requirements for
these tests were determined based on JTG F40-2004 [6].

2.2. Mixture Design. To study the influence of construction
control indexes on the low-temperature performance of the
asphalt mixture, the mixture design should be done firstly.
+e gradation of AC-13 asphalt mixture is shown in Fig-
ure 2. +e optimum asphalt-aggregate ratio (OAR) was
determined by the Marshall Design method [6]. +e
molding temperature of specimens was 160°C. +e results of
the mixture deign is presented in Table 4.

2.3. Variability Design of Construction Control Indices

2.3.1. Gradation, Asphalt-Aggregate Ratio, and Rolling
Temperature. From the above analysis, the main factors
affecting the construction quality are gradation, asphalt-
aggregate ratio, rolling temperature, rolling passes, and

thickness of the asphalt layer. +e number of rolling passes
can be well controlled by using the Global Positioning
System-Real Time Kinematic (GPS-RTK) technology [29].
+e control of the thickness of the asphalt layer is relatively
easy, for example, by manual detection [6]. +erefore, the
mainly considered factors for the low-temperature perfor-
mance of asphalt mixture in this research were gradation,
asphalt-aggregate ratio, and rolling temperature of the as-
phalt mixture. In the plant of the asphalt mixture, the al-
lowable range of gradation fluctuation for asphalt mixture is
presented in Figure 3 [6].+e allowable fluctuation degree in
asphalt-aggregate ratio is the design value± 0.3% [6]. In this
study, the molding (or rolling) temperature was determined
by the range of design value± 15°C. +e effects of variations
of these factors on the low-temperature performance of the
asphalt mixture were then estimated.

To study the influence of gradation variation on the low-
performance of asphalt mixtures, there is a need to accu-
rately obtain the set gradation. +erefore, the aggregates in
different sizes of 13.2–16mm, 9.5–13.2mm, 4.75–9.5mm,
2.36–4.75mm, 1.18–2.36mm, 0.6–1.18mm, 0.3–0.6mm,
0.15–0.3mm, 0.075–0.15mm, and 0–0.075mm were sieved
and stored separately. +en, the asphalt mixture was

Alternative influence factors

Key construction control
indices 

Development of BIM platform 

Three-dimensional model of
roads and bridges Terrain data

Real-time detection data

Autodesk Revit Oblique photography

Low-temperature crack
resistance

Figure 1: Technical route of this research.

Table 1: Properties of SBS asphalt.

Item Tested result Requirement Test method
Penetration (25°C, 100 g, 5 s) (0.1mm) 68 60∼80 T 0604
Penetration index 0.32 ≥−0.4 T 0604
Ductility (5°C, 5 cm/min) (cm) 44 ≥30 T 0605
Softening point (°C) 77.9 ≥55 T 0606
Kinematical viscosity (135°C) (Pa·s) 1.73 ≤3 T 0625
Flashpoint (°C) 256 ≥230 T 0611
Solubility in trichloroethylene (%) 99.64 ≥99 T 0607
Elastic recovery (%) 85.8 ≥65 T 0662
Density (25°C) (g/cm3) 1.023 — T 0603
Storage stability (°C) 1.3 ≤2.5 T 0661

+in film oven test (163°C)
Mass loss (%) −0.04919 −1.0–1.0 T 0609

Residual penetration ratio (25°C) (%) 73.5 ≥60 T 0604
Residual ductility (5°C) (cm) 26.37 ≥20 T 0605
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produced by using these sieved aggregates. +e air void of
asphalt mixture for each group was determined by Marshall
Compaction method, as shown in Table 5.

2.3.2. Gradation Segregation and Temperature Segregation.
+e gradation segregation and temperature segregation
easily occurs during the processes of production,

Table 2: Properties of the aggregates.

Item Test result Requirement Test method

Coarse aggregate

Crushing value (%) 16.9 ≤26 T0316
Loss by abrasion and impact of the sample (%) 17.5 ≤28 T0317

9.5–13.2mm Percentage of flat-elongated particles (%) 6.9 ≤12 T03124.75–9.5mm 6.3 ≤18
Polished stone value 46 ≥42 T0321

Fine aggregate Sand equivalent (%) 68 ≥60 T 0334
Solidness (%) 16 ≥12 T 0340

Table 3: Properties of the limestone filler.

Item Test result Requirement Test method
Specific density 2.655 — T0352
Water content (%) 0.4 ≤1 T0332

Passing (%)
0.6mm 100 100

T03510.15mm 91.6 90–100
0.075mm 79.1 75–100

Hydrophilic coefficient 0.3 <1 T0353
Plasticity index (%) 3 <4 T0354
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Lower limit

16

13
.29.
5

4.
75

2.
36

1.
180.

6
0.

3
0.

15

Sieve size (mm)

0.
07

5

Maximum density line

0

20

40

60

80

100

Pa
ss

in
g 

(%
)

Figure 2: Design gradation of the asphalt mixture.

Table 4: Test results of asphalt mixture based on the OAR.

OAR (%) Air voids (%) Voids filled with asphalt (%) Voids in mineral aggregate (%) Marshall stability (kN) Marshall flow (0.1mm)
5.0 3.8 72.8 14.0 11.17 26.9
— 3–5 65–75 ≥13.8 ≥8.0 20–40
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transportation, and paving for asphalt mixtures. Existing
studies prove that the gradation segregation and tempera-
ture segregation have adverse influence on the performance
of asphalt mixture [30–34]. But, most of the studies only
involve the simulation of large-area segregation, namely, the
width of segregation area is near or larger than the rolling
width of the roller, as shown in Figure 4(a). However, the
large-area segregation rarely occurs during normal con-
struction process of asphalt layers. Furthermore, when the
width of segregation area is smaller than the rolling width,
the performance of asphalt mixture in the segregation area is
not clear, as shown in Figure 4(b). +erefore, this paper
mainly focuses on investigating the performance of the
asphalt mixture in small-area segregation.

In this study, four levels of gradation segregation were
designed, which are shown in Figure 5. +e asphalt-aggregate
ratio of the control group is obviously inappropriate for the

asphalt mixtures with gradation segregation. +e most
practical method to determine the asphalt-aggregate ratio is
by taking the cores from the segregation area of the asphalt
pavement. However, this method will destroy the structure of
the asphalt pavement. Moreover, there is another method:
loose asphalt mixture is separated by passing through dif-
ferent sizes of sieves, such as the 9.5mm and the 4.75mm
sieves [35]. +e asphalt mixtures with different gradation
segregation and asphalt-aggregate ratio can be obtained by
proportioning these parts. But, the loose modified asphalt
mixture agglomerates seriously, which is difficult to adjust the
proportion of coarse and fine particles. So, the method to
obtain the segregated asphalt mixture by sieves has blindness
in adjusting the degree of gradation segregation.

+e effective thickness of the asphalt film for control
group can be calculated according to the information in
Tables 6 and 7, and Equation (1). +e calculated result is
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Figure 3: Allowable range of fluctuation in the gradation of the asphalt mixture.

Table 5: Test results of Marshall compaction.

Test number Gradation Asphalt-aggregate ratio
(%)

Molding temperature
(°C) Air voids (%)

A B C

Orthogonal test (OT)

1 Upper limit of
fluctuation 4.7 145 5.0

2 Upper limit of
fluctuation 5.0 160 3.8

3 Upper limit of
fluctuation 5.3 175 2.9

4 Design gradation 4.7 160 4.4
5 Design gradation 5.0 175 3.5
6 Design gradation 5.3 145 3.0
7 Lower limit of fluctuation 4.7 175 6.0
8 Lower limit of fluctuation 5.0 145 5.8
9 Lower limit of fluctuation 5.3 160 4.4

Control group Design
gradation 5.0 160 3.7

Advances in Civil Engineering 5



7.59 μm. Since the gradation-segregated asphalt mixture was
derived from the controlled asphalt mixture, the effective
thickness of asphalt film for gradation-segregated asphalt
mixture was considered to be approximately equal to that of

the control group for the test groups (TGs) 1–4. If the ef-
fective thickness of the asphalt film is known, the effective
asphalt content can be determined by back calculation.+en,
the asphalt content can be calculated by using Equations (2)

Roller

Segregation
area

(a) (b)

Figure 4: Schematic diagram of the segregation area: (a) large-area segregation; (b) small-area segregation.
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Figure 5: Four levels of gradation segregation designed in this study.

Table 6: Density test results for the different sizes of aggregates.

Item 0–2.36mm 2.36–4.75mm 4.75–9.5mm 9.5–13.2mm 13.2–16mm
Bulk specific gravity 2.782 2.819 2.758 2.797 2.763
Apparent specific gravity 2.816 2.915 2.835 2.909 2.881
Proportion (%) 33.1 18.2 28.5 17.9 2.3
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and (3) [6]., where DA is the effective thickness of the asphalt
film (μm); Pbe is the effective asphalt content (%); cb is the
specific gravity of asphalt (25°C/25°C); SA is the specific
surface area of the combined aggregate (m2/kg); Pba is the
proportion of asphalt absorbed into the aggregate (asphalt-
aggregate ratio) (%); cse is the effective specific gravity of the
combined aggregate; csb is the bulk specific gravity of the
combined aggregate; Pb is the asphalt content (%); Ps is the
ratio of the mass of the aggregates to the mass of the asphalt
mixture (%).

DA �
Pbe

cb × SA
× 10, (1)

Pba �
cse − cb

cse × csb

× cb × 100, (2)

Pb � Pbe +
Pba

100
× Ps, (3)

+e calculated asphalt-aggregate ratio can be corrected
by [36].

y � 1.0475x − 0.0737, (4)

where y is the corrected asphalt-aggregate ratio (%) and x is
the calculated asphalt-aggregate ratio (%). +e asphalt-
aggregate ratios of TGs 1–4 are presented in Table 8.

Two levels of temperature segregation were considered
in this study, the temperatures of which were set to
145°C (TG 5) and 130°C (TG 6).

+e surface texture ratio can be used to assess the degree
of gradation segregation according to NCHRP report 441
[32]. TG 1 belonged to the low-level segregation, and the
segregation level of TG 2 was high. Correspondingly, TGs 3
and 4 belonged to the low-level and high-level segregation,
respectively. According to the range of temperature differ-
ences by NCHRP report 441 [32], TGs 5 and 6 belonged to
the low-level and high-level segregation, respectively.

2.3.3. Determination of Air Voids of Segregated Asphalt
Mixture. According to JTG F40-2004 [6], the OAR was
determined using the Marshall design method in China.
Because the results of this research were applied to the actual
construction project in China, the Marshall design method
was adopted for the OAR. However, compared with the
Marshall compaction test, the compaction effect of the
specimen made by the gyratory compaction test is more
close to that of the actual core sample [37]. +erefore, the air
voids of segregated asphalt mixtures were determined by
using the Superpave compaction method. +e influence of
nonsegregation area on segregation area was considered in
this research. +e mesh mold is shown in Figure 6. Firstly,
the mass of nonsegregated and segregated asphalt mixtures

should be determined for molding specimens. +e rela-
tionship between the height of the specimen (or air voids)
and the gyration number was obtained from the records of
Superpave Gyratory Compactor. For road construction
projects, the air void of asphalt mixture after being paved is
approximately 10% [38]. +e numbers of gyrations were 11
and 63, respectively, to achieve the air voids of 10% and 3.7%
(the designed air voids). Since the segregated and nonseg-
regated asphalt mixtures have the same thickness after being
paved, the height of the specimen for segregated asphalt
mixture subjected to 11 gyrations should be same as that of
nonsegregated asphalt mixture. +e mass of the segregated
asphalt mixture is determined based on the height. Next, the
nonsegregated and segregated asphalt mixtures with the
predetermined mass were placed on two sides of the par-
tition, respectively.+emesh mold was marked according to
the position of the partition. When the asphalt mixtures on
both sides of the partition reached the predetermined
molding temperature, the partition was taken out, and the
mesh mold with the asphalt mixtures was put into the
Superpave Gyratory Compactor for molding. After 63 gy-
rations, the mesh mold was removed from the Superpave
Gyratory Compactor. +e specimen was cut into two pieces
according to the mark. +e air voids of the cut specimens
were measured in accordance with T 0705-2011 (JTG E20-
2011) [27], and the results are presented in Table 9. In this
study, the ratio of the segregation area to the nonsegregation
area was set as 1 :1. Different ratios can be obtained by
adjusting the width and position of the partition.

2.4. Specimen Preparation and Testing Procedure. +e SCB
test was selected to evaluate the low-temperature perfor-
mance of asphalt mixture in accordance with ASTMD8044-
16 [39].+e test temperature used here was −10°C.+e index
of SCB test was Jc value, the calculation method of which is
shown in Equations (5) and (6) [39].

Jc �
−1
b

dU

da
 , (5)

U � 
n
i�1 ui+1 − ui( Pi +

1
2

× ui+1 − ui(  × Pi+1 − Pi(  ,

(6)

where Jc is the critical strain energy release rate (kJ/m2); b is
the thickness of specimen (m); a is the incision depth (m); U
is the failure strain energy (kJ); dU/da is the change rate of
strain energy with an incision depth (kJ/m); Pi is the force
applied by the i loading step (kN); Pi+1 is the force applied by
the i+ 1 loading step (kN); ui is the displacement of the
loading rod detected by the instrument during i loading step
(m); ui+1 is the displacement of the loading rod detected by
the instrument during i loading step (m).

Table 7: Information for the calculation of the effective film thickness of the control group.

Bulk specific gravity of the
combined aggregate

Apparent specific gravity of
the combined aggregate

Effective specific gravity of
the combined aggregate

Effective asphalt
content (%)

Specific surface area of the
combined aggregate (m2/kg)

2.784 2.857 2.834 4.1 5.21
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In this paper, the OT method was used to evaluate the
influences of the variations of aggregate gradation, asphalt-
aggregate ratio, and initial rolling temperature on low-
temperature performance of the asphalt mixture. +e effects
of gradation segregation and rolling times on low-temper-
ature performance were considered separately.

2.5. BIM Platform. In this study, a BIM platform was de-
veloped to monitor the construction quality of the asphalt
pavement intuitively and in real time. +ere are 4 parts to
build a BIM platform: three-dimensional (3D) model of
roads and bridges, terrain data, monitoring information, and
platform functions. +ree-dimensional models can directly
show the shape of roads and bridges, and is the carrier of
construction information. Terrain data were obtained by
oblique photography [40]. +e key construction monitoring
indices were determined according to the results of the
laboratory tests. Construction control information was
obtained through different sensors.+e functions of the BIM
platform were mainly related to the analysis and display of
detected data. +e building process of the BIM platform is
presented in Figure 7.

2.5.1. ;ree-dimensional Structure of the Asphalt Pavement.
+ree-dimensional structure of the asphalt pavement was
drawn by the software of Autodesk Revit, which can be

imported into this BIM platform. +e asphalt pavement
includes surface course and base course. Based on the lo-
cation of the start and end of the paving for a truck of asphalt
mixture, the 3D structure of the asphalt pavement was di-
vided into many components. +e starting point of the
component was the starting paving position of the asphalt
mixture of a truck. +e BIM model of the asphalt pavement
is shown in Figure 8.

2.5.2. Building BIM Platform. +e monitoring of con-
struction information was based on the BIM platform de-
veloped by the authors, which is presented in Figure 9. +e
terrain data were obtained using the oblique photography, as
shown in Figure 9. +e construction control indices were
measured by different types of sensors in the process of
asphalt pavement construction. +e detected data were
uploaded to the background data processing center through
the 4G network. +e detected data are shown on the
components of road and bridge in the BIM platform [41].
When you click the component, the test data are displayed.
Moreover, the detected data can be analyzed and displayed
by the background data processing center. For example, the
BIM platform can show the trend of the asphalt-aggregate
ratio with time. Software users can log in to the system from
anywhere. +ey can also view and modify the information
and models according to their permissions.

Table 8: Determination of asphalt-aggregate ratios of TGs 1–4.

TG SA (m2/kg) Pbe (%) cse csb Calculated asphalt-aggregate ratio (%) Corrected asphalt-aggregate ratio (%)
1 4.38 3.4 2.839 2.787 4.2 4.3
2 3.51 2.7 2.846 2.791 3.5 3.6
3 6.07 4.7 2.825 2.774 5.6 5.8
4 6.93 5.4 2.813 2.762 6.4 6.6

Partition

Non-segregated
asphalt mixture 

Segregated
asphalt mixture 

Mesh mold used
for compaction

Figure 6: Mesh mold used for compaction.

Table 9: Measured air voids of TGs 1–6.

Gradation segregation Temperature segregation
TG 1 TG 2 TG 3 TG 4 TG 5 TG 6
8.7% 10.6% 3.1% 2.5% 4.0% 5.3%
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3. Results and Discussion

3.1. Influence of Gradation, Asphalt-Aggregate Ratio, and
Rolling Temperature on Low-Temperature Performance

3.1.1. Range Analysis. +e OT results and range analysis of
low-temperature performance of the asphalt mixture are
shown in Table 10.

In Table 10, Ij is the sum of Jc of level 1 for column j (j� 1,
2, and 3); IIj, is the sum of Jc of level 2 for column j (j� 1, 2,
and 3); IIIj is the sum of Jc of level 3 for column j (j� 1, 2, and
3). Rj is the difference between the maximum and minimum
values among Ij/3, IIj/3, and IIIj/3.

According to the results of Table 10, the order of in-
fluence of various factors on the low-temperature perfor-
mance of the asphalt mixture from strong to weak is asphalt-
aggregate ratio, gradation, and rolling temperature. +ere-
fore, in the mixing process of the asphalt mixture, special

attention should be paid to the fluctuation of asphalt-
aggregate ratio to ensure the low-temperature performance
of the asphalt mixture.

+e effect of each factor level on Jc value is shown in
Figure 10. It can be seen from the figure that for a given level
of influencing factors, the Jc value increases first and then
decreases as the gradation becomes coarser. +is is because
when compared with the upper limit and lower limit of
fluctuation, the asphalt mixture with design gradation has a
higher degree of compactness, smaller air voids, and less
internal defects, so that the low-temperature performance is
better while the other conditions are the same. +e Jc value
increases as the asphalt-aggregate ratio increases. +e reason
is that as the asphalt-aggregate ratio increases, the stiffness
modulus of the asphalt mixture decreases and the stress
relaxation performance increases. Under low-temperature
conditions, the failure of the asphalt mixture requires more
energy. +e Jc value increases weakly with the increase of the

Topographic map
oblique photography

3D model of road and bridge
Autodesk Revit

Determination and
collection of construction indices

Development of BIM platform
functions

Figure 7: Process of building the BIM platform.

Figure 8: +ree-dimensional structure of asphalt pavement.
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rolling temperature when the other conditions are the same.
Increasing the rolling temperature will improve the viscosity
of asphalt and promote the compaction. On the other hand,
the increase effect is not obvious because the three rolling
temperatures are at a higher level.

3.1.2. Variance Analysis. +e variance analysis results are
presented in Tables 11 and 12., where Yi is the average value
of Jc for each group; QT is the total sum of squares of
deviations.
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2

 ,
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+ II3( 
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2

 ,
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1
3

I4( 
2

+ II4( 
2

+ III4( 
2

 ,

QA � UA − P,

QB � UB − P,

QC � UC − P,

QD � UD − P,

QT � W − P,

(7)

For α� 5%, Fα(2, 2) is 19. So F-value of factor B is higher
than Fα(2, 2), while F-values of factors A and C are less than
Fα(2, 2), which indicates that the factor B significantly affects
the low-temperature of the asphalt mixture, and the influ-
ence of factors A and C on evaluation index is not obvious.
+erefore, to ensure the low-temperature performance of
the asphalt mixture, the asphalt mixture plant should focus
on monitoring the fluctuation of asphalt-aggregate ratio,
especially when the asphalt-aggregate ratio is lower than the
set value.

3.2. Influence of Segregation on Low Temperature
Performance. +e SCB test results of segregated asphalt
mixture are shown in Figure 11.

As shown in Figure 11, for the segregated asphalt
mixture, the low-temperature performance decreases as the
gradation becomes coarse. +is is because the internal de-
fects increases, the asphalt content decreases, and the
stiffness modulus increases when the gradation of asphalt
mixture becomes coarse. As the gradation becomes fine, the
low-temperature performance of asphalt mixture increases.
+e reason is that the increase of the asphalt content is
advantageous for improving the low-temperature perfor-
mance, and the lower void ratio reduces the internal defects
in the mixture. It should be pointed out that the gradation
becoming fine and the increase of asphalt content can in-
crease the risk of rutting during hot summers. +e selection
of types of the asphalt binder can be considered to balance
the low-temperature and high-temperature performances of
the asphalt mixture. As the degree of temperature segre-
gation increases, the low-temperature performance of the
asphalt mixture declines. +is is because the asphalt mixture
has low degree of compaction andmore internal defects, and
the asphalt content is relatively reduced, so the adhesion of
the asphalt mixture is poor, resulting in a decrease in low-
temperature performance.

Overpass

Side road

3D model

Terrain data

Figure 9: Interface of the BIM platform.
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Table 10: OT results and range analysis.

Test number
Gradation Asphalt-aggregate ratio (%) Molding temperature (°C)

Jc (kJ/m2)A B C
1 2 3

1 Upper limit of fluctuation 4.7 145 1.689
2 Upper limit of fluctuation 5.0 160 1.858
3 Upper limit of fluctuation 5.3 175 2.071
4 Design gradation 4.7 160 1.759
5 Design gradation 5.0 175 2.015
6 Design gradation 5.3 145 1.986
7 Lower limit of fluctuation 4.7 175 1.553
8 Lower limit of fluctuation 5.0 145 1.765
9 Lower limit of fluctuation 5.3 160 1.836
Ij 5.618 5.001 5.440 —
IIj 5.760 5.638 5.453 —
IIIj 5.154 5.893 5.639 —
Ij/3 1.873 1.667 1.813 —
IIj/3 1.920 1.879 1.818 —
IIIj/3 1.718 1.964 1.880 —
Rj 0.202 0.297 0.066 —

1.700

1.750

1.800

1.850

1.900

1.950

J c 
(k

J/m
2 )

Lower limit of 
fluctuation

Design 
gradation

Upper limit of 
fluctuation

Gradation

(a)

1.650

1.700

1.750

1.800

1.850

1.900

1.950

2.000

J c 
(k

J/m
2 )

4.8 4.9 5.0 5.1 5.2 5.34.7
Asphalt-aggregate ratio (%)

(b)

1.810

1.820

1.830

1.840

1.850

1.860

1.870

1.880

1.890

J c 
(k

J/m
2 )

150 155 160 165 170 175145
Molding temperature (°C)

(c)

Figure 10: Influence of factor levels on low-temperature performance.
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3.3. Comprehensive Analysis of Various Factors on Low-
Temperature Performance. To compare the influence degree
of various factors on the low-temperature performance in
the construction process of the asphalt mixture, it is nec-
essary to add a supplementary test group to reflect the
difference of low-temperature performance between the
asphalt mixture with gradation of lower limit of fluctuation
and the control group, as shown in Table 13. +e difference
of low-temperature performance between asphalt mixture in
OT 4, TG 2, TG 4, TG 6, and the control group can,

respectively, reflect the influence of the asphalt-aggregate
ratio in the mixing process, the coarser and finer gradation
due to segregation, and temperature segregation on the low-
temperature performance of the asphalt mixture. For the
construction process of the asphalt layer, the effects of
various factors on the low-temperature performance of
asphalt mixture are shown in Table 14.

According to Table 14, comparing the low-temperature
performance of the asphalt mixture of OT 4, supplementary
TG 1, TG 2, TG 4, and TG 6, the influence degree order of

0.000

0.500

1.000

1.500

2.000

2.500

J c 
(k

J/m
2 )

Control 
group

TG 2 TG 3 TG 4 TG 5 TG 6TG 1

Group

Figure 11: SCB test results of the segregated asphalt mixture.

Table 11: Calculation process of variance analysis.

Test number
Gradation Asphalt-stone ratio (%) Molding temperature (°C)

Jc (kJ/m2) SquareA B C
1 2 3

1 Upper limit of fluctuation 4.7 145 1.689 (Y1) 2.853
2 Upper limit of fluctuation 5.0 160 1.858 (Y2) 3.452
3 Upper limit of fluctuation 5.3 175 2.071 (Y3) 4.289
4 Design gradation 4.7 160 1.759 (Y4) 3.094
5 Design gradation 5.0 175 2.015 (Y5) 4.060
6 Design gradation 5.3 145 1.986 (Y6) 3.944
7 Lower limit of fluctuation 4.7 175 1.553 (Y7) 2.412
8 Lower limit of fluctuation 5.0 145 1.765 (Y8) 3.115
9 Lower limit of fluctuation 5.3 160 1.836 (Y9) 3.371
Ij 5.618 5.001 5.440 K� 16.532 W� 30.590
IIj 5.760 5.638 5.453 — —
IIIj 5.154 5.893 5.639 — —
U 30.434 30.508 30.376 P� 30.367 —
Q 0.067 0.141 0.008 — —

Table 12: Variance analysis results.

- Dispersion Degree of freedom Mean square deviation F-value
A 0.067 2 0.033 9.616
B 0.141 2 0.070 20.206
C 0.008 2 0.004 1.186
Error 0.007 2 0.003 —
Total 0.223 8 — —
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the considered factors for the low-temperature performance
from large to small is the gradation coarsening due to
segregation, temperature segregation, the reduction of as-
phalt-aggregate ratio in the mixing process, and the gra-
dation coarsening in the mixing process. +e finer gradation
due to segregation has a beneficial effect on the low-
temperature performance of the asphalt mixture. +erefore,
to ensure the low-temperature performance of the asphalt
mixture, it is important to monitor the gradation coarsening
and temperature variation caused by the segregation.

3.4. Prediction Model of Critical Strain Energy Release Rate.
+e critical strain energy release rate is related to the low-
temperature cracking of the asphalt pavement. +erefore, it
can be used to characterize the low-temperature perfor-
mance of asphalt mixtures. +e low-temperature perfor-
mance of asphalt mixtures is related to the properties of raw
materials, asphalt-aggregate ratio, and volume parameters
[42]. According to the construction process of asphalt layers,
the volume parameters also mainly depend on mineral
graduation, asphalt-stone ratio, rolling temperature, and so
on. +ese construction indices can be detected in real time
by the sensors. Consequently, it is necessary to find out how
to use these data to evaluate the low-temperature perfor-
mance of the asphalt layers during the construction process.
In this study, a new prediction model of critical strain energy
release rate was established according to Tables 10, 13, and
14, which is shown in Equation (8). Based on these real-time
detection data, the construction quality for the low-
temperature performance can be evaluated by this pre-
diction model [43].

Jc

Jc d

� 1.833
Pa

Pa d

 

0.852
T

Td

 

0.486

(CA)
− 0.737 FAc( 

1.118 FAf 
− 0.157

,

R
2

� 0.929.

(8)

, where Jcd is the designed critical strain energy release rate,
which is a fixed value for a specific project (kJ/m2); Pa is the
detected asphalt-stone ratio; Pad is the designed asphalt-
stone ratio; T is the rolling temperature (°C); Td is the
designed rolling temperature (°C); CA is coarse aggregate
ratio; FAc is fine aggregate coarse fraction ratio; FAf is fine
aggregate fine fraction ratio. With the development of real-
time detection technology, the establishment of the model
can consider more factors to improve the accuracy and
applicability of prediction. Figure 12 presents the estimated
Jc based on Tables 10, 13, and 14, and Equation (8), com-
pared with the measured Jc shown in Table 14. As presented
in Figure 12, Equation (8) has high R-square values, which
indicate how well the measured and estimated values of Jc
correlate linearly.

After the prediction model of critical strain energy re-
lease rate is established, it needs to be verified based on road
construction projects. Figure 13 and Table 15 present the
gradations and asphalt-stone ratios of the asphalt mixture
sampled from the highway construction project in China by
the extraction tests (ETs), respectively. +e asphalt mixture
was prepared according to the results of the ETs. +e
molding temperature is shown in Table 16, which is mea-
sured by the infrared temperature sensors.

+e applicability of the predictionmodel of critical strain
energy release rate was evaluated by using the deviation
between the estimated and the measured values of each
extraction test group. According to Figure 14, the average
deviation between the predicted and the measured values of
critical strain energy release rate of the extraction groups is
−1.46%. +e maximum deviation of these extraction test
groups is 12.25%. Overall, the deviation between the pre-
dicted and measured values of the critical strain energy
release rate of these extraction test groups is relatively small,
indicating that the prediction model of the critical strain
energy release rate established in this study has good ap-
plicability for AC-13. According to Report FHWA/LA.14/
558 [44], the minimum Jc values of 0.6 and 0.5 kJ/m2 are

Table 14: Influence degree of various factors on low-temperature performance.

Group Jc (kJ/m2) Drop (%) Comparison
of influence Group Jc (kJ/m2) Drop (%) Comparison

of influence
Control group 1.976 — — OT 9 1.836 7.1 9

OT

1 1.689 14.5 5 Supplementary TG 1 1.781 9.9 8
2 1.858 6.0 11 TG 1 1.446 26.8 2
3 2.071 −4.8 14 TG 2 0.996 49.6 1
4 1.759 11.0 6 TG 3 2.167 −9.7 15
5 2.015 −2.0 13 TG 4 2.533 −28.2 16
6 1.986 −0.5 12 TG 5 1.851 6.3 10
7 1.553 21.4 4 TG 6 1.509 23.6 3
8 1.765 10.7 7 — — — —

Table 13: Low temperature performance of supplementary TGs.

Supplementary TG Gradation Asphalt-aggregate ratio (%) Molding temperature (°C) Air voids (%) Jc (kJ/m2)
1 Lower limit of fluctuation 5.0 160 5.5 1.781
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proposed as the cracking performance criteria to ensure
acceptable cracking performance of Level 2 and Level 1
asphalt mixtures, respectively. In this research, if the esti-
mated Jc value exceeds 0.6 kJ/m2, the low-temperature
performance of the asphalt layer is considered as qualified.

3.5. Monitoring the Construction Indices Based on the BIM
Platform

3.5.1. Gradation and Asphalt-Aggregate Ratio of the Asphalt
Mixture. +e gradation of the asphalt mixture in the mixing
stage can be obtained in real time by digital image processing
technology [11, 12, 45] or online detection of asphalt mixture
plant [6, 7]. +e asphalt-aggregate ratio in the mixing stage
can also be measured by online detection of the asphalt
mixture plant [6]. To date, for a pot of asphalt mixture, the
information collection system of the asphalt mixture plant
can collect the mass of asphalt and hot aggregates for mixing.
+erefore, the asphalt-aggregate ratio for each pot can be
accurately determined, as shown in Table 17. Moreover, the
gradation of a pot of asphalt mixture can be calculated based
on the aggregate gradation of each bin. For the highway
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Figure 12: Comparisons of measured and estimated Jc.
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Figure 13: Gradations of the asphalt mixture by the ETs.

Table 15: Asphalt-stone ratio of the asphalt mixture by the ETs.

Number of the ET 1 2 3 4 5
Asphalt-stone ratio (%) 4.7 5.3 5.2 5.2 4.8

Table 16: Molding temperatures of the asphalt mixture.

Number of the ET 1 2 3 4 5
Molding temperature (°C) 151 156 167 160 149
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construction project in China, the online test results of the
asphalt-stone ratio of every pot of asphalt mixture are shown
in Table 17. +e online test results show that the fluctuation
of asphalt-stone ratio is very small. +e real-time gradation
of a pot of asphalt mixture is presented in Figure 15.

3.5.2. Initial Rolling Temperature. +e infrared temperature
sensor can be used to determine the initial rolling temperature.
+e roller with the infrared temperature sensor is shown in
Figure 16. When using the infrared temperature sensor for
collecting temperature data, the temperature data and the
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Figure 14: Comparison between the predicted and measured values of the SCB test.

Table 17: Asphalt-stone ratio determined by online detection of asphalt mixture plant.

Materials Bin #1 10–15mm Bin #2 5–10mm Bin #3 3–5mm Bin #4 0–3mm Bin #5 limestone filler Asphalt
Mass (kg) 480 589 282 567 142 105
Ratio (%) 27.5 28.6 13.7 27.5 6.9 NA
Asphalt-stone ratio (%) 5.1
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Figure 15: Gradation by online detection of the asphalt mixture plant.
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asphalt pavement location will be uploaded to the background
data processing center. In the background data processing
center, the collected temperature values are matched with the
asphalt pavement location, as shown in Table 18. +e average
initial rolling temperature was 155°C for the paving unit of
K11+986.2 to K12+44.1. +en, the temperature data are
released to the BIM platform in a timely manner.

3.5.3. Real-Time Monitoring of Construction Indices. +e
measured or predicted values of key construction control
indices were uploaded to the BIM platform in real time,
which were associated with the BIM components of road or
bridge through the BIM platform. When a BIM component
is clicked with the mouse, the construction information will
be displayed near the BIM component. Construction

workers can log in to the system to view the 3D models and
monitor the data of construction quality at any location and
time. Figure 17 shows the construction information of a
BIM composition.+e passing of 2.36mm sieve can be used
to distinguish between fine- and coarse-graded mixtures
for AC-13 (AASHTOM 323-17) [46], which is the primary
control sieve. +erefore, the passing of the 2.36mm sieve
was used to characterize the gradation of the asphalt
mixture. +e pile numbers of BIM components were de-
termined by GPS-RTK technology [29]. According to
Equation (8), the estimated value of Jc was 1.870 kJ/m2 for
this BIM component. Table 19 presents the allowable
ranges of fluctuation for these construction indices. In
addition, the measured values of construction indices can
also be analyzed centrally.

Figure 16: Roller with the infrared temperature sensor.

Table 18: Measured initial rolling temperatures of the paving unit of K11 + 986.2 to K12 + 44.1 (°C).

Stake mark Temperature Stake mark Temperature Stake mark Temperature Stake mark Temperature
K11 + 994.29 153.00 K12 + 010.20 179.00 K12 + 023.58 153.00 K12 + 034.75 145.00
K11 + 994.41 153.00 K12 + 010.22 172.00 K12 + 023.58 153.00 K12 + 035.07 160.00
K11 + 997.38 161.00 K12 + 011.30 172.00 K12 + 024.11 152.00 K12 + 036.82 148.00
K12 + 001.01 153.00 K12 + 011.80 175.00 K12 + 024.54 152.00 K12 + 036.99 145.00
K12 + 001.86 152.00 K12 + 012.60 175.00 K12 + 025.05 157.00 K12 + 037.17 145.00
K12 + 002.75 167.00 K12 + 013.73 145.00 K12 + 026.25 157.00 K12 + 038.52 142.00
K12 + 002.82 168.00 K12 + 013.93 145.00 K12 + 026.65 147.00 K12 + 038.90 142.00
K12 + 003.22 159.00 K12 + 014.07 151.00 K12 + 027.92 147.00 K12 + 039.25 147.00
K12 + 003.54 158.00 K12 + 015.72 151.00 K12 + 028.39 168.00 K12 + 039.53 147.00
K12 + 004.15 158.00 K12 + 016.06 159.00 K12 + 028.76 168.00 K12 + 040.88 142.00
K12 + 004.30 171.00 K12 + 016.17 159.00 K12 + 029.23 155.00 K12 + 040.99 151.00
K12 + 005.21 155.00 K12 + 017.28 145.00 K12 + 030.53 155.00 K12 + 041.23 152.00
K12 + 005.38 158.00 K12 + 018.19 145.00 K12 + 030.87 153.00 K12 + 041.33 152.00
K12 + 006.19 171.00 K12 + 018.61 147.00 K12 + 031.60 153.00 K12 + 042.16 170.00
K12 + 006.87 158.00 K12 + 019.89 149.00 K12 + 031.82 142.00 K12 + 042.96 170.00
K12 + 007.52 176.00 K12 + 020.31 152.00 K12 + 032.67 142.00 K12 + 043.41 135.00
K12 + 008.53 179.00 K12 + 021.03 152.00 K12 + 032.98 144.00 — —
K12 + 008.75 160.00 K12 + 021.54 153.00 K12 + 033.82 144.00 — —
K12 + 009.66 166.00 K12 + 022.43 153.00 K12 + 034.40 145.00 — —
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K12+44.1

5.1

33.1
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Jc (kJ/m2) 1.870

Number of BIM component

Name of BIM component

Asphalt aggregate ratio (%)-

Passing of 2.36 mm sieve (%)

Initial rolling temperature (°C) 

Starting pile number

Ending pile number 

300-02-01-07

Figure 17: Display of construction information of a BIM component.

Table 19: Allowable ranges of fluctuation of key construction indices.

Item Asphalt-aggregate ratio
(%)

Passing of 2.36mm sieve
(%)

Initial rolling temperature
(°C) Jc (kJ/m2)

Allowable range of
fluctuation

5.0± 0.3 33.1± 5 ≥160 ≥0.6

JTG F40-2004 [6] Report FHWA/LA.14/558
[44]
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4. Conclusions

In this study, the influences of the fluctuations of the con-
struction indices on the low-temperature performance of the
asphalt mixture were estimated to determine the key con-
struction indices. Based on the SCB test, the index of Jc was
used to characterize the low-temperature performance of as-
phaltmixtures. A new predictionmodel of critical strain energy
release rate was developed to evaluate the construction quality
of the asphalt layer. Five factors were considered for the low-
temperature performance of asphalt mixtures in this research.
Furthermore, the BIM platform was built to monitor the
construction quality of the asphalt layer. On the basis of the
results and analysis, the following conclusions can be drawn:

(i) For the set factor levels, the order of importance of
factors affecting the low-temperature performance
of asphalt mixtures is asphalt-aggregate ratio,
gradation, and molding temperature. +erefore,
special attention should be paid to the fluctuation of
the asphalt-stone ratio to ensure the low-temper-
ature performance of the asphalt mixture in the
asphalt mixture plant.

(ii) For the set factor levels, the Jc value of the asphalt
mixtures increases with the increase of the asphalt-
stone ratio. In the asphalt mixing plant, when the
asphalt-stone ratio is less than the design value, the
construction workers should pay more attention to
this case.

(iii) +e Jc value of the asphalt mixtures decreases be-
cause of gradation coarsening due to segregation.
+e Jc value of the asphalt mixtures increases as the
gradation becoming finer due to segregation.

(iv) +e Jc value of the asphalt mixtures decreases with the
increase in the degree of temperature segregation. And,
the Jc value of the asphalt mixtures drops about 6.3%–
23.6% for the set temperature segregation.

(v) For the single factor, the gradation coarsening due
to segregation and the temperature segregation
have a worse effect on the low-temperature per-
formance of asphalt mixtures in the construction
process of the asphalt layer.

(vi) Based on the results of the extraction test, the devi-
ation between the predicted and measured values of
critical strain energy release rate is small, which in-
dicates that the prediction model of critical strain
energy release rate has good applicability for AC-13.

(vii) +e BIM platform was developed to monitor the
real-time detection data from the construction
process of the asphalt layer. +e construction
workers can grasp the construction quality of the
asphalt layer in time based on this platform.
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