friried applied
e sciences

Article

Combined Prediction Method for Thermal Conductivity of
Asphalt Concrete Based on Meso-Structure and
Renormalization Technology

Jiaqi Chen !, Xingzao Chen !, Hancheng Dan "* and Lanchun Zhang 2

check for
updates

Citation: Chen, J.; Chen, X,; Dan, H.;
Zhang, L. Combined Prediction
Method for Thermal Conductivity of
Asphalt Concrete Based on
Meso-Structure and Renormalization
Technology. Appl. Sci. 2022, 12, 857.
https:/ /doi.org/10.3390/app
12020857

Academic Editors: Andrea Dorigato
and Doo-Yeol Yoo

Received: 29 November 2021
Accepted: 12 January 2022
Published: 14 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Civil Engineering, Central South University, Changsha 410075, China;
chenjiaqi@csu.edu.cn (J.C.); chenxingzao@csu.edu.cn (X.C.)

2 Friendship International Engineering Consulting Co., Ltd., Changsha 410005, China; z1c904069@163.com
*  Correspondence: danhancheng@csu.edu.cn; Tel.: +86-13874934466

Abstract: Pavement temperature field affects pavement service life and the thermal environment
the near road surface; thus, is important for sustainable pavement design. This paper developed a
combined prediction method for the thermal conductivity of asphalt concrete based on meso-structure
and renormalization technology, which is critical for determining the pavement temperature field.
The accuracy of the combined prediction method was verified by laboratory experiments. Using
the tested and proven model, the effect of coarse aggregate type, shape, content, spatial orientation,
air void of asphalt concrete, and steel fiber on the effective thermal conductivity was analyzed. The
analysis results show that the orientation angle and aspect ratio of the aggregate have a combined
effect on thermal conductivity. In general, when the aggregate orientation is parallel with the heat
conduction direction, the effective thermal conductivity of asphalt concrete in that direction tends
to be greater. The effective thermal conductivity of asphalt concrete decreases with the decrease of
coarse aggregate content or steel fiber content or with the increase of porosity, and it increases with
the increase of the effective thermal conductivity of coarse aggregate.

Keywords: meso-structure; asphalt concrete; effective thermal conductivity; random aggregate
technique; discrete element; renormalization

1. Introduction

A phenomenon in which temperatures in rural areas are lower than in cities has been
referred to the urban heat island (UHI) effect [1]. UHI has a direct impact on urban livability,
including a decrease in environmental quality, an increase in thermal discomfort, and an
increase in heat-related health issues [2]. Satellite images demonstrate that pavements are a
substantial source of thermal activity and heat radiation, particularly in urban areas [1].
Ninety percent of solar energy is absorbed by asphalt pavement, as well as warmth that
builds within the pavement, increasing its temperature. Studies have shown that hot
pavement has a significant impact on the near-surface heat island. The UHI impact is
exacerbated as heat from the pavement is released into the atmosphere via convection
and effective radiation [3,4]. Thermal conductivity is a critical material of parameters
that determine the temperature field of the pavement, and it is essential for evaluating
numerous pavement methods for UHI mitigation [5]. Asphalt concrete is a viscoelastic
material, and under normal circumstances, the smaller the thermal conductivity, the slower
the heat conduction [6]. Pavement mechanical qualities and temperature distribution
are substantially affected by the thermal conductivity of asphalt concrete, which also
has a knock-on impact on pavement service life and the urban heat island effect [7,8].
Understanding the thermal conductivity of asphalt concrete is critical for estimating the
thermodynamic performance of pavement, studying the efficiency of the heat transfer
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from road surface to subgrade, alleviating the UHI effect, and promoting the sustainable
development of pavement.

Experimentation is now the most used approach for determining the thermal conduc-
tivity of asphalt concrete. The slab technique, the guarded heat-flow meter method, the
transient plane heat source method, and the hot-wire method are all common methods to
measure thermal conductivity in thermal conductivity studies [9-11]. Shi et al. investigated
the effects of expanding polypropylene beads and adding graphite powder on the thermal
conductivity of HMA [12]. Shatarat et al. examined the thermal conductivity of permeable
concrete by replacing it with recycled coarse aggregate and recycled asphalt pavement for
natural aggregate [13]. Pan et al. studied the thermal conductivity of conductive asphalt
concrete using seven different aggregates and two conductive fillers [14]. Pawel et al.
analyzed various aggregates, combinations, and air voids for their impact on thermal
conductivity [15]. Although these experimental methods are commonly used and simple
to operate, there are still some limitations in the experiment. Expensive measuring devices
and a huge number of specimens are required in the experiment, which consume a large
amount of measurement time and economic costs.

As a heterogeneous composite material, thermal conductivity, volumetric fractions,
and distributions of each component in asphalt concrete all affect the overall effective ther-
mal conductivity of the material. Costs associated with experiments may be considerably
reduced by developing an analytical model to forecast effective thermal conductivity based
on the heterogeneous meso-structure of asphalt concrete. According to the thermal conduc-
tivity and volumetric fractions of every component, analysis models for composite material
thermal conductivity have been developed by researchers, such as the parallel model,
series model, Maxwell-Eucken model, effective medium theory model, and Bruggeman’s
equation [16-20]. However, as these models are usually based on specific aggregate distri-
bution forms where the distribution patterns of the two components in asphalt concrete are
simple and different from the heterogeneous meso-structure of real asphalt concrete, and
the thermal conductivity that is predicted is not the real situation. At present, it is possible
to obtain information about the real spatial distribution of aggregate in the asphalt concrete
through deep learning image recognition technology and X-ray CT scanning technology
to assist modeling [21,22]. With the use of a computer model, the thermal conductivity,
dynamic modulus, fracture energy, and creep stiffness of asphalt concrete can be accurately
predicted. Some sophisticated heterogeneous meso-structure models have been developed
to simulate asphalt concrete [23-27]. When the meso-structure model is established to
study the thermal performance of asphalt concrete, the complex aggregate geometry shapes
and the volumetric fractions of each component should be considered. To simulate it more
realistically, a lot of meshes need to be generated, which leads to the increase of model
computation and difficulty in the modeling process. This study proposed renormalization
methods for calculating three-dimensional meso-structure thermal conductivity, taking into
account the distribution of every component [28]. This approach is dependent on the exact
solution of the equivalent thermal conductivity of a set of four cell grids (2 x 2), and the
effective thermal conductivity was calculated layer by layer through using the space-scale
upscaling method. However, this method usually needs to extract the two-dimensional
cross section image of composite material, which may be inconvenient for batch virtual
modeling analysis. Although there are some models that can calculate thermal conductivity,
a more efficient one is still needed.

2. Objectives

The principal goal of this research is just to establish a method for calculating the
effective thermal conductivity of asphalt concrete using a combination method of three-
dimensional meso-structure and the renormalization technique. Considering the com-
plexity of the three-dimensional geometry and the potential relationship between the
coarse aggregate two-dimensional picture and the three-dimensional geometry, a single
aggregate three-dimensional geometry was randomly generated by using an image-aided
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method. The generated three-dimensional aggregates were then loaded with PFC3D, and
the three-dimensional meso-structure of asphalt concrete was constructed according to
aggregate gradation. The asphalt concrete model was divided into several small volume
units with a single thermal conductivity, and the total thermal conductivity of the model
was determined utilizing the renormalization technique. Based on the validated DE model,
the effects of air void, coarse aggregate shape, spatial orientation, content, type, and steel
fiber on the effective thermal conductivity were analyzed.

3. Prediction the Effective Thermal Conductivity of Three-Dimensional
Meso-Structures

3.1. Structure Generation

Throughout this research, it was assumed that the asphalt concrete was a composite
material consisting of coarse aggregates and a fine aggregate matrix (FAM). The FAM is
a blend of asphalt, mineral powder, and fine aggregate with a particle size of less than
2.36 mm. Coarse aggregates are made up of particles larger than 2.36 mm in diameter.
A three-dimensional heterogeneous meso-structure model of asphalt concrete has been
created using an image-aided technique [29], and the process of generating the three-
dimensional model can be summarized as follows.

(1) We developed an aggregate image dataset using Aggregate Image System (AIMS)
to capture a batch of two-dimensional projections of aggregates with varying particle
sizes. The two-dimensional projections of aggregates were obtained as a binary image by
AIMS. Through MATLAB, we extracted a number of control points on the edges of the
two-dimensional projection of aggregate, and then connected these control points in turn
to obtain the polygon representing the two-dimensional projection contour shape of the
aggregate. The experiment setup is depicted in Figure 1, as well as various instances of the
polygonal representations of the relevant aggregate pictures.

oD

Figure 1. (a) Experimental setup; (b) instances of aggregate pictures and polygons.

(2) We picked at random a two-dimensional aggregate projection (hereafter referred
to as P) from the dataset of aggregate images according to the prescribed gradation. A
two-dimensional projection had a primary axis that could be determined (P). The longest
diagonal line 1 for every polygon was used to determine its major axis. We placed P on the
XOZ major plane; then, we readjusted the position of P so that the midpoint of the main
axis coincided with the origin of the XOZ plane, and the main axis fell in the direction of the
Z axis, thereby determining the X, Z of all vertices of the two-dimensional projection. Next,
we took the origin O as the center and reduced P as a whole by a certain proportion. To
create a polygon smaller than P, we linked half of the vertices of the polygon. The vertices
on P could not have the same y-coordinates and they were reallocated afterwards.

(3) For the sake of structural of three-dimensional aggregate, Equation (1) was used to
estimate a maximum aggregate thickness in the direction of the y-axis.

Hpmax = &Ly 1)
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where Hpyay is the maximum aggregate thickness; Ly is the maximum width of P parallel to
the x-axis; « is a number that is more than zero but less than one. Aggregate surfaces will
get flatter as the value of « decreases.

(4) The bottom and top restrictions for the y coordinates of each polygon were de-
termined according to the height of aggregate, and the y coordinates of each vertex were
randomly generated within the lower and upper limits. Figure 2 illustrates a schematic
diagram of all vertices of the generated three-dimensional aggregate.
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Figure 2. A schematic diagram of the three-dimensional aggregate vertices.

reduction

(5) TXT files of all vertex coordinates of the obtained three-dimensional aggregates
were converted into three-dimensional model files in STL format through MATLAB. Then
the STL files of the aggregates were imported into the PFC3D for modeling. Figure 3
illustrates several instances of 3-D aggregates generated.

Figure 3. Several instances of generated three-dimensional aggregates.

(6) In the three-dimensional boundary of the heterogeneous model of asphalt concrete,
based on a given gradation, small balls were randomly distributed with corresponding
particle sizes by PFC3D. We imported the STL-formatted three-dimensional aggregate
template created in the earlier step. Then, the small balls were randomly selected within
the boundary range of the heterogeneous model, and the small balls were replaced with
three-dimensional aggregate with the same shape center and volume as the balls. The
operation was repeated until all the small balls were completely replaced. An example of
aggregate positions in the three-dimensional heterogeneous model is shown in Figure 4.
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Figure 4. Example of aggregate positions in the three-dimensional heterogeneous model.

(7) The aggregate generation process yields the spatial coordinate information for all
aggregates. Small volume units with single material attributes were used to partition the
three-dimensional heterogeneous asphalt concrete model. The TXT files were then used
to export the spatial coordinate information and the components of small volume units in
the asphalt concrete. An example of a small volume unit with single material properties is
shown in Figure 5. Then the thermal conductivity was calculated by MATLAB.

W fine aggregate matrix
B coarse aggregate

Figure 5. Example of small volume units with single material properties.

3.2. Calculating Thermal Conductivity

According to the homogenization approach proposed by Karim and Krabbenhof [28],
the effective thermal conductivity was calculated under this study. First, given a cube region
consisting of 2" x 2™ x 2" cells, each small cube cell has a corresponding thermal conductivity
determined in the previous section. Figure 6 illustrates the technique for determining the
effective thermal conductivity among a representative 2 x 2 x 2 cubes, and the effective
thermal conductivity was calculated layer by layer by using space-scale upscaling.

/S ks ks
Y
ks ey
k
7 X 1 ke

Figure 6. Example of 2 x 2 x 2 cubes.
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Therefore, the most basic issue for this method is to devise a method for calculating
the effective thermal conductivity for the 2 x 2 x 2 cube units. The effective thermal
conductivity of the 2 X 2 x 2 cube units can be expressed as Equation (2) [28]:

kyky k3ky kske kzks 2
Fitk, T Ttk t Farke T K +ks

kex = —1 -1
(k1+k3+k5+k7) +(k2+k4+k6+kg)

()

N —

Using the three-dimensional meso-structure model of asphalt concrete described in
the preceding section, 128 x 128 x 128 cube units of heterogeneous asphalt concrete
were generated based on the aggregate gradation in Table 1. The material composition
and effective thermal conductivity of each small cube unit were confirmed by the model,
and Equation (2) was used to calculate the effective thermal conductivity of the three-
dimensional heterogeneous asphalt concrete model.

Table 1. Aggregate gradation.

Passing Percentage (%)

Sieve Size (mm)

Asphalt Concrete FAM

16 100 100
13.2 96.0 100
9.5 82.1 100
4.75 52.2 100
2.36 30.9 100
1.18 23.0 74.4
0.6 16.9 54.7
0.3 11.0 35.6
0.15 8.4 27.2
0.075 6.8 22.0

4. Model Validation

First, the effective thermal conductivity of the aggregate, FAM, and asphalt concrete
were measured experimentally. As mentioned in the previous section, asphalt concrete is
regarded as a composite material. Asphalt concrete with an asphalt content of 4.76% and a
porosity of 6% was prepared in the laboratory. In this study, the asphalt concrete and FAM
have different aggregate gradations and these are listed in Table 1.

When determining the thermal conductivity of solids, the transient plane source
technique could be utilized [25]. The transient plane source approach was used to assess
the thermal characteristics in order to confirm the validity of model.

When testing asphalt concrete and FAM for their effective thermal conductivity, six
cylindrical samples were created in the laboratory with diameters of 100 mm and 50 mm in
height. We clamped the sensor with two identical samples, and used a thermal conductivity
tester to measure the sample under test, as shown in Figure 7. After the measurement was
completed, the sample was removed and the sensor was left to cool down naturally for
20 min. After that, the sample was rotated 180°, and measured again. Asphalt concrete,
FAM, and the aggregate were measured 6 times, respectively, and the average of the
6 measurements was thought to be the value of the thermal conductivity of every material.
According to the results of the experiment, the average effective thermal conductivity of
asphalt concrete, FAM, and the aggregate were 2.127 Wm 1K1, 1.423 Wm 1K1, and
2.855 Wm ™K1, respectively.
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Figure 7. Experimental setup.

By using the gradation in Table 1, five random three-dimensional meso-structure
models of asphalt concrete were formed. These models were marked as A1~A5, re-
spectively. The effective thermal conductivity of three-dimensional meso-structure mod-
els were calculated through Equation (2). Thermal conductivity is seen in Figure 8 as
2.1744 Wm~!K~! on average. The average discrepancy between the experimental and
numerical results was 2.34 percent. This shows that the model and calculation method of
thermal conductivity used in this paper are reliable.
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Figure 8. Effective thermal conductivity of three-dimensional meso-structure models of asphalt concrete.

5. Sensitivity Analysis of Thermal Conductivity
5.1. Effects of Coarse Aggregate Orientation Angle and Aspect Ratio

The degree of anisotropy in asphalt concrete is highly correlated with the angle and
aspect ratio of the coarse aggregate utilized in that material. To ascertain the impact of
aggregate orientation and aspect ratio, three different aggregate orientation angles and five
different aggregate aspect ratios were considered, as shown in Table 2. Except for the coarse
aggregate in Table 2 having a different orientation and aspect ratio, the other parameters of
the asphalt concrete models were the same as those used in the model validation section.
The above virtual models were denoted as B1~B15, respectively. The angle between the
Z-Axis and X-Axis was known as orientation angle.



Appl. Sci. 2022,12, 857 8 of 15

Table 2. The aggregate orientation and aspect ratio of asphalt concrete models.

Specimen Label Orientation Angle of Aggregate (°) Asgegzrﬁga:t: of
Bl uniformly distributed between 0~30 1
B2 uniformly distributed between 0~30 1.5
B3 uniformly distributed between 0~30 2
B4 uniformly distributed between 0~30 2.5
B5 uniformly distributed between 0~30 3
B6 uniformly distributed between 30~60 1
B7 uniformly distributed between 30~60 1.5
B8 uniformly distributed between 30~60 2
B9 uniformly distributed between 30~60 2.5

B10 uniformly distributed between 30~60 3
B11 uniformly distributed between 60~90 1
B12 uniformly distributed between 60~90 1.5
B13 uniformly distributed between 60~90 2
B14 uniformly distributed between 60~90 2.5
B15 uniformly distributed between 60~90 3

The random generation algorithm of three-dimensional aggregate in this paper was
used to obtain the three-dimensional aggregate with different orientation and aspect ratios
by changing the parameter setting of the three-dimensional aggregate. Moreover, the
effective thermal conductivity of various models with different aggregate orientation and
aspect ratios was calculated through the combined prediction method developed in this
paper. The result is shown in Figure 9.
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Figure 9. Effects of aggregate orientation angle and aspect ratio on effective thermal conductivity.

Figure 9 indicates that the combined influence of the aggregate orientation angle and
aspect ratio, which was consistent with existing literature [26]. All things being equal, it
was predicted that with a decreased orientation angle, effective thermal conductivity would
increase. For a bigger aspect ratio, this trend is more pronounced. As long as the aspect ratio
is one, the effective conductivity of the asphalt concrete was not significantly influenced
by the orientation angle. While the aggregate orientation angles were between 0° and 30°,
the effective thermal conductivity of asphalt concrete rises as the aggregate aspect ratio
increases. Contrarily, the effective thermal conductivity of the asphalt concrete specimens
diminishes with increasing coarse aggregate aspect ratio when the aggregate orientation
angles are between 60° and 90°. When the orientation of aggregate was between 30~60°,
the aspect ratio has small influence on the effective thermal conductivity. As a result, the
aggregate has a higher effective thermal conductivity than the asphalt binder does. The
effective thermal conductivity of asphalt concrete parallel to the aggregate orientation is
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higher when the aggregate orientation is inclined. In the asphalt pavement, the aggregate
orientation is closer to the horizontal direction. Thus, it is inferred that utilizing smaller
particles reduces the effective thermal conductivity.

5.2. Effects of Coarse Aggregate Content

Obviously, coarse aggregate and FAM in asphalt concrete have a great difference in
thermal conductivity. Therefore, when the content of coarse aggregate in asphalt concrete
changes, it will alter the contact between the coarse aggregate and the coarse aggregate in
asphalt concrete, thus altering the thermal conductivity. The virtual modeling method can
control the change of experimental parameters more accurately. In this section, by changing
the gradation of virtual specimens, the effects of coarse aggregate content were researched.

Using the gradation in Table 1, four groups of asphalt concrete models were generated
in this section, and were marked as C1~C4, respectively. In these four groups of asphalt
concrete models, the proportion of aggregate, asphalt, and air voids remained consistent.
The ratio of the coarse aggregate to fine aggregate of model C1 is consistent with Table 1 (as
the same as Al). In sample C2, the content of coarse aggregates was decreased in the order
of the particle size gradation from large to small. Compared with A1, the content of coarse
aggregates was decreased by 10% in total. The reduced coarse aggregate was converted
into equal volumes of 2.36 mm fine aggregate and was added to the fine aggregate of the
sample C2. In the sample C3, the content of the coarse aggregates was decreased in the
order of the particle size gradation from large to small. Compared with Al, the content
of the coarse aggregates was decreased by 20% in total. The reduced coarse aggregate
was converted into equal volumes of 2.36 mm fine aggregate and was added to the fine
aggregate of the sample C3. In the sample C4, the content of the coarse aggregates was
decreased in the order of the particle size gradation from large to small. Compared with
A1, the content of the coarse aggregates was decreased by 30% in total. The reduced coarse
aggregate was converted into equal volumes of 2.36 mm fine aggregate and added to the
fine aggregate of the sample C4. The effective thermal conductivities of specimens C1~C4
were calculated using the method in this paper. The result are shown in Figure 10.

As shown in Figure 10, replacing coarse particles with 2.36 mm fine aggregates reduces
the thermal conductivity, which was similar to previous literature [26]. This illustrates that
increasing the content of coarse aggregate can improve the contact between the aggregate in
asphalt concrete and increase the thermal conductivity. However, Figure 10 demonstrates
that substituting fine aggregate for coarse aggregate had a negligible impact on effective
thermal conductivity.

5.3. Effects of Coarse Aggregate with Different Thermal Conductivity

The thermal conductivity of coarse aggregates varies by kind. In order to analyze the
effect of various coarse aggregate types on the effective thermal conductivity of asphalt
concrete, the combined prediction method was used to calculate. Some typical aggregates
were considered in this section. Eight groups of asphalt concrete three-dimensional meso-
structure models were generated, and the effective thermal conductivity was calculated, as
demonstrated in Figure 11.

Asphalt concrete and coarse aggregate have a nearly linearly positive correlation
in terms of effective thermal conductivity. Higher effective thermal conductivity can be
achieved by mixing asphalt concrete with marble or granite aggregates. However, the
addition of limestone can decrease the effective thermal conductivity. Generally, aggregate
thermal properties had a significant impact on the thermal properties of asphalt concrete,
which was in accordance with existing literature [14,25].
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Figure 11. Effect of coarse aggregate type on asphalt concrete thermal conductivity.

5.4. Effects of Air Void

In this article, the asphalt concrete was thought to be a biphasic heterogeneous material.
However, when the asphalt mixture is not fully mixed, asphalt concrete may have air voids
distributed nonuniformity. Due to the fact that air voids have an influence on the thermal
conductivity of asphalt concrete, it is necessary to study this issue further.

In total, 6 sets of three-dimensional heterogeneous asphalt concrete digital specimens
were developed, and were marked as D1~D6. The dimensions and material parameters of
these digital specimens were the same as those in Section 4. The thermal conductivity of
air was set as 0.025 Wm~!K~!. In these 6 groups of specimens, it is assumed that the air
voids size was all 1 mm, and six different percentages of the air void were increased from
0% to 10% by 2%, respectively. The effective thermal conductivities of specimens D1~D6
with different air void contents were calculated through the method in this paper, as shown
in Figure 12. In general, the prediction results indicated that the thermal conductivity
gradually decreased as the air void content increased, which was the same as the results
in previous study [25]. Furthermore, each 2% increase in air void reduced the effective
thermal conductivity by approximately 3.5%.
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Figure 12. Effect of air void.

To study the distribution nonuniformity of air voids, three groups of cube asphalt
concrete specimens were generated, which were noted as E1~E3, respectively. The air voids
in specimen E1 were uniformly distributed, and the air voids in specimen E2 and E3 were
evenly distributed across the 15% of the total volume of the specimens, as shown in the
gray shaded part in Figure 13. All other variables, except the spatial distribution of air
voids, were consistent with the stochastic model D4.

The region which air voids
were uniformly distributed

_—
heat transfer direction

(@)

The region which air voids
were uniformly distributed

-
X heat transfer direction

(b)

Figure 13. Schematic diagram of air voids distribution in specimen (a) E2 and (b) E3.

Figure 14 illustrates the predicted effective thermal conductivity from each model. This
study found that the air void distribution of asphalt concrete affects its thermal conductivity.
Compared with the uniform model (E1), when the pores perpendicular to the thermal
conductivity calculation direction (E2) are nonuniform, the effective thermal conductivity
will increase, and when the pores parallel to the thermal conductivity calculation direction
(E3) are nonuniform, the effective thermal conductivity will decrease.
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Figure 14. Effect of air void distribution on asphalt concrete thermal conductivity.

When viewing specimen E2 from a macroscopic perspective, it can be regarded as
an approximate parallel model, as shown in Figure 13. On the contrary, specimen E3 can
be regarded as an approximate series model. Thus, the effective thermal conductivity of
specimen E2 could become closer to the theoretical maximum, while that of specimen
E3 would be closer to the theoretical minimum. To summarize, the influence of air void
nonuniformity on the thermal conductivity mainly depends on the concentration patten of
the air voids.

5.5. Effects of Steel Fiber

In some studies [30-32], steel fibers with high thermal conductivity were added to
asphalt concrete to enhance the thermal conductivity. In this section, the effect of steel
fibers on the thermal conductivity of asphalt concrete was evaluated and verified with the
existing experimental data [30].

Long straight steel fibers with an average length of 35 mm and equivalent diameter of
1 mm were used in this paper. The steel fibers had a density of 7.8 g/cm? and a thermal
conductivity of 46.4 Wm~!K~!. The corresponding heterogeneous meso-structure model
of steel fiber asphalt concrete was established using four different contents of steel fiber
(0%, 0.5%, 1%, and 1.5%) by weight. The thermal conductivity of the steel fiber asphalt
concrete three-dimensional model was calculated, and the results are shown in Figure 15.
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Figure 15. Effect of steel fiber content.
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After adding steel fiber with different contents, the difference between the experimen-
tal value and the simulated value of effective thermal conductivity of asphalt concrete
was 3.2%~9.6%. In general, the effective thermal conductivity increases with the steel
fiber percentage.

Three sets of cube asphalt concrete models with varied steel fiber orientations were
used to assess the influence of steel fiber orientation on effective thermal conductivity. The
above virtual models were denoted as F1~F3, respectively. The steel fibers in F1 were
randomly distributed in the asphalt concrete model. The steel fibers in F2 and F3 were
parallel to and perpendicular to the direction of thermal flux, respectively. Four different
steel fiber contents (0%, 0.5%, 1%, and 1.5%) were considered for each group specimen
to calculate the corresponding effective thermal conductivity. As illustrated in Figure 16,
the changes in effective thermal conductivity of asphalt concrete caused by different steel
fiber orientations were very minor, and the variable ranges of thermal conductivity were
less than 0.01 percent. This shows that the steel fiber orientation has a small effect on the
effective thermal conductivity, which is negligible. The main reason may be that the steel
fiber content needed in the steel fiber asphalt concrete is small, so the orientation has little
influence on the effective thermal conductivity.
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Figure 16. Effect of the steel fiber orientation.

6. Conclusions

This paper developed a combined prediction method for the thermal conductivity of
asphalt concrete based on meso-structure and renormalization technology. The analysis
concluded as follows:

(1) The relative differences of effective thermal conductivity between the measured
and predicted values was 2.34%, which proved the accuracy of the method in this paper.

(2) The effective thermal conductivity was affected by the combination of the aggregate
orientation angle and aspect ratio. The effective heat conductivity of asphalt concrete
parallel to a specific aggregate orientation tends to be larger when the aggregate orientation
tends to be inclined in that direction.

(3) Increasing the coarse aggregate content in asphalt concrete can improve aggregate
contact and raise the effective thermal conductivity.

(4) In terms of effective thermal conductivity, asphalt concrete and coarse aggregate
have a nearly linearly positive correlation. By combining asphalt concrete with marble or
granite aggregates, a higher effective thermal conductivity can be achieved. However, the
use of limestone can lower the effective thermal conductivity.

(5) The effective thermal conductivity of asphalt concrete increases as the steel fiber
percentage increases. The steel fiber orientation has a small effect on the effective thermal
conductivity, which is negligible.
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