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In order to match the color difference between black asphalt mixture and light-colored
cement grouting paste in semiflexible pavement, carbon black (CB) with four mass ratios
(i.e., 2, 4, 6, and 8%) was incorporated into a rapid-hardening cement grouting paste. The
fluidity, color difference, spectrum reflectance, thermal conductivity, and flexural and
compressive strength of the aforementioned cement pastes were experimentally
investigated. The results show that the mass ratios of the component in cement paste
could ensure the good fluidity of cement grouting paste. Three parameters such as thermal
conductivity, flexural strength, and compressive strength all reduced, compared with
control paste. However, the compressive strength of the 8% CB paste was still much
higher than that of the asphalt mixture. According to the color difference results, CB
significantly improved the black color of cement paste, of which the black color of the
asphalt mixture was between that of 6 and 8% CB cement paste. Besides, the spectrum
reflectance of all the pastes reduced, especially the average reflectance of 2% CB cement
paste was 51.7% lower than that of control paste. The findings in this study are expected
to help design more advanced cement grouting materials to improve the optical and
mechanical performances of semiflexible asphalt pavement.
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1 INTRODUCTION

Asphalt pavement is the most used pavement type because of its high driving comfort, easy
maintenance, low cost, and so on. In summer, the maximum temperature of asphalt pavement can
reach up to 60–70°C because of its low solar reflectance (generally lower than 0.1) (Santamouris,
2013; Qin, 2015). The temperature-sensitive asphalt mixture will generate permanent deformation or
rutting, which is one of the two most serious pavement distresses (Du et al., 2018). The rutting
distress is generally solved by improving the high-temperature performance of the asphalt mixture,
including applying high modulus asphalt (Zou et al., 2015) and optimizing aggregate gradation
(Aragão et al., 2016). Optimizing the asphalt pavement structure was also proved to be able to reduce
rutting depth (Lee et al., 2015).

A novel composite pavement which is paved using a semiflexible mixture was proved to have a
rather high ability to resist rutting, compared to conventional hot mix asphalt (Cai et al., 2017; Gong
et al., 2019; Hassani et al., 2020; Luo et al., 2020). This kind of mixture usually uses a porous asphalt
mixture (air voids content of over 20%) as a flexible aggregate skeleton to carry rigid cement paste or
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mortar (Fang et al., 2016; Pei et al., 2016; Zhang et al., 2016; Wang
et al., 2018). However, these published works usually used
ordinary Portland cement as a binder to prepare light-colored
grouting material, which resulted in the following two
deficiencies: first, the resultant semiflexible pavement needs a
very long curing period before it opens to traffic (Chen et al.,
2020), second, the color inconsistence between the light-colored
grouting material and black asphalt mixture led to the very poor
appearance of the pavement surface (An et al., 2018).

To this end, this work aims at preparing a special kind of
cement grouting paste, which is featured of black color and rapid
hardening. Additionally, the cement paste should also have a high
flow degree, which allows the cement paste to be easily grouted in
the porous asphalt mixture. For this purpose, four mass contents
of carbon black (CB) are blended with a kind of rapid-hardening
cement. To achieve an equivalent color with the asphalt mixture,
the color of the cement paste with different contents of CB was
measured using a color-difference meter. Due to the color change,
the spectrum reflectance of cement paste was then evaluated. The
thermal properties of cement paste were evaluated by an indicator
of thermal conductivity. Compressive and flexural strength tests
of the paste at different curing ages were performed to investigate
the influence of CB addition.

2 MATERIALS AND TEST METHODS

2.1 Materials
A kind of rapid-hardening cement was used as a binder to prepare
cement grouting paste. This cement could increase the early-age
strength of cement grouting paste and then rapidly open to traffic.
The water-reducing agent β -naphthalene sulfonic acid was used to
increase the workability of the composite. Tributyl phosphate
defoamer was used to decrease the number of air bubbles. In
total, four contents of CB (2–8 wt% of cement (Li et al., 2008))
were used as a functional filler to change the color and thermal
property of the grouting material. The scanning electron microscope
(SEM) images of silica fume and CB were compared, as shown in

Figure 1. It can be found that the used CB had smaller particle sizes
than silica fume. Additionally, the micromorphology of CB was
similar to that of silica fume.

2.2 Preparation of Cement Grouting Paste
The detailed component proportions of cement paste are shown
in Table 1.

CB and other additives were first added into cement and
mixed together in a dry state for 2 min, and then water was added

FIGURE 1 | SEM image of (A) silica fume and (B) CB.

TABLE 1 | Mass ratios of the component in cement paste (wt%).

Cement Water Silica fume Water-reducing agent Defoamer CB

100 40 10 1.5 0.2 2
43 1.8 4
48 2.2 6
53 2.5 8

FIGURE 2 | Prepared cement paste specimens.
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to the dry mix. The total mixing time was kept at 5 min to ensure
homogenous mixing. The paste was casted into a prismatic mold
(size of 40 mm × 40 mm × 160 mm) and vibrated to prepare the
cement paste specimen, as shown in Figure 2. After 2 h, the
specimen was demolded and ready to cure in the standard curing
conditions (temperature of 20°C and humidity of more than
90%). For each kind of component proportion, three specimens
were prepared as a group for the same experiment.

2.3 Test Methods
2.3.1 Fluidity Test
The just-mixed paste was first casted into a cone as shown in
Figure 3A. The redundant paste was craped to ensure the cone
was filled up with paste, and then the cone was placed onto a glass
board and lifted vertically to allow the paste to flow freely for 30 s
(Figure 3B). The averaged diameter was referred to as the
measured fluidity.

2.3.2 Scanning Electron Microscope (SEM) Test
An SEM (Quanta 200, FEI Co. Ltd., America) was used to
characterize the microscope images of the control, 2, 4, and
6% CB cement pastes. The broken paste samples were
immersed into ethyl alcohol to prevent the hydration process.
The samples were then sprayed with gold. In order to obtain clear
SEM images, the voltage was maintained at 20.00 kV. All the
images were magnified by 10,000 times.

2.3.3 Color-Difference Test
The color of each paste sample (at the age of 7 days) was
measured using a potable color-difference meter (NR20XE,
3nh Technology Co., Ltd. of Shenzhen, China). The color
could be described by three parameters of L*, a*, and b*.
Specifically, L* represented the lightness. The negative value of
L* means that the color was more like black. a* represented the
degree of redness (-a* greenness) and b* of yellowness (-b*
blueness). A reference plate that had known absolute color
values was introduced to compare the color of the cement
paste. The relative color values (i.e., ΔL, Δa, and Δb) could be
automatically obtained (Zhang et al., 2018).

2.3.4 Thermal Conductivity Test
A thermal conductivity meter (DRE-2C, Xiangtan Instruments
and Meters, China), which is based on the transient plane heat

source method, was used to measure the thermal conductivity of
the CSA paste. The fractured specimens after the flexural strength
test were cut into small pieces (thickness of about 5 cm) with
smooth surfaces. A test probe was sandwiched between two
sample pieces.

2.3.5 Spectrum Reflectance Test
The fractured prismatic cement paste specimens were cut into
small samples with a thickness of less than 2 cm. A UV–VIS–NIR
spectrophotometer (Cary 5,000, Agilent Technologies (Malaysia)
Company) was used to measure the global (direct + diffuse)
spectrum reflectance in the range of 190–2,500 nm. The samples
were clamped in the integrating sphere to receive light radiation.
The specific solar reflectance in the UV–VIS–NIR band was
computed in accordance with the ASTM Standard G173-03
(ASTM, 2012).

2.3.6 Mechanical Performance Test
The three prismatic samples (size of 40 mm × 40 mm × 160 mm)
of each kind of paste were used for the flexural strength test after
having been cured for 4 h, 1, 3, and 7 days. The fractured samples
were then cut into cubic samples with smooth surfaces for the
compressive strength test. The aforementioned two mechanical
tests were performed in accordance with the Chinese national
standard method T 0506-2005 in JTG E30-2005.

3 RESULTS AND DISCUSSION

3.1 Fluidity
The fluidity results of different cement pastes are shown in
Figure 4. It can be found that the fluidity basically reduced
with the increase of the CB content. When 8% CB was added in
the cement paste, the fluidity was only about 21% of that of
control paste. The result indicates that the influence of CB
addition on paste fluidity should be carefully considered in
order to easily grout cement paste into a porous asphalt
mixture, and the mass ratios of the component in cement

FIGURE 3 | Illustration of fluidity test. (A) Paste cone and (B) example of
fluidity recording.

FIGURE 4 | Fluidity results of cement paste.
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paste shown in Table 1 could be optimized to have a desirable
fluidity for cement pastes with different CB additions. In future
studies, the appropriate CB content should be determined by
observing the paste distribution in a porous asphalt mixture.

3.2 Microstructure
In order to illustrate the influence of CB addition on the
microstructure of cement paste, the SEM images (×10,000) of
control paste, 2, 4, and 6% CB are presented, as shown in
Figure 5.

Obviously, the microstructure of control paste looked much
denser than those of other pastes. The hydration products
connected with each other to form a relatively stable
microstructure. The silica fume filled into the micro-voids,
which would reduce the micro–air voids, thus increasing the
strength of control paste. The addition of CB changed the
hydration process of cement paste. By comparing the images
shown in Figures 5B,D, it can be found that the microstructure of
cement paste became looser with a higher CB addition content. In
addition, many CB particles adhered to the cement hydration
products, especially the phenomenon of CB gathering took place
in 4 and 6% CB cement pastes.

3.3 Color Characteristic
The color consistence between cement paste and asphalt mixture
is one of the main subjects in this study. As a result, the color

characteristics of different cement pastes were evaluated. The
absolute values of the reference sample are shown in Table 2, and
the color difference results of cement pastes are shown in Table 3.

It can be found that the parameter ΔL showed the largest
varying rate for different cement pastes, compared with the other
two parameters Δa and Δb. Additionally, this study focused on
discussing the black color difference between cement paste and
asphalt mixture. As a result, only ΔL was discussed in the
following paragraph.

Compared with the reference plate, all the cement pastes
looked more like the black color because of their negative
values of ΔL. With the increase of the CB content, ΔL
gradually reduced, indicating that CB could improve the black
color of cement paste. The color of asphalt mixture was between
that of 6 and 8% CB. It should be noted that after a period of
service, asphalt generally experiences aging, where an asphalt
pavement presents lighter color and higher solar reflectance (Sen
and Roesler, 2016). From the prospective of color consistence
between cement paste and asphalt mixture, the ΔL of cement

FIGURE 5 | SEM images of cement paste. (A) Control paste, (B) 2% CB, (C) 4% CB, and (D) 6% CB.

TABLE 2 | Color values of the reference sample.

Parameter L* a* b*

Specific value 94.24 1.61 1.09
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paste can be determined to be lower than that of the fresh asphalt
mixture. In future studies, this result can be considered to
optimize the mix design.

3.4 Thermal Conductivity
The thermal conductivity results of different cement pastes are
shown in Figure 6. It can be found that the thermal
conductivity of cement paste decreased first and then

increased with the increase of the CB content. As discussed
in Section 3.2, the addition of CB increased the air voids
content of cement paste. So, when the content of CB was lower
than 6%, the thermal conductivity of cement paste gradually
reduced, although the thermal conductivity of CB was
generally higher than that of cement hydration products
(Dong et al., 2019). The ultimate thermal conductivity
indicated that the high thermal conductivity of CB had a
higher influence on the thermal conductivity of cement
paste than the increasing air voids content.

3.5 Spectrum Reflectance
The spectrum reflectance of different cement pastes in the
UV–VIS–NIR band is shown in Figure 7, according to which
the specific reflectance was calculated and shown in Table 4. The
detailed calculation method can be found in ASTM Standard
G173-03 (ASTM, 2012).

Overall, the spectrum reflectance of cement pastes decreased
with the increase of CB content. This is because the addition of
CB caused the color of cement paste to be more like black.
Generally, the materials with black color had lower spectrum
reflectance (Xie et al., 2019).

Specifically, the UV reflectance of the five cement pastes was
similar to each other, indicating that CB had a small influence on
this parameter. By contrast, the VIS reflectance and IR reflectance
of these cement pastes changed with a relatively large range. For
example, after adding 2% CB, the IR reflectance reduced by over
50%, and in terms of average reflectance, CB also reduced this
parameter to a large extent. The addition of 2% CB reduced the
average reflectance from 0.203 to 0.098. The reducing ratio was
51.7%. After that, the reflectance changed very little with the
increase of CB content.

The semiflexible asphalt pavement comprises asphalt mixture
and cement paste. The influence of CB addition on the overall
spectrum reflectance of asphalt pavement should be further
studied.

3.6 Mechanical Performances
From the results discussed in the aforementioned sections, it can
be found that CB addition could indeed influence the optical and
thermal performances of cement paste. In order to investigate the
mechanical performances of these pastes, two indicators of
flexural and compressive strength were used. The results are
shown in Figure 8.

Overall, the flexural and compressive strength of cement
pastes both increased with increasing curing time. In
particular, the two kinds of strength increased with a very
high rate during the curing time of 4 h–1 day, while they
changed in a very small range during the curing time of

TABLE 3 | Color-difference results of cement pastes.

Parameter Control paste 2% CB 4% CB 6% CB 8% CB Asphalt mixture

ΔL −26.52 −44.55 −50.34 −53.95 −58.02 −57.90
Δa 1.44 −0.43 −0.56 −0.64 −0.72 −0.67
Δb 4.99 1.85 1.06 0.26 −0.63 0.11

FIGURE 6 | Thermal conductivity of cement paste.

FIGURE 7 | Spectrum reflectance of cement paste in the
UV–VIS–NIR band.
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3–7 days. The results might be attributed to the early hydration
characteristic of the used cement. The flexural and compressive
strength of control paste at the curing time of 4 h reached up to
1.4 and 11.0 MPa, respectively.

The addition of CB had negative effects on the flexural and
compressive strength of cement paste, which is in part because
CB addition increased the air voids content of cement paste.
Take the 1 day-strength for example. When 6% CB paste was
added in cement paste, the flexural and compressive strength
reduced by 20.9 and 30.9%, respectively. Nevertheless, these
strength values could meet the compressive strength
requirement of asphalt pavement. It was reported that the
compressive strength of an in-service asphalt mixture was
approximately 6 MPa (Wu et al., 2018). By contrast, the 1-day
compressive strength of 8% CB paste was 18.5 MPa. This
indicates that the semiflexible asphalt pavement grouted
with the cement paste prepared in this study could be open
to traffic in less than 1 day, and the composite asphalt
pavement may have higher strength than conventional
asphalt pavement.

4 CONCLUSION

Traditional semiflexible asphalt pavement presents a bad
appearance because of the color inconsistence between black
asphalt mixture and light-colored cement paste. Carbon black

(CB) was introduced in this study to prepare black cement paste
that was grouted in a porous asphalt mixture. The optical,
thermal, and mechanical performances of the aforementioned
cement pastes were then investigated. The following conclusions
were drawn:

(1) By designing the mass ratios of the component, the fluidity of
cement grouting paste containing CB could be ensured in a
high level. When 8% CB was added to the cement paste, the
fluidity was only about 21% of that of control paste.

(2) According to the SEM images of the cement paste, CB caused
the microstructure to become looser, and when the CB
content was higher than 4%, the CB particles began to gather.

(3) CB improved the black color of cement paste. As a result, the
cement paste presented lower spectrum reflectance. The 2%
CB cement paste had an average reflectance 51.7% lower than
that of control paste.

(4) Due to having higher air voids contents, the cement pastes
with CB had lower thermal conductivity, although the
thermal conductivity of CB is higher than that of cement
hydration products.

(5) The addition of CB reduced the flexural and compressive
strength of cement pastes. Nevertheless, the compressive
strength value was still much higher than that of the
asphalt mixture, indicating that the prepared composite
asphalt pavement may have higher strength than
conventional asphalt pavement.

TABLE 4 | Computed spectrum reflectance of different cement pastes.

Paste type UV reflectance VIS reflectance IR reflectance Average reflectance

Control paste 0.076 0.181 0.221 0.203
2% CB 0.064 0.095 0.102 0.098
4% CB 0.060 0.079 0.083 0.081
6% CB 0.056 0.069 0.074 0.072
8% CB 0.056 0.066 0.072 0.070

FIGURE 8 | Mechanical performances of cement paste. (A) Flexural strength and (B) compressive strength.
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