
Water Stability Improvement of Acid Fine Aggregate-Based Asphalt Concrete

Yihan Sun1,2, Lihua Chu3, Yudong Cheng4,*, Fengxia Chi1,2, Chenchen Zhang1,2 and Pengcheng Sun1,2

1Zhejiang Scientific Research Institute of Transport, Hangzhou, 310023, China
2Zhejiang Key Laboratory of Road and Bridge Detection and Maintenance Technology, Hangzhou, 310023, China
3Huzhou Administration of Highway and Transportation, Huzhou, 313000, China
4China University of Geosciences (Wuhan), Wuhan, 430074, China
*Corresponding Author: Yudong Cheng. Email: chengyudong@cug.edu.cn

Received: 01 October 2022 Accepted: 14 December 2022

ABSTRACT

In general, acid aggregates are not used in combination with asphalt concrete because of their poor compatibility
with the asphalt binder, which typically results in a scarce water stability of the concrete. In the present study, the
feasibility of a new approach based on the combination of acid granite fine aggregate with alkaline limestone
coarse aggregate and Portland cement filler has been assessed. The mineral and chemical compositions of these
three materials have first been analyzed and compared. Then, the effect of different amounts of Portland cement
(0%, 25%, 50%, 75% and 100% of the total filler by weight) on the mechanical performance and water stability of
the asphalt concrete has been considered. Asphalt concrete has been designed by using the Marshall method, and
the mechanical performance indexes of this material, including the Marshall stability and indirect tensile strength
(ITS), have been measured together with the related water stability indexes (namely the Marshall stability (RMS)
and tensile strength ratio (TSR)). The results indicate that the alkaline limestone coarse aggregate and Portland
cement filler can balance the drawback caused by the acid granite fine aggregate. The asphalt concrete has good
mechanical performances and water stability when the amount of common limestone powder filler replaced by
cement is not less than 75%.
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1 Introduction

Asphalt pavement and cement pavement are the two most widely used forms of pavement at present.
Asphalt pavement was widely used in the construction of high-grade express because of its characteristics
such as comfortable driving, low noise and skid resistance [1]. Besides, Asphalt pavement was made of
asphalt concrete, with the aggregate accounting for more than 90% of the volume of asphalt concrete [2].
Therefore, the massive construction of asphalt pavement was accompanied by astonishing consumption of
resources, and the shortage of high-quality road construction materials has become more and more
serious. To reduce the reliance on natural high-quality resources for asphalt pavement construction,
developing a technology for the use of low-grade natural resources in asphalt concrete is an important
research direction at present. Low-grade aggregate referred to these acid rocks, such as granite, gneiss,
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etc., because they showed bad adhesion performance with asphalt binder [3], which adversely affected the
performance of asphalt concrete, especially the water stability. Therefore, to realize the application of acid
aggregate in asphalt concrete, it was crucial to improve the adhesion performance between acid aggregate
and asphalt binder.

The current work mainly focuses on the utilization of acid coarse aggregate in asphalt concrete. The
common method to improve the bonding performance of asphalt concrete containing acid coarse
aggregate was by adding alkaline fine aggregate [3–7]. For example, Chen et al. [5] prepared asphalt
concrete by using acid gneiss coarse aggregate with alkaline steel slag fine aggregate. Wu et al. [7]
prepared asphalt concrete by using acid gneiss coarse aggregate with alkaline limestone fine aggregate.
Sun et al. [8] prepared asphalt concrete by using acid granite coarse aggregate and recycled concrete fine
aggregate. These operations can improve the moisture stability of asphalt concrete containing acid coarse
aggregate. However, it was difficult to improve the engineering performance of asphalt concrete to an
ideal level only by combining acid coarse aggregate and alkaline fine aggregate. Asphalt concrete mainly
consists of aggregate, filler and asphalt binder [9]. The aggregate formed an embedded bone structure, the
asphalt mastic which was composed of filler and asphalt was bonds the bone structure, so the bonding
behavior between asphalt mastic and aggregate was very important for the engineering performance of
asphalt concrete.

To strengthen the bonding performance between aggregate and asphalt mastic, three methods were
suggested. The first method was to use some alkaline powders as asphalt fillers. Research shown that
partial or total replacement of common mineral powder fillers in asphalt mastic by alkaline powders, such
as steel slag powder [3], flue gas desulfurization residues [4], hydrated lime [7,10–12], cement [11,12],
etc. can strengthen the bonding and hence improve the engineering performance of asphalt concrete
containing acid coarse aggregate, especially the water damage resistance. Hesami et al. [13] prepared
asphalt concrete by using acid granite coarse aggregate and hydrated lime as anti-strip additives, the
results showed that hydrated lime increases the wettability of asphalt binder on the aggregate and
improves the adhesion between the asphalt binder and aggregate. Cui et al. [14] found that the interfacial
adhesion in wet conditions could be improved by mixing a silane, amine or rubbery polymer into the
bitumen. Strokova et al. [15] explored the feasibility of using the fines of aluminosilicate sedimentary
rocks as fillers, and the results showed that such treatment provided sufficient structural stability of
obtained materials and resulted in the reduction of water absorption of asphalt, improved water resistance
(up to 2.5 times) and also, in reduced swelling (up to 9 times). The second method was to modify the
asphalt binder. Shivani et al. [16] found that the use of warm-mix additive (WMA) to modify the asphalt
can enhance the bonding strength between the asphalt binder and granite aggregate. Consequently, the
resistance of asphalt concrete containing WMA to moisture-induced damage had improved. Singh et al.
[17] used SBS to modify the asphalt, and the results showed that there was a significant improvement in
the strength characteristics, rutting resistance and moisture susceptibility of SBS modified mixes.
Foxworthy et al. [18] investigated the feasibility of using phosphogypsum-based slag aggregate in
asphaltic concrete binder course mixes. The results of the study indicated that phosphogypsum-based slag
aggregate could be successfully employed in asphaltic concrete binder course mixtures and improved the
moisture susceptibility of asphalt concrete obviously. Hirato et al. [19] developed a hybrid binder
consisting of polymer modified asphalt and a special additive, it had high oil and flow resistance as well
as water and abrasion resistance comparable to semi-flexible pavement and epoxy asphalt pavement. Ye
et al. [20] used amines and organic polymers as anti-stripping agents to modify the asphalt, which
showed that these anti-stripping agents could significantly improve the adhesion between granite and
asphalt. The third method was to modify the acid aggregate. The silane coupling agent (SCA) was
frequently used to modify the surface of granite aggregate. Yang et al. [21] found that the SCA grafts
onto the aggregate surface via chemical interactions, which helped to raise the contact angle and reduce
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the hydrophilicity of granite greatly. Ding et al. [22] modified the surface of granite aggregate by SCA graded
KH-560. Experimental results also suggested that the SCA could improve the adhesion between asphalt and
granite aggregate efficiently.

However, the acid coarse aggregate and fine aggregate were produced simultaneously when preparing
aggregate by crushing stones. Only applying acid coarse aggregate to asphalt concrete was not conducive to
the full use of acid aggregate. Considering that the proportion of fine aggregate in asphalt concrete was also
very large, we evaluated the applicability of acid fine aggregate in asphalt concrete, focusing on the
mechanical performance and moisture damage resistance of asphalt concrete containing acid fine
aggregate. The scheme was to prepare asphalt concrete by combining alkaline coarse aggregate and acid
fine aggregate. At the same time, alkaline filler was used to improve the engineering performance of
asphalt concrete.

In this study, alkali limestone coarse aggregate, acidic granite fine aggregate and alkaline Portland
cement filler were used. The work included three main aspects: revealing the mineral and chemical
compositions of the raw materials used; designing asphalt concrete composed of limestone coarse
aggregate, granite fine aggregate and cement filler; determining the influence of cement content on the
mechanical performance and water stability of asphalt concrete.

2 Raw Materials and Methods

2.1 Raw Materials
The coarse aggregate used in this research was alkaline limestone, and the fine aggregate was acid

granite. Two types of fillers, common limestone powder and Portland cement, were also used. The
common limestone powder was used as the control group. The strength grade of the cement was
42.5 MPa. The asphalt binder was AH-70 base asphalt. The basic performance indexes of aggregates,
fillers and asphalt were tested in accordance with Chinese standard methods [23,24]. The test results were
presented in Tables 1–4, which showed that the basic performance indexes of raw materials selected in
this study met the requirements of Chinese specifications [25].

Table 1: Basic performance indexes of the limestone coarse aggregate

Test items Unit Test results Technical requirements Test procedure

Apparent relative density 9.5–16 mm - 2.698 ≥2.6 T0304-2005

4.75–9.5 mm 2.685

Water absorption 9.5–16 mm % 0.6 ≤2.0 T0304-2005

4.75–9.5 mm 0.8

Needle flake content >9.5 mm % 8.8 ≤12.0 T0312-2005

<9.5 mm 8.2 ≤18.0

Adhesion grade - 5 ≥4 T0616-1993

Los Angeles abrasion % 24.3 ≤28.0 T0317-2005

Crushing value % 22.3 ≤26.0 T0316-2005

Content of weak particles % 0.8 ≤3.0 T0320-2000

Polishing value PSV 54.5 ≥42.0 T0321-2005
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2.2 Testing Methods

2.2.1 Raw Material Characteristics
To reveal the acid and alkaline performance, the mineral and chemical compositions of raw materials

were investigated. The mineral composition was analyzed by a polarizing microscope, and the chemical
composition was analyzed by an X-ray fluorescence spectrometer.

2.2.2 Design of Asphalt Concrete
The gradation of asphalt concrete selected in this study was Asphalt Concrete-13 Coarse (AC-13C). The

contents of alkaline limestone coarse aggregate, acid granite fine aggregate and filler were 52%, 44% and 4%.
According to the different amounts of cement and common limestone powder filler, five kinds of asphalt
concrete were designed, as detailed in Table 5. All asphalt concretes were designed according to the
standard Marshall method. Marshall specimens with air void of 4% and 6% were prepared, respectively,
which was used to test the mechanical performance and water stability of each asphalt concrete.

2.2.3 Mechanical Performance and Water Stability of Asphalt Concrete
In this research, the mechanical performance indexes of asphalt concrete including Marshall stability

and indirect tensile strength (ITS) were tested, the water stability indexes of asphalt concrete including
retained Marshall stability (RMS) and tensile strength ratio (TSR) were calculated.

Table 2: Basic performance indexes of the granite fine aggregate

Test items Unit Test results Technical requirements Test procedure

Apparent relative density - 2.798 ≥2.50 T0328-2005

Sand equivalent % 68.0 ≥60.0 T0334-2005

Angularity (flow time) s 42.5 ≥30.0 T0345-2005

Table 3: Basic performance indexes of the fillers

Test items Limestone powder Cement Technical requirements Test procedure

Density 2.785 3.102 ≥2.50 T0352-2000

Particle size range <0.6 mm 100 100 100 T0351-2000

<0.15 mm 91.3 93.8 90–100

<0.075 mm 83.9 85.5 75–100

Table 4: Basic performance indexes of the AH-70 base asphalt

Test items Unit Test results Technical
requirements

Test procedure

Penetration (25°C, 100 g, 5 s) 0.1 mm 69 60–80 T0604-2011

Ductility (5°C, 5 cm/min) cm 160 ≥100 T0605-2011

Softening point °C 46.1 ≥46 T0606-2011

Density g/cm3 1.013 — — T0603-2011

Rotating film aging Mass change % 0.1 ±0.8 T0610-2011

Ductility (10°C) cm 10.8 ≥6 T0605-2011

Penetration ratio (25°C) % 65 ≥61 T0604-2011
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The determination of stability and RMS. For each asphalt concrete, Marshall specimens with air void of
4% were divided into four groups, each group had no less than four specimens. All four groups of specimens
were kept in a water bath at 60°C for 30 min, 24, 48 and 72 h, respectively. The first group was the control
group and the last three groups were the conditioned groups. The Marshall stability of all specimens were
measured by the Marshall stability meter, and the RMS was calculated according to Eq. (1). The test was
performed in triplicate.

The determination of ITS and TSR. For each asphalt concrete, Marshall specimens with air void of 6%
were also divided into four groups, each group had no less than four test specimens. One group was used as
the control group and the other three groups were subjected to freeze-thaw damage for 1, 2 and 3 cycles
respectively. All specimens were soaked in a water bath at room temperature for 2 h, then they were
tested by splitting instrument to obtain the ITS, and the TSR was calculated according to Eq. (2). The test
was performed in triplicate.

RMS ¼ MSi
MS0

� 100% (1)

TSR ¼ TSt
TS0

� 100% (2)

where MS0 was the average Marshall stability of specimens in the control group, kN; MSi was the average
Marshall stability of specimens in the conditioned group after immersing in water bath at 60°C for i h, kN;
TS0was the average ITS of specimens in the control group, MPa; TStwas the average ITS of specimens in the
conditioned group after subjecting to freeze-thaw damage for t cycles, MPa.

3 Results and Discussion

3.1 Raw Material Characteristics
The polarizing microscope analysis results of limestone and granite were shown in Fig. 1. Based on the

unique shape and color of some minerals under polarizing microscope, it was adjudged that limestone mainly
contains calcite minerals while granite was dominated by quartz minerals. This conclusion agreed with the
results of the chemical composition analysis. As detailed in Table 6, the CaO content of limestone was very
high, more than 50%, and the amount of burning loss is also very large. It indicated that CaO was mainly
derived from the decomposition of calcite minerals in X-ray fluorescence spectrometer analysis. The
content of SiO2 in granite was very high, close to 70%, which mainly participated in the formation of
quartz minerals. The high content of CaO and SiO2 contributed to the alkalinity of limestone and acidity
of granite. As we all know, Portland cement mainly contained high alkaline tricalcium silicate, dicalcium
silicate and other minerals, which were also confirmed by the results of the chemical composition
analysis in Table 6. Its main chemical compositions were CaO and SiO2, with the content of CaO being

Table 5: Percentage proportions of limestone powder and cement in each asphalt concrete

Type of asphalt
concrete

Proportion

Limestone powder Cement

T0 100% 0

T25% 75% 25%

T50% 50% 50%

T75% 25% 75%

T100% 0 100%
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the highest. The alkaline raw materials had good adhesion with the weak acidic asphalt, so the alkaline
limestone coarse aggregate and alkaline cement filler were used together with the acid fine aggregate in
this study, with the aim of enhancing the adhesion between acid fine aggregate and asphalt.

3.2 Design of Asphalt Concrete
The different asphalt concrete detailed in Table 5 was designed according to the standard Marshall

design method. Under the premise that the volume parameters of each type of asphalt concrete meet the
design requirements, the optimum asphalt-aggregate ratios of the five asphalt concretes were shown in
Fig. 2. With the increase in cement dosage, although the optimum asphalt-aggregate ratio of asphalt
concrete increased slightly, the increment was quite small. Even if the limestone powder was replaced by
cement completely, the changes in the optimum asphalt-aggregate ratio did not exceed 0.1%, indicating
that the cement dosage had little influence on the asphalt consumption of asphalt concrete, which was
mainly due to the small amount of filler in asphalt concrete systems.

Figure 1: Polarizing microscope images: (a) limestone; (b) granite

Table 6: Average chemical compositions of the limestone, granite and Portland cement

Type Content (%)

SiO2 Al2O3 CaO Fe2O3 K2O Na2O LoI Others

Limestone 2.2 1.7 53.2 0.3 0.2 0.1 42.1 0.2

Granite 68.5 13.8 2.2 1.8 4.2 5.2 0.8 3.5

Portland cement 22.1 8.1 60.2 1.1 0.6 0.3 3.5 4.1
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Figure 2: Asphalt-aggregate ratio of each asphalt concrete
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3.3 Mechanical Performance and Water Stability of the Asphalt Concrete
The initial Marshall stability of each asphalt concrete (without water damage) was shown in Fig. 3. The

stability of asphalt concrete was improved to some extent by replacing some or all limestone powder fillers
with cement. When the amount of limestone powder replaced by cement increased to 75%, the stability of
asphalt concrete was improved by 35%, which was the most stable among these five asphalt concretes.
According to the requirements of Chinese specification [25], the Marshall stability of asphalt concrete
shall not be less than 8 kN. Therefore, in terms of the stability of asphalt concrete, the suitable amount of
limestone powder replaced by cement shall not be less than 75%, although the Marshall stability
decreased slightlywhen the amount of cement was further increased.

The relationship between RMS of each asphalt concrete and hot water immersion time was shown in
Fig. 4. The RMS of each asphalt concrete decreased with the extension of hot water immersion time.
However, with the increasing of cement content, the attenuation speed of RMS slowed down. According
to the requirements of Chinese specifications [25], the RMS of asphalt concrete shall not be lower than
80% after being immersed in a water bath at 60°C for 48 h. Fig. 4 showed that this requirement was met
when the amount of limestone powder replaced by cement was 75% or 100%, even if the hot water
immersion time was extended to 72 h. Therefore, in terms of the RMS of asphalt concrete, it was also
suggested that the amount of limestone powder replaced by cement should not be less than 75%.

The ITS values of each asphalt concrete were shown in Fig. 5. The ITS did not show a change rule with
the increase in cement dosage. The ITS of asphalt concrete containing cement was not obviously different
from that of asphalt concrete prepared with pure limestone powder, which varied from 0.65 to 0.70 MPa.
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Meanwhile, the Chinese specification did not set a limitation on the ITS of asphalt concrete [25]. Therefore,
in terms of the ITS of asphalt concrete, any amount of cement can be added.

The relationship between the TSR of each asphalt concrete and the freeze-thaw cycles was shown in
Fig. 6. The TSR of each asphalt concrete showed a trend to decrease with the increase in the number of
freeze-thaw cycles. After three cycles of freeze-thaw damage, the ITS loss of each asphalt concrete
exceeded 25%. Similar to the change rule of RMS, with the increasing of cement dosage, the attenuation
speed of TSR slowed down, especially when the amount of limestone powder replaced by cement
reached 50% or more. According to the Chinese specification [25], the TSR of asphalt concrete shall not
be lower than 75% after being subjected to freeze-thaw damage for one cycle. Fig. 6 showed that when
the amount of limestone powder replaced by cement reached 50% or more, this requirement can be met.
And the larger the amount of cement, the more obvious the effect will be. When the amount of cement
replacing limestone powder reached 100%, the TSR was still higher than 75% even after being subjected
to the two cycles of freeze-thaw damage. In terms of the TSR of asphalt concrete, the amount of
limestone powder replaced by cement was 50% or more.

Therefore, for asphalt concrete composed of alkaline limestone coarse aggregate, acid granite fine
aggregate and alkaline cement, after a comprehensive consideration of the influence of cement dosage on
the mechanical performance and water stability of asphalt concrete, the suitable amount of common
limestone powder replaced by cement was suggested to be not less than 75%.
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4 Conclusion

In this research, in order to promote the application of acidic granite fine aggregate in asphalt concrete,
the feasibility of using alkaline limestone coarse aggregate and alkaline Portland cement to balance the
drawback caused by acid granite fine aggregate in asphalt concrete was evaluated. The influence of
cement dosage in total filler on the mechanical performance and water stability of asphalt concrete
composed of limestone coarse aggregate and granite fine aggregate was mainly studied. The following
conclusions were obtained:

1) Limestone mainly contained calcite minerals while granite was dominated by quartz minerals.
Therefore, the amount of CaO in limestone and the amount of SiO2 in granite were very high,
which contributed to the alkalinity of limestone and acidity of granite.

2) The Marshall stability of asphalt concrete increased to more than 8 kN when the proportion of cement
in filler reached 75% or more. The influence of cement dosage on the ITS of asphalt concrete was not
as obvious as which on Marshall stability. In terms of Marshall stability, the amount of cement
replacing limestone powder filler must not be less than 75% in accordance with the requirements
of the Chinese specification.

3) The introduction of cement in asphalt concrete can reduce its sensitivity to hot water and freeze-thaw
cycle damage. The attenuation speed of RMS and TSR of asphalt concrete slowed down with the
dosage increase of cement in filler. In terms of RMS and TSR, the amount of cement replacing
limestone powder filler must not be less than 75% in accordance with the requirements of the
Chinese specification.
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