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Abstract:  Recycled concrete aggregate (RCA) is one of the prime contributors to solid waste derived 
from construction and demolition activities. The substitution of traditional construction materials with 
recycled materials such as RCA is a sustainable alternative that mitigates concerns regarding landfills 
and the depletion of natural aggregate resources. In this research, a comprehensive range of 
engineering and environmental tests were conducted on RCA to evaluate its properties and potential 
for use in civil infrastructure construction. The results indicated that RCA exhibits similar physical and 
engineering properties to natural quarried materials used in road work and pavement applications. The 
CBR and Mr test results implied that RCA has acceptable strength and stiffness properties, making it 
suitable for base and subbase layers of roads. From an environmental perspective, the leachate test 
results suggested that the application of RCA does not pose any environmental risks to the surrounding 
soil or human health. Moreover, the addition of 5% alkali-activated (FA+S) stabilizer to RCA met the 
local road authority’s minimum 7-day UCS requirement of 3.5 MPa for base and subbase materials 
stabilized with medium-setting binder. 
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1 Introduction
Due to a large amount of infrastructure built worldwide, there has been a significant increase in the 
global demand for natural quarried materials. However, this surge in demand has resulted in the 
overexploitation of virgin quarried materials, leading to the rapid depletion of reserves and creating 
shortages for their use in civil infrastructure construction [1, 2]. On the other hand, population growth 
and urbanization have contributed to an increase in solid wastes generated from construction and 
demolition-related (C&D) activities, which caused severe environmental consequences. 
  In recent years, utilizing recycled material in civil infrastructure construction has gained recognition 
as a practical, sustainable, and low-carbon alternative to virgin quarried materials. Previous studies 
have evaluated the performance of C&D wastes, such as crushed brick, waste rock, reclaimed asphalt 
pavement and recycled glass, as a road base and subbase layer [3, 4]. Some studies have 
demonstrated that recycled materials can offer better performance and durability than virgin quarried 
materials [5].   

Based on the latest National Waste Report, the Australian construction sector produced 27 million 
tons of C&D wastes every year until 2020, reflecting a 61% increase from 2007 figures. Currently, this 
waste category represents the primary source of solid waste in Australia, with a recycling rate of 47% 
[6]. This trend is not unique to Australia, as many countries worldwide face similar challenges in dealing 
with the rising volume of C&D wastes.

In this study, recycled crushed concrete aggregate (RCA) obtained from the C&D activities was 
assessed for its suitability as a sustainable alternative to natural quarried materials in civil infrastructure 
construction. A range of geotechnical and environmental engineering tests were carried out on RCA, 
and the test results were compared with the relevant specifications specified by the local road authority. 
Additionally, a fly ash and ground granulated blast furnace slag-based geopolymer at dosage of 5% was 
added to RCA as a chemical stabilizer, and their compressive strength were assessed thereafter for 
usage in higher-end geotechnical applications. 

2 Materials and methods
RCA used in the present study was obtained from a large recycling plant in Victoria, Australia. The 
collected RCA sample passed through a 19 mm sieve was oven-dried at 105℃ for 24 hours to remove 
the initial moisture content. For the alkali activation process, commercially available class F fly ash (FA) 
with low calcium content and ground granulated blast furnace slag (S) were used as a binary solid 
precursor (P).
  A range of fundamental geotechnical tests were undertaken on RCA per the relevant international 
standards. These included particle size distribution [7], modified Proctor compaction [8], particle density 
and water absorption [9, 10], pH [11], flakiness index [12] and Los Angeles (LA) abrasion [13].
  Once the physical and engineering properties, including optimum moisture content (OMC) and 
maximum dry density (MDD) of RCA, were established, the specimens for strength and stiffness tests 
were prepared and compacted based on their OMC and MDD values. California bearing ratio (CBR) 
tests per the ASTM D1883 [14] were performed to determine the strength of RCA for use in road work 
construction. The CBR samples were soaked for four days, followed by a penetration test at 1 mm/min 
rate. 

Unbound RCA samples were subjected to repeated load triaxial (RLT) tests per the Australian test 
protocol [15] to simulate the dynamic traffic loads and measure the resilient modulus (Mr) of the materials. 
The unbound RCA was compacted using an automatic compactor at its OMC into a split mold in eight 
layers, to form samples with a diameter of 100 mm and a height of 200 mm. In this method, a trapezoidal 
repeated deviator stress having a total period of 3 s with rise and fall times of up to 0.3 s and load pulse 



of 1 s was applied to simulate the cyclic traffic loads imposed on the granular base/subbase materials. 
The samples were then subjected to 66 stress stages that involved 200 load repetitions each, using 
various combinations of dynamic deviator and static confining stresses ranging between 100-600 kPa 
and 20-150 kPa, respectively. The unbound RCA samples were tested once demolded. 
  The unconfined compressive strength (UCS) tests per the ASTM D5102 [16] were performed on the 
geopolymer-stabilized RCA + 5%(FA+S) samples. To prepare geopolymer mixes, the dried RCA was 
mixed with a binary precursor (FA+S) with a fixed FA:S ratio of 50:50 at a dosage of 5% by weight of 
RCA. The dried RCA and solid precursor were mixed in a bucket for 5 mins to obtain a uniform mixture. 
A controlled amount of tap water and liquid alkaline activator (L) were then added to satisfy the OMC of 
the geopolymer-stabilized RCA + 5%(FA+S) mixture and thoroughly mixed to ensure homogeneity. In 
this study, the Na2SiO3 and NaOH solutions at a fixed Na2SiO3:NaOH ratio of 70:30, and a L/P ratio of 
0.4 were used in the alkali activation process. The same compaction process mentioned earlier for the 
preparation of RLT samples was followed to prepare the geopolymer-stabilized RCA + 5%(FA+S) 
samples for UCS tests. The geopolymer-stabilized RCA + 5%(FA+S) samples were demolded, sealed 
by impervious polyethylene films and placed inside a moisture-controlled chamber at room temperature 
(20℃) until the testing age of seven days.
  To assess the potential leaching of contaminants from RCA during its lifecycle as a construction 
material, a leachate test was performed in accordance with AS 4439.3 [17]. The results of the leachate 
test were then compared against the specifications established by the Environmental Protection 
Authority of Victoria [18, 19] and the Environmental Protection Agency of Washington [20] to better 
understand the potential environmental risks associated with using RCA in civil infrastructure 
construction. 

3 Results and discussion
Figure 1 illustrates the gradation curves of RCA along with VicRoads (local road authority) lower and 
upper limits. The gradation of the RCA sample met the VicRoads grading requirements to be used in 
road work applications. The percentage of fine, sand and gravel contents of RCA are shown in Table 1. 
The test results of particle density, water absorption, OMC and MDD of RCA tabulated in Table 1, were 
found to be within the range in values of traditional quarried materials for road work applications (particle 
density >2 Mg/m3; water absorption <10%; OMC between 8-15%; and MDD >1.78 Mg/m3) [21]. 
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Figure 1. Gradation curve of RCA (data from [22]). 
  



Table 1. Engineering properties of unbound RCA (data from [22]).
Geotechnical Parameters RCA

Fine content (%) 3.1
Sand content (%) (%) 30.7
Gravel content (%) (%) 66.2
Optimum moisture content (OMC) (%) 10.7
Maximum dry density (MDD) (Mg/m3) 1.94
Particle density (Mg/m3) 2.79
Water absorption (%) 7.85
pH 12.4
Flakiness index 9
LA abrasion loss (%) 31
CBR (%) 213
Mr (MPa) 246 - 313
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Figure 2. Mr of RCA at different combination of deviator and confining stresses. 

The pH value of RCA indicated that the material is alkaline by nature. The flakiness index and LA 
abrasion loss of RCA were 9 and 31%, respectively, which conform with the limits (flakiness index <35; 
LA abrasion loss <40%) specified by VicRoads [23] for the usage of materials in road and pavement 
construction. The result of soaked CBR tests suggested that RCA met the specified minimum CBR value 
of 80% by VicRoads [23] for road work applications. Figure 2 shows the Mr values of RCA at different 
combination of deviator and confining stresses, and the RLT test results of unbound RCA is summarized 
in Table 1. The measured Mr values of RCA are found to be comparable with the values of Mr range for 
typically quarried materials reported by the local road authority in Australia [24]. 

Table 2 shows the OMC and MDD values of the geopolymer-stabilized RCA + 5%(FA+S) sample. The 
measured mean UCS values of the geopolymer-stabilized RCA + 5%(FA+S) samples is 4.12 MPa, 
which met the nominated minimum 7-day UCS of 3.5 MPa specified by the VicRoads for base and 
subbase materials stabilized with medium-setting binder [25]. 



Table 2. UCS of geopolymer-stabilized RCA + 5%(FA+S) sample.
Mixture OMC (%) MDD (Mg/m3) Average UCS (MPa)

RCA + 5%(FA+S) 10.67 1.97 4.12

  
To ascertain the environmental risks of using RCA as a sustainable alternative to virgin quarried 

materials in applications such as roads, foundations and embankments, a series of leachate tests were 
conducted. Table 3 presents the leachate test results of RCA in comparison with the limits specified by 
the EPA Victoria and US EPA [18-20]. As shown in Table 3, the leachable concentration test results of 
RCA (denoted as TC and ASLP values) are well within the allowable threshold values of fill material for 
each contaminant element. Based on the specifications recommended by the US EPA, a material is 
classified as hazardous waste if detected heavy metal is present in a concentration greater than 100 
times the acceptable values of drinking water standard [20]. According to this criterion, the ASLP values 
of RCA are well within the allowable limits. 

Table 3. Comparison between leachate test results of RCA with EPA Victoria and US EPA guidelines.

Contaminant RCAb Maximum TCc, e 
for fill material

Thresholds for solid 
inert waste

US EPA drinking 
water standardd, g

TCc ASLPd 
(Acet)

ASLPd 
(Borate)

TCc, f ASLPd, f 

Arsenic 5< 0.01< 0.1< 20 500 0.35 0.05
Barium 88< 0.34 0.1< N/A 6250 35 2
Cadmium 0.2< 0.002< 0.02< 3 100 0.1 0.005
Chromium 15 0.05 0.1< 1 (Chromium VI) 500 2.5 0.1
Copper N/A N/A N/A 100 5000 100 1.3
Lead 11 0.01< 0.1< 300 1500 0.5 0.015
Mercury 0.05< 0.001< 0.01< 1 75 0.05 0.002
Selenium 3< 0.01< 0.1< 10 50 0.5 0.05
Silver 5< 0.01< 0.1< 10 180 5 0.05
Nickel N/A N/A N/A 60 3000 1 N/A
Zinc N/A N/A N/A 200 35,000 150 N/A
Cyanide N/A N/A N/A 50 2500 4 N/A
PAH N/A N/A N/A 20 50 N/A N/A
b Data from [24]. c mg/kg of dry weight. d mg/L. e EPA Victoria [18]. f EPA Victoria [19]. g US EPA [20].
N/A: Not available. PAH: Polycyclic aromatic hydrocarbons. Acet: Acetate buffer. Borate: Tetraborate buffer.

4 Conclusion
The laboratory test results suggested that RCA have alike physical and engineering properties to virgin 
quarried materials used in road work and pavement applications. The CBR and Mr values of RCA 
successfully met the requirements set by the local road authority. Furthermore, RCA stabilized by 5% 
alkali-activated (FA+S) was found to effectively fulfil the minimum 7-day UCS requirement of 3.5 MPa 
established by VicRoads. The environmental analysis performed on RCA provides satisfactory evidence 
that RCA will not have any adverse environmental impacts on the surrounding soil or human health 
throughout its service life in a project. 
  The use of RCA as virgin quarried materials substitution in future civil infrastructure projects will 
inevitably reduce landfills, carbon footprint and support resource conservation. It is to be noted that the 
quality and engineering properties of RCA may differ across countries depending on the age of concrete 
structures being demolished, as well as the source and processing methods employed. The findings of 
this study serve as guidance, and it is crucial to conduct such assessments on RCA stockpiles to ensure 
that recycled material meets the requirements of local building codes before being used for construction 
purposes. 
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