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Abstract. The sustainable alternative of blending natural limestone aggregates 
(NAs) with recycled concrete aggregate (RCA) was investigated in this research 
in order to encourage the utilization of recycled concrete in heavy traffic paving 
applications. The Marshall Mix design method was used to optimize mix designs 
containing 0%, 10%, 35% and 50% RCA. Single-edge notched beam (SENB) and 
semi-circular bending (SCB) tests were then applied and the fracture energy 
and fracture toughness determined. The tests were conducted at intermediate 
temperatures (5  °C, 15  °C, 25  °C) and varying notch depths (0.2H, 0.3H and 
0.4H). Fracture energy and toughness did not consistently follow the behaviour 
of mixes with only NA; however, it was determined in this study that a RCA 
content between 10% and 35% would achieve peak loads, fracture energies and 
fracture toughness values comparative to a virgin mix. 
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Introduction

Construction and demolition (C&D) waste have been determined 
to be one of the largest contributors to global waste levels. In 2014, the 
United States produced approximately 505 million tons of demolition 
waste, 70% of which was concrete waste (USEPA, 2016). Further to 
this, the largest producer of construction waste in the world, China, 
produces approximately 2 billion tons of construction waste per year, 
two million of which is concrete (Gross, 2019). Local studies (Smith 
et al., 2019; Narcis et al., 2019; Rampit et al., 2020) examined the local 
construction and demolition waste management industry and concluded 
that further research would be required into C&D waste management 
locally. Numerous studies (Moazami et al., 2021; Zhang et al., 2021; 
Choudhary et al., 2021; Motter et al., 2015; Arabani et al., 2013) have 
investigated avenues including composite pavement (the combination of 
flexible asphalt pavements and Portland cement pavements), recycling 
pavements, and most popularly the substitution of waste materials 
as aggregate in asphalt mixes. Common material substitutions for 
construction of a sustainable pavement included recycled asphalt 
pavement (RAP), polymers, rubber, steel slag and recycled concrete 
aggregate (RCA). Recycled asphalt pavement is reprocessed pavement 
containing asphalt and aggregates. This material is created when asphalt 
pavements are removed for various activities, including reconstruction, 
resurfacing and gaining access to buried utilities (Chesner et al., 2002). 
Recycled concrete aggregate is defined as aggregate produced from 
concrete construction and demolition waste, which either partially or 
completely replaces conventional natural aggregates (NAs) (Bamigboye 
et al., 2022). 

A sustainable pavement as defined by Muench and Van Dam (2014) is 
one that achieves its specific engineering goals, while, on a broader scale, 
meets basic human needs, uses resources effectively, and preserves/
restores surrounding ecosystems. Considerations of sustainability 
are not new to the engineering industry, including the design of 
pavements. Worldwide, governments and private research ventures are 
encouraging because they are investigating the ways in which asphalt 
mixes can be made more sustainably while maintaining its performance 
characteristics. In addition to the environmental aspect surrounding 
volumes of waste and the use of sustainable approaches taken to design 
and manufacture asphalt mixes, the overall economic impact is equally 
vitally important. It is commonly theorized that the lifecycle costs of the 
pavement can be reduced by having a reduced capital cost compared to 
traditional aggregates as long as the performance of the pavement is 
comparative to traditional pavement design, thus maintaining low or 
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equivalent maintenance and operating costs. In a study by Praticò et 
al. (2020) regarding the lifecycle cost of pavements, an energy analysis 
was undertaken with consideration from material production to end of 
life. The study determined that approximately 60% of the lifecycle cost 
of the pavement was contributed by production of its materials. As such, 
incorporating recycled or waste materials can assist in reducing the 
lifecycle cost of the pavement.

With respect to aggregate replacement in the area of asphalt 
concrete, there have been numerous studies involving the partial or 
complete replacement of traditional natural aggregates with materials 
such as recycled concrete, brick, glass, ceramic, rubber, recycled 
asphalt and steel slag (Ge et al., 2014; Medina et al., 2015; Ameli et al., 
2020; Kim and Na, 2021; Pourtahmasb and Karim, 2014). Continuous 
research into the use of construction waste as recycled aggregates in 
various types of projects, including bituminous applications, should 
be conducted (Silva et al., 2019). While there has been research into 
the acceptability and limitations of recycled concrete aggregate (RCA) 
as a replacement in hot mix asphalts, Pourtahmasb (2014) notes that 
there has been little research into its application in gap graded mixes 
like stone matrix asphalt (SMA). They explored the use of RCA in stone 
matrix asphalt based on characteristics, such as physical properties, 
volumetric properties, resilient modulus, rutting resistance, and 
concluded that in specific amounts, the use of RCA in both SMA and 
dense graded mixtures – hot mix asphalt (HMA) – could satisfy standard 
specifications. Paranavithana and Mohajerani (2006) similarly observed 
the aforementioned properties as influenced by varying percentages 
of RCA substituted for coarse aggregate. Investigation into the use of 
RCA as a substitute aggregate based on flakiness, density, crushing 
resistance, water absorption and compressive strength was deemed 
successful (Tahmoorian and Samali, 2018). 

The suitability of recycled concrete has also been investigated 
through concrete testing to determine values such as Aggregate 
Crushing Value (ACV) and Aggregate Impact Value (AIV). These values 
were noted to mostly be investigated for RCA incorporated into concrete 
mixtures. Other studies (Sarraz and Hossain, 2017; Al-Bayati et al., 
2018) also examined the utilization of RCA effect on the strength and 
volumetric properties of dense graded asphalt concrete. The strength 
of SMA is commonly defined to be derived from the stone-on-stone 
contact of the skeleton structure. Brown et al. (1977) have shown that 
the percent passing the 4.75  mm sieve is critical in this stone-on-stone 
contact. Due to the importance of load resistance via direct stone-to-
stone contact in SMA, it is a key that the aggregate used in mix design is 
sufficiently able to withstand degradation (Gatchalian et al., 2006). From 
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another perspective, the high aggregate-to-binder ratio directly links to 
the performance of asphalt concrete (Sarraz and Hossain, 2017).

Whether using traditional natural aggregate or a blend of recycled 
aggregate, hot mix asphaltic concrete can become subjected to pavement 
distress as a result of poor design or inadequate durability over its 
useful life. Common pavement distresses include bleeding, cracking, 
potholes, ravelling and rutting. Each form of distress develops as a 
result of different physical and environmental factors such as design, 
loading, weather and poor construction to name a few. Multiple forms of 
pavement distress are manifested through cracking and of key interest 
are the properties surrounding crack initiation and propagation through 
the asphalt. The Marshall Stability test is commonly used for asphalt 
mixture design, but it does not provide the detailed information on 
material characteristics required for pavement design. Properties like 
rutting resistance of asphalt mixtures should be combined with fracture 
energy and fracture toughness to investigate cracking resistance. 
Fracture energy of asphalt gives the energy required to form a new crack 
surface, while fracture toughness is a measure of energy absorption to 
failure (Bazant and Planas, 1998). Understanding the cracking process 
of initiation and propagation is critical because ultimate failure results 
from exceeding available fracture energy. Moreover, the effect of 
temperature fluctuations can also result in brittle and ductile material 
failure.

RILEM has outlined various test methods to measure fracture energy 
of concrete. The work-of-fracture method was adopted in this research 
to determine the fracture energy of asphalt concrete due to its history 
and ease of testing. The introduction of single-edge notch beam (SENB), 
semi-circular bending tests (SCB), disc-shaped compact tension (DCT) 
and indirect tension tests (IDT) have been identified to study fracture 
properties of asphalt mixtures. Selection of an appropriate test setup 
depends on the advantages and disadvantages of various tests, as well 
as the equipment and specimen availability. The SCB, DCT and ITS 
tests are all suitable for field cores, but SCB tests maintain a smaller 
fracture surface depth than other tests. Moreover, the IDT test setup 
naturally results in a higher deformation and coefficient of variance of 
results compared to other tests, while an additional constraint exists 
at the top surface of both SENB and SCB tests (Radeef et al., 2021). It 
is also important to note that complex stress states arise as a result of 
the arch effects of the SCB tests (Wagoner et al., 2005). Artamendi and 
Khalid (2006) compared and concluded that the semi-circular bend 
and single-edge notched beam tests were suitable and comparable test 
methods for asphalt studies. They observed very minor differences in 
the stress intensity factors calculated. In fracture mechanics, mode I is 
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defined where stress is orthogonal to the local plane of the crack surface 
(Zehnder, 2013). For mode I fracture, the fracture energies calculated for 
SCB tests were more than double the fracture energies from SENB tests. 
Researchers (You et al., 2015; Ferdowsi and Arabani, 2009) have noted 
that the SCB test is efficient, repeatable, advantageous and a practical 
way to characterise tensile and fracture resistance of asphalt concrete. 
Similarly, Link et al. (2005) have also shown the SENB test procedure, 
as an advantageous method for determining the fracture mechanics, is 
notably used for testing fracture mechanics under low and intermediate 
temperatures.

The re-use of construction and demolition waste as an alternative 
to traditional aggregates is a reasonable method of boosting 
sustainability. Therefore, an objective of the study is to investigate the 
effects of addition of RCA on the fracture behaviour of SMA. Fracture 
mechanics and behaviour evaluation is noteworthy in the comparison 
of stone matrix asphalt with RCA, versus stone matrix asphalt with 
only traditional natural aggregates in certain climatic conditions, for 
example, tropical climates, where temperatures are above an average 
of 15°C all year round. Subsequently, since many published works have 
focused on the cracking and fatigue performance of the commonly 
used dense graded mixtures at low to extremely low temperatures, the 
second objective of the study is to consider the effects of intermediate 
temperatures on the performance of SMA – RCA blended mixtures.

1.	 Materials and methods

1.2.	 Materials and mix design

Limestone aggregates, 60/75 penetration grade bitumen, and 
recycled concrete aggregates were used in this study. The crushed 
limestone aggregates were supplied from the National Quarries 
Company Ltd located in Trinidad and Tobago. The RCA was made using 
scrap concrete cubes that were collected from construction sites and 
measured to have a minimum design strength of 30  MPa. The cubes 
were crushed using a sledgehammer and subsequently processed in a 
jaw crusher to achieve the aggregate gradation required. Bitumen was 
obtained from Trinidad Lake Asphalt (TLA). The physical properties of 
limestone aggregates, RCA and 60/75 binder are outlined in Table 1. The 
particle distribution of the 1/2” limestone, 3/8” limestone, limestone 
dust, filler and RCA aggregate used in this study are shown in Figure 1. 
The coarse materials such as RCA, 1/2” and 3/8” limestone are all 
uniformly graded. 
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According to the blends shown in Figure  2 and Table  2, SMA mixes 
were created with four different RCA contents (0%, 10%, 35%, and 
50%), crushed limestone, limestone dust, and mineral filler aggregates. 
The SMA design was conducted utilizing a local modified Marshall 
Mix design procedure to obtain the optimum binder content (OBC) 
for the four SMA mix types of varying RCA contents. The mix types 
were identified by asphalt concrete type (SMA) and percent RCA 
content (SMA-0, SMA-10, SMA-35, SMA-50). The acceptance of the ideal 
bituminous mix is based on the specified volumetric properties at the 

Figure 1. Gradation of the study materials
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Table 1. Physical properties of aggregates and binder

Aggregate test
Value

Binder test Value
Limestone RCA

LA abrasion, % 33 43 Penetration 72

Aggregate impact value 26.7 36.0 Softening point 52

Aggregate crushing value 28.4 32.7 Flash point 283

Specific gravity (coarse) 2.629 2.266
Viscosity at 135 °C, 

Pa·s
0.414

pH 7.95 10.88 Specific gravity 1.012

Water absorption rate 1.2 7.7
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optimum binder content. Table  2 also highlights volumetric properties 
based on the OBC and gradation. As the percentage of RCA increases so 
does the OBC. This can be attributed to the RCA high absorption value, 
thus requiring more asphalt binder to coat the aggregate. Samples were 
compacted after the chosen mix design was finished in order to get them 
ready for the three-point bending tests and semi-circular bend tests.

Figure 2. Mix gradation
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Table 2. Summary of blended mix designs and volumetric properties

Mix type SMA-0 SMA-10 SMA-35 SMA-50

1/2 Limestone, % 27 21 4 0

3/8 Limestone, % 49 49 43 34

3/8 Limestone dust, % 15 10 9 5

Filler, % 9 10 9 11

RCA, % 0 10 35 50

Optimum binder content – OBC, % 5.1 5.4 5.8 6.4

Density, kg/m3 2390 2358 2280 2204

Stability, kN 8.5 8.2 10.5 7.5

Flow, mm 2.7 3.2 3.3 4.4

ITSM @ 25 °C, MPa 1628 1641 1735 1551
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1.2.	 Sample preparation and test procedure

Detailed and property-specific tests, like Indirect Tensile Strength 
and Fracture Energy tests, have grown in popularity and are thus being 
explored heavily to determine relationships between physical properties 
or environmental conditions and performance. The introduction of 
beam and semi-circular bending tests have increasingly been used 
to study fracture properties of SMA. Artamendi and Khalid (2006) 
compared and concluded that the semi-circular bend (SCB) and single-
edge notched beam (SENB) tests were suitable and comparable test 
methods for asphalt studies. Evaluation of published studies as indicated 
in Table  3 was examined to determine the specimen dimensions and 
notch depths to use in the SENB method of fracture evaluation. Since 
there was no discernible pattern of dimensions, this study chose 
sample dimensions based on the available mold and the viability of the 
specimen preparation. To fabricate the SENB samples, each mix type 
was compacted using a roller compactor to create slab samples. The 
mold was modified to create slabs of size 300 mm × 300 mm × 50 mm. 
A wet masonry saw was then used to create small beams from the slab 
of approximately 25  mm width; the two end beams were discarded. 
Notches were cut into the beam samples of depth ratios 0.2H (10  mm), 
0.3H (15 mm) and 0.4H (20 mm). This was repeated for each mix design 
until sufficient samples were gathered to ensure three replicas for each 
test temperature (5  °C, 15  °C, 25  °C) and notch length. A typical beam 
specimen is shown in Figure  3. The volumetric properties, dimensions 
and weights of each sample were measured and recorded for subsequent 
analysis. 

The SENB specimen is loaded under a simply supported, three-point 
bending configuration. The testing device has a span length and width 
of 300  mm and 100  mm, respectively. The device rollers are 25.4  mm 
in diameter and are free to rotate to reduce friction. The centre loading 

Table 3. Comparison of SENB dimensions

Reference Length (L) Width (W) Depth (H)

Ding et al. (2018) 250 30 35

Birgisson et al. (2011) 300 100 75

Link et al. (2005) 305 25 25

Kim and El Hussein (1997) 300 70 50

Bhurke et al. (1997) 203.2 50.8 50.8

Current study 300 25 50
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point has a radius of 12.7 mm and can swivel in the transverse direction 
to promote more uniform loading conditions across the width. The 
loading rate used is in accordance with AASHTO TP 124 for SCB testing. 
This constant displacement rate of 50  mm/min was directly applied at 
the mid-point right above the notch on the upper surface. The mid-span 
displacement was recorded during the loading process. The applied load 
was monitored using a 10  kN load cell with the load-line displacement 
being measured by the actuator. The samples were kept in a refrigerated 
environmental chamber capable of maintaining air temperature within 
±0.2 °C for at least 6 hours before being tested. Each SENB test contained 
three replica samples that were averaged to determine results. 

A 150  mm diameter mold was used to fabricate the Semi-Circular 
Beam (SCB) test samples. Each batched sample was prepared in 
accordance with the relevant mix design. The mixture was then placed 
into the mold and compacted using a gyratory compactor. The extruded 
and cooled sample was then cut into circular slices of 25 mm thickness. 
Each cylindrical sample was then further cut into a semi-circle as shown 
in Figure  4 with the ends being discarded. Notch ratios similar to the 
SENB were cut into the cut side of the semi-circle samples (15  mm, 

Figure 4. SCB sample preparation

Figure 3. SENB sample preparation
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25.4 mm and 31.8 mm). A total number of 108 notched specimens were 
placed into the environmental chamber for at least 6 hours to ensure 
homogenous conditioning of the sample to the testing temperature 
(5  °C, 15  °C, 25  °C). Each semi-circular asphalt mixture specimen was 
positioned in the testing device with the flat side on two rollers that 
were covered with a friction reducing material. The samples were then 
tested using similar conditions as used in the SENB testing procedure. 
For each test condition, three replicates were employed as in earlier 
studies (Saed et al., 2021; Mansourian et al., 2016), and the average value 
was used to calculate the results.

1.3.	 Fracture test properties

Fracture occurs when the available energy is greater than the 
material resistance, which may include forms such as surface energy or 
plastic work (Anderson, 2017). From the various test methods available 
for determining the fracture energy of a material, the primary output is 
a load-displacement curve which can subsequently be used to determine 
the fracture properties based on the work done as determined from the 
area below the curve as seen in Figure 5 (Abu et al., 2014). 

The Fracture Energy (Gf) of the specimen was calculated based on 
the area below the load-displacement curve using Equation (1). Fracture 
toughness (KIC) describes the resistance of brittle materials to the 
propagation of flaws under an applied stress, and it assumes that the 
longer the flaw, the lower is the stress needed to cause fracture. The 
ability of a flaw to cause fracture depends on the fracture toughness of 
the material (Vaidya and Pathak, 2019). The Fracture Toughness of each 
SCB specimen was calculated based on the peak load and the specimen 
dimensions using Equation  (2) and Equation  (3) (AASHTO, 2013). 
However, for SENB specimen it was calculated using Equations (4)–(6).
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Figure 5. Test setup and typical Load-Displacement curve (a) SCB (b) SENB 
(Abu Abdo et al., 2014)

a – notch
s – distance between fulcrums
P – load
W or r – radius of height of specimen
L – specimen length
B or t or h – thickness of specimen
Wf – work of fracture
Gf – fracture energy
Alig – ligament area
KIC – fracture toughness
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2.	 Results and discussions

2.1.	 Mix properties

The Marshall stability and flow parameters of SMA mixtures 
with varying RCA content percentages are shown in Figure  6(a). The 
specimens’ Marshall flow values increased nonlinearly from 2.7 to 4.4 
as the RCA content increased. The flow rate was higher during the initial 
10% and final 15% increases in RCA, and there was only a slight rise 
from 10% to 15%. The increase in the optimum binder concentration of 
the mix types from 5.1% to 6.4% is what causes the overall increase in 
flow. According to test results, there is a maximum stability of 10.5 kN 
and a reduction to 7.5 kN at about 35% RCA content. This drop at 50% 
RCA was less than the 8.5  kN readings at 0% RCA content. Since the 
minimum SMA stability required by local regulations is 6  KN, the 50% 
RCA contains stability that is within the permissible range.

The percentages of voids in mineral aggregates (VMA) and voids 
filled with asphalt (VFA) for SMA specimens with 100% virgin aggregate 

Figure 6. RCA-SMA properties (a) stability and flow; (b) VMA and VFA; 
(c) ITSM and OBC; (d) density
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were 13.5% and 72%, respectively (see Figure  6(b)). According to test 
results, at 4% air void content, the VMA values increased by a factor of 
12% after 35% RCA while remaining nearly constant up to that point. 
In contrast, the VFA values showed a downward trend. VFA decreased 
by a factor of 6% with an increase in RCA from 0% to 10%, plateaued 
between 10% and 35% RCA, and then decreased by a further factor 
of 15% with an increase in the final 50% SMA-RCA mixture. Higher 
optimum asphalt binder content is caused by the RCA greater porosity 
and absorption as compared to natural aggregates, which also induced 
the behaviours in the asphalt mixtures mentioned above. VMA is not a 
requirement for the approval of SMA combinations locally.

Figure  6(c) presents the Indirect Tensile Stiffness Modulus (ITSM) 
of the SMA mixtures containing RCA. The initial 10% addition of RCA 
resulted in a small increase of less than 1% in ITSM. At 35% RCA, the 
ITSM values were comparable to the NA mix (0 RCA). However, a 5% 
decrease in ITSM values was observed for an increase in RCA content 
from 35% to 50%. It is thought that increasing the coarse RCA content 
above an equilibrium value, which is regulated by mix gradation and 
OBC, is responsible for the significant decrease in ITSM values. The 
comparison of the impact of RCA on the density values of SMA is shown 
in Figure  4(d). SMA mixes with 100% virgin limestone aggregates had 
recorded densities of 2390  kg/m3. Because RCA has a lower specific 
gravity and density than natural limestone, test findings showed that 
density decreased practically linearly as RCA concentration increased.

2.2.	 Crack patterns and load-displacement curves

The pattern of cracks in the failed SCB and SENB specimens with RCA 
concentrations of 0, 10, 35, and 50% is depicted in Figure  7. No matter 
the sample geometry, the crack travels in a consistent upward direction 
from the top of the notch to the location where the load is directly 
applied. The test results show that, regardless of RCA concentration, 
temperature, or geometry, all test samples fracture symmetrically into 
two halves. Typically, for a quasi-brittle test, the crack forms around 
the coarse aggregates as less energy is required for the crack path. A 
minimal quantity of coarse aggregate cracking was observed in the 
results along the vertical crack trajectory. In comparison with a sample 
where there was no coarse material immediately in the loading route, 
this condition led to a larger failure load. In samples tested at lower 
temperatures, which result in a more brittle failure, this aggregation 
failure pattern occurs more frequently. The greater ductility and 
viscosity allow for crack propagation around the coarse particles in 
tests conducted at higher temperatures. Regardless of whether coarse 
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Figure 7. Cracks in SCB and SENB samples (a) SMA-0; (b) SMA-10; 
(c) SMA-35; (d) SMA-50
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Figure 8. Load–displacement curves of SCB and SENB tests at varying 
notch depths and temperatures
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aggregates are present in the loading path, the fracture path often 
follows the fine mastic or binder area for samples tested at 25 °C.

The typical load-deformation charts from the SCB and SENB tests 
are shown in Figure  8. Peak load generally decreases with increasing 
temperature and notch depth. Furthermore, a drop in temperature 
clearly results in an increase in pre-peak stiffness and post-peak 
brittleness. For specimens with three distinct notch depths and varied 
RCA content percentages, the areas beneath the load-deformation curves 
at pre-peak regions are determined to reflect the strain energy values to 
failure. The load-displacement patterns among blends are more evident 
at high temperatures. The variation in temperature and notch depths 
affects displacement range, peak load, and post-peak slope. Both the SCB 
and SENB tests experience two different types of failure, both of which 
are influenced by temperature. The asphalt mix exhibits a quasi-brittle 
behaviour at low temperatures like 15  °C and 5  °C. High temperatures 
cause the sample to behave more ductile, lengthening the time to 
fracture and lowering the final strength of the mixes. Due to the binder 
transition from a solid-plastic state (low temperature) to an elastic-
vicious state (high temperature), failure happens significantly later at 
high temperatures than it does at low temperatures.

2.3.	 Peak load

The pre-notched specimen in these tests are commonly used to study 
the influence of pavement cracks and crack propagation. The Notch-to-
Depth ratio (a/D), rather than the actual notch depth, was employed as 
the specimen parameter to enable a comparable analysis for both the 
SCB and SENB tests. Since varied notch depths may be achieved using 
the ratios of 0.2H, 0.3H, and 0.4H, it also enables comparison between the 
two tests (SCB and SENB). The average Peak Load of each test group was 
therefore plotted against the notch-to-depth ratio as seen in Figure 9. All 
testing conditions showed a distinctly declining pattern, with the Peak 
Load declining as the notch-to-depth ratio rose. Larger notches may be 
used to simulate pre-existing pavement cracks; as a result, the pavement 
can withstand lesser weights before failing.

As seen by a steeper trend, the low temperature specimens produced 
the greatest variation in peak load with increasing notch depth. This 
indicates that, while specimens with greater faults fail at a higher rate, 
the more brittle specimen offers a higher peak failure force for smaller 
flaws. As the specimen temperatures increased, the observed trend of 
peak load with pre-existing crack tended toward a plateau. The trend 
and slope of the relationship between peak load and notch depth are 
similar regardless of mix type and sample geometry. The average Peak 
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Load of each test group was plotted against its testing temperature as 
shown in Figure 10 to further examine and evaluate the effects of testing 
temperature on the experiment. The reduced peak loads reported in the 
50% RCA blend may have been a result of the optimum binder content 

Figure 9. Peak load vs. notch depths at varying temperatures
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Figure 10. Peak load vs. temperature for varying notch depths
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and effective asphalt content increasing for the increasing amount of 
blended RCA. The peak loads at 25 °C were similar (< 100 N) regardless 
of notch depths and RCA content. This implies that RCA content has no 
significant effects on peak load for cracking at temperatures greater 
than 25 °C.
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2.4.	 Fracture energy

There is a decreasing trend presented for all testing conditions 
where the Fracture Energy (Gf) decreased as the notch-to-depth ratio 
increased (see Figure 11). For both the SCB and SENB studies, the slopes 
are basically comparable at various blends and temperatures. For all 
mixes, the variation in fracture energy is significant. Pavement failure 
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Figure 11. Fracture energy vs. notch depths for varying temperatures
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can occur with less energy input in larger notches (cracks). The data also 
demonstrated that there were significant differences in fracture energy 
for changes in fracture ligament lengths, notch depth as well as sample 
geometry. The fracture energy of the SMA-RCA blends is calculated 
from the entire load-displacement curves highlighted in Figure  8. The 
calculated values are similar to results of an investigation done by Bui 
and Saleh (2021).

Figure 12. Fracture energy vs. temperature for varying notch depths
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The fracture energy decreased as temperature increased to 25 °C, as 
indicated in Figure  12, which was consistent with comparable findings 
of the Ding et al. (2018) study. The lower the material temperature, the 
greater the material stiffness, thus requiring a higher loading and energy 
to fracture to asphalt mixture regardless of notch height and RCA blends. 
The more brittle specimen also demonstrates a higher variability in 

Figure 13. Fracture toughness vs. notch depths (a) 25 °C; (b) 15 °C; (c) 5 °C
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fracture energy with change in notch depth. Additionally, the decrease 
in fracture energy due to temperature may also be attributed to the 
increase in optimum binder content with the increase in RCA content 
and the effective asphalt content. As a result, higher RCA contents are 
expected to present with lower fracture energies; 35% and 50% RCA 
blends are mostly observed to comply for both the SCB and SENB tests. 
The Gf ranges observed in this study were similar to those reported by 
Aliha et al. (2017). 

2.5.	 Fracture toughness

The trend for fracture toughness (KIC) at 25 °C, as shown in Figure 13, 
demonstrates that there is no significant decrease in fracture toughness 
as notch size increases. However, at lower temperatures, fracture 
toughness decreases significantly, which is also related to the previously 
mentioned decrease in fracture energy. The results show that the KIC 
values obtained by the SCB and SENB testing methods agree well. The 
SCB corresponding values are roughly twice that of the SENB.

The fracture toughness decreases as the RCA content increases. This 
was true for the SCB and SENB tests at lower temperatures. According to 
the data in Figure 13, the fracture toughness decreased with increasing 
temperature for both the SCB and SENB tests. This is expected due 
to the behaviour of the asphalt binder, which is more susceptible to 
temperature effects than either virgin or recycled concrete aggregates. 
This observation is supported by the results of the SCB and SENB tests.

Conclusions

This research combined the experimental procedures of SCB and 
SENB to investigate the fracture properties of SMA mixtures blended 
with RCA (0%, 10%, 35% and 50%). Although the physical properties of 
the recycled concrete aggregate were less suitable than the traditional 
natural limestone aggregates, its use as a sustainable replacement 
aggregate was a key objective of the study. Based on the previously 
mentioned study materials, mix design, gradation, analysis, and 
discussion, the following conclusions can be drawn:

1.	 SMA with RCA contents up to 10% performed relatively well 
compared to the conventional SMA mix when investigating the 
peak load performance regardless of test methods. In the SCB 
test at 0.2H notch depth, these SMA-35 mixes achieved an average 
of 2.9% less of the Peak Load of SMA designed with only virgin 
aggregate, whereas the SMA-50 achieved a decrease of 21%. In the 
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SENB test, however, the natural mixture achieved the highest peak 
load, while the blended RCA mixes were all outperformed by the 
conventional mix, but with very low peak load decreases of 1.3% 
for the SMA-10 and SMA-35 blends but a decrease of 21% for the 
SMA-50 blends.

2.	 For the fracture energy evaluation, most of the RCA blended 
gap-graded mixture performed relatively well compared to the 
conventional mixes regardless of SCB or SENB test methods. The 
study showed that at RCA contents higher than 10% the results 
of fracture energy are not consistent, which may indicate a limit 
of RCA in a gap graded mixture based on the gradation and mix 
design in this study. The peak load has a strong correlation to the 
fracture energy mechanisms when evaluating asphalt concrete 
cracking.

3.	 Fracture toughness, which is significantly influenced by 
temperature, was found to perform well in mixes with RCA 
contents ranging from 10% to 35%. When compared to the SMA-0, 
these mixes performed relatively well in the SCB test, achieving a 
decrease as low as 2.5% and a decrease as high as 12.5%. In SENB 
testing at the low temperatures all blends were outperformed 
by the natural aggregate blend with no RCA with 7% decrease 
below the SMA-0 Fracture Toughness for SMA-10, SMA-35 and 
SMA-50, respectively. The fracture toughness evaluation of RCA in 
mixtures shows that it can provide a level of ability in containing 
cracks to resist further pavement fracture or failure.

A large driving factor in the exploration of incorporating recycled 
concrete aggregates as substitutions for traditional aggregates would 
be environmental preservation of non-renewable resources, namely 
traditional aggregate materials. Despite the increased global interest in 
sustainability and environmental responsibility, as well as the technical 
feasibility, the economic impact remains a major factor in the acceptance 
of such a venture. 

RCA has been shown to not only increase the fracture energy before 
cracking failure, but also to reduce the rate of crack propagation at 
an intermediate temperature, implying that asphalt mixtures with 
RCA have an overall improvement in intermediate-temperature 
cracking resistance. Overall, adding RCA to SMA mixtures can provide 
comparable performance to conventional SMA mixtures while also 
providing a sustainable aggregate replacement option with economic 
and environmental benefits. However, more caution should be exercised 
when it comes to the properties of asphalt mixtures as the RCA content 
increases.
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Further research is under way to extend the scope of comparison of 
laboratory-measured fracture properties of RAP versus RCA blended 
SMA mixtures. Additionally, examination of the behaviour of the 
combination of RAP and RCA together in dense graded asphalt mixtures 
may meet the ultimate objective of providing a cost effective sustainable 
use of construction waste.
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