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Abstract. The recycling and reuse of construction and demolition materials offer significant environmental and economic
benefits. This study investigated the performance of aggregates with varying proportions of recycled concrete aggregate (RCA)
and natural aggregate (NA) as base materials. Key parameters, such as compaction behaviour, California bearing ratio (CBR),
and resilient modulus, were evaluated. The findings revealed that the mixture with 50% RCA and 50% NA exhibited the highest
CBR and resilient modulus values. Small-scale cyclic loading tests were then conducted on the samples of NA, RCA, and a 50%
RCA-50% NA mixture to assess the suitability of RCA as a base material. Additionally, RCA and NA samples were reinforced
with biaxial geogrids for material optimisation. The results showed that the 50% RCA-50% NA mixture exhibited the smallest
permanent deformation, and the geogrid, placed at the middle depth of the base, significantly reduced rut depth. Findings of this
experimental study suggest that RCA can be used as an alternative base material to partially replace NA in road construction.
The results can help conserve natural resources, promote sustainability through the reuse of waste materials, and reduce the

environmental impact associated with the use of NA in road construction.
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1. Introduction

The rapid increase in urbanisation has resulted in the
expansion of transportation infrastructure over the past few
decades. Natural aggregate (NA), primarily composed of
crushed stone, gravel, and sand, serves as a key component
in pavement construction. As reported by Van Dam et al
(2015), aggregates make up 80 to 85% of the total volume
in rigid (concrete) pavements and 62 to 68% of the total
volume in flexible pavements. Consequently, large
quantities of NAs have been consumed in pavement
construction, raising concerns about the depletion of natural
aggregate sources and the environmental impacts associated
with their extraction and transportation. In addition, a large
amount of construction and demolition (C&D) waste is
generated globally every year. According to the latest
National Waste Report (NWR 2022), approximately 25.2
Mt of C&D waste was produced in 2020-21. As stated in
the report, approximately 80% of C&D waste was recycled
for use as road base or aggregates, which is promising.
However, 20% of C&D waste was still disposed of in
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landfills, resulting not only in environmental concerns but
also in the consumption of finite land resources. As a result,
there is growing interest in developing sustainable methods
for reusing C&D waste materials in construction,
particularly through the use of recycled concrete aggregate
(RCA).

RCA, produced by crushing and processing waste
concrete, has gained attention as a potential substitute for
NA in various civil engineering applications, including road
construction (Nam et al. 2023, Ok et al. 2023). Previous
research has extensively investigated the engineering
properties of RCA, such as its grading, strength, LA
abrasion, durability, and California bearing ratio (CBR)
(Arulrajah et al. 2012, Gabr and Cameron 2012, Arulrajah
et al. 2014, Toka and Olgun 2022). Numerous studies have
reported that RCA exhibits mechanical properties
comparable to those of NA, making it a suitable alternative
for use in road base and subbase layers. The successful
incorporation of RCA in road construction provides a
sustainable solution for C&D waste management while also
reducing the demand for virgin natural aggregates, thereby
mitigating the environmental impact of aggregate mining.
VicRoads (2011) permits the use of RCA material as
pavement subbase and light-duty base works, subject to
some requirements. However, in order to maximise the
usage of RCA, its mechanical properties need to be further
explored to assess its suitability as a base material in
pavements.

Repeated load triaxial test (RLTT) has been widely
adopted by many researchers to investigate the mechanical
properties of RCA (Arm 2001, Gabr and Cameron 2012,
Azam and Cameron 2013, Gabr et al. 2013, Alnedawi and
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Rahman 2021, Wang et al. 2023). Gabr and Cameron
(2012) reported that the resilient moduli of RCA are greater,
and the permanent strains are lower, compared to those of
NA based on the results of RLTTs. Azam and Cameron
(2013) conducted RLTTs on NA and RCA specimens with
different moisture contents and concluded that both the
resilient modulus and permanent strain are affected by the
moisture content level. An increase in moisture content
results in a decrease in resilient modulus and an increase in
permanent strain. Wang et al. (2023) reported that the
resilient behaviour of RCA is similar to that of NA.
However, the RLTT results also indicated that RCA with
low parent concrete strength and high amounts of rounded
particles can result in poor pavement performance and
should be limited in pavement construction. In general,
most studies have concluded that the mechanical properties
of RCA are comparable to those of NA and that RCA can be
used in pavements. However, there remains a significant
gap in understanding the effects of subgrade conditions on
overall pavement performance when RCA is used as a base
material.

The subgrade, serves as the foundation of the pavement
structure, plays a crucial role in determining the overall
performance and stability of the pavement. Since a weak
subgrade cannot provide the same level of support to the
base layer as a strong subgrade, it can influence load
distribution and cause increased deformation within the
pavement. In addition, subgrades with low strength,
typically those with CBR values below 3%, are common in
many regions worldwide, including Australia. The presence
of weak subgrades often results in excessive deformations
under traffic loads, which significantly reduces the
serviceability of roads and increases maintenance costs.
However, few studies have examined the impact of the
subgrade on the behaviour and suitability of RCA in
pavements. To mitigate the effects of weak subgrades,
thicker base layers with high-quality aggregates are often
required to provide adequate support for traffic loads (Al-
Swaidani ef al. 2024). Therefore, to obtain a comprehensive
understanding of the suitability of RCA as a base material,
it is essential to evaluate its performance in pavements
constructed over low-strength subgrades, assessing whether
it can provide a sustainable and durable alternative to NA
under these challenging conditions.

This paper aims to investigate the suitability of partially
or completely replacing NA with RCA as base material over
weak subgrades in unpaved roads through a series of small-
scale cyclic loading tests. Tests were conducted with three
types of base materials, namely NA, RCA, and a mixture of
both NA and RCA. To ensure a direct comparison, the
grading of RCA was modified to align with that of NA.
Surface displacements were measured during the tests to
evaluate the performance of each base material. To
maximise the adoption of RCA, a geogrid was incorporated
to enhance its strength and extend its service life. The
findings of this study provide valuable insights into the
effectiveness of RCA as a base material over weak
subgrades. Additionally, the results contribute to the
conservation of natural resources, promote sustainability
through the reuse of waste materials, and reduce the
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Fig. 1 Flowchart of the experimental plan

environmental impact associated with the use of NA in road
construction.

2. Materials and methods

This paper presents a laboratory investigation aimed at
assessing the suitability of partially or fully replacing NA
with RCA as a base material in pavements. Fig. 1 presents
the flowchart of the experimental plan. In this study, RCA
was mixed with NA at various percentages, and preliminary
tests, including standard compaction tests, California
bearing ratio tests, and RLTTs, were conducted to determine
the optimum moisture content (OMC) and maximum dry
density (MDD) of these mixtures. The determined OMC
and MDD were then used to prepare samples for CBR tests
and RLTTs. The RCA and NA mixture with the highest
CBR value and resilient modulus was selected for small-
scale cyclic loading tests. Additionally, 100% NA and 100%
RCA samples were tested as control groups to compare and
enhance the understanding of RCA and NA mixture
behaviour. In the small-scale cyclic loading tests, the effects
of increasing the RCA layer thickness and using a geogrid
as reinforcement were studied to maximise the use of RCA
in the base layer.

2.1 Materials

2.1.1 Base material

Two types of base materials were adopted in this study,
namely NA and RCA. NA served as the control group to
compare its properties with those of RCA. The NA is a
commercially supplied crushed Blue Metal, as shown in
Fig. 2(a), and its particle size distribution is presented in
Fig. 3. According to the Unified Soil Classification System
(USCS), NA is classified as well-graded gravel (GW).

The RCA used in this study was sourced from ACT
Recycling in Canberra, Australia, as shown in Fig. 2(b). The
particle size distribution of RCA is displayed in Fig. 3. To
facilitate a direct comparison between RCA and NA, the
RCA was sieved to match the particle size distribution of
NA. The particle size distribution of the sieved RCA is also
included in Fig. 3. It can be seen that the sieved RCA
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Fig. 3 Particle size distribution of NA and RCA before
and after size adjustment

exhibits a similar particle size distribution to that of NA. In
this study, RCA and NA were mixed in weight ratios of 0:1
(0% RCA), 1:3 (25% RCA), 1:1 (50% RCA), and 1:0
(100% RCA). Standard compaction tests, CBR tests, and
RLTTs were conducted on these mixtures. Based on the
results of CBR tests and RLTTs, the mixture with the
highest CBR and resilient modulus was selected as the base
material for small-scale cyclic loading tests. The setup of
small-scale cyclic loading tests is detailed in the following
sections.

2.1.2 Subgrade material

The subgrade material used in this study is black clay, as
shown in Fig. 2(c). The particle size distribution of the
subgrade soil is presented in Figure 4. Based on the USCS,
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Fig. 4 Particle size distribution of subgrade

Table 1 Properties of subgrade materials used in this study

Properties Subgrade
Plastic limit 43%
Liquid limit 84%

Plasticity Index 41%
USCS MH
oMC 32.4%
MDD 1,290 kg/m?
CBR at OMC and MDD 10% (Unsoaked)

this soil is classified as high plastic silt (MH). A series of
tests were conducted to determine the properties of
subgrade soil as per ASTM guidelines (ASTM-D4318,
2018, ASTM-D698, 2021, ASTM-D1883, 2021), and the
determined properties are summarised in Table 1.
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Fig. 5 GG40 used in this study

Table 2 Properties of geogrids

Biaxial GG40

Aperture size mm 31

Properties Units

Tensile strength at 2% elongation ~ kN/m 16
Tensile strength at 5% elongation ~ kN/m 32
Ultimate tensile strength KN/m =40

Elongation at ultimate strength %

As shown in Table 1, the CBR of the subgrade soil at its
MDD with OMC is approximately 10%. To assess the
suitability of RCA as a base material under worst field
conditions, the CBR of the subgrade soil was reduced to
simulate a weak subgrade layer. Therefore, a series of
unsoaked CBR tests were performed, with the subgrade soil
prepared at varying moisture contents and dry densities to
achieve a CBR value of less than 3%. In this study, the
subgrade soil was prepared with a moisture content of
46.6% at 91.5% of the MDD, resulting in a CBR value of
2.7%.

2.1.3 Geogrids

The geosynthetic employed in this study is a biaxial
geogrid, GG40, as shown in Fig. 5. Table 2 summarises the
geogrid properties as provided by the manufacturer. This
geogrid exhibits identical properties in both the machine
and cross-machine directions, with an ultimate tensile
strength exceeding 40 kN/m in both directions.

2.2 Preliminary tests

2.2.1 Standard compaction tests

Compaction tests were conducted on RCA-NA mixtures
with moisture contents varying from 6 to 12%, with
standard compaction effort defined in ASTM D698
(ASTM-D698, 2021). Sam ples with different moisture
contents were compacted in 3 layers with 25 blows per
layer in the standard compaction mould. The moisture
content was measured from the materials before compaction
as moisture can be partially drained during compaction.

2.2.2 California bearing ratio test

The CBR tests were performed on RCA-NA mixtures.
The standard CBR mould, with a diameter of 152.4 mm and
a height of 125 mm, along with a 50 mm diameter loading

Table 3 The loading sequences used in the RLT tests

Confining pressure (kPa) Stage Deviator stress (kPa)

1 15

2 30
30

3 60

4 120

1 30

2 60
60

3 120

4 240

plunger, was used in the tests. All test samples were
prepared at the OMC and MDD under the standard
compaction effort. After preparation, the unsoaked CBR
values of RCA-NA mixture were determined under the
loading rate of 1.25 mm/min.

2.2.3 Repeated load triaxial test

The resilient modulus (Mr) of RCA-NA mixture was
determined using RLTTs. The samples were prepared in a
split mould with a diameter of 100 mm and the height of
200 mm at corresponding OMC and MDD using the
standard compaction energy. A haversine-shaped wave
loading pulse was adopted with a loading period of 0.1 s
and the resting period of 0.9 s, as per AASHTO T307
guidelines (AASHTO 2017). To ensure the stability of the
sample, 10% of the applied deviator stress was used as the
resting load. A pre-loading stage of 1,000 cycles was
conducted for each sample with a confining pressure of 30
kPa and a deviator stress of 60 kPa. Two confining
pressures, namely 30 and 60 kPa, were adopted to assess the
effects of confining pressure on the behaviour of RCA.
Table 3 shows the deviator stresses and confining pressures
used in the RLTTs, with each stage consisting of 300 cycles.
For each test, at least two samples were prepared to ensure
the repeatability of the test results.

2.3 Small-scale cyclic loading test

2.3.1 Testing mould

To investigate the impact of traffic loads on pavement
performance, a series of cyclic loading tests was conducted
using a small-scale testing mould. This mould consists of a
circular base plate and a cylindrical plastic wall, as shown
in Fig. 6. The cylindrical mould has an inner diameter of
390 mm and a height of 620 mm, with a wall thickness of
30 mm. The dimensions of the mould were carefully
measured before and after each test to ensure there was no
deformation of the mould. The circular base plate is
constructed from an aluminium plate with a diameter of 520
mm and a thickness of 50 mm. The cylindrical wall and the
base plate are secured together using eight bolts through
pre-drilled holes.

A circular steel top plate, fabricated to fit onto the
cylindrical wall, has a diameter of 520 mm and includes a
central 60 mm diameter circular hole to allow the loading
plunger to pass through. Similar to the base plate, the top
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plate is also attached to the cylindrical wall using eight bolts
through pre-drilled threaded holes, after the sample has
been prepared. To facilitate surface displacement
measurements, four steel rods with small metal plates at one
end are constructed. The metal plates are placed on the
surface of the base layer, while four diametrically opposite
holes, drilled in the top plate at a distance of 100 mm from
the centre of the loading plunger, allow the rods to pass
through. Four linear variable differential transducers
(LVDTs) are then positioned to measure the vertical
displacements of the rods, as shown in Fig. 7.

The load is applied through the loading plunger, which
is attached to a hydraulic actuator with a maximum capacity
of 500 kN. The loading plunger has a diameter of 60 mm,
approximately 1/6.5 of the mould diameter (390 mm), a
ratio recommended by Abu-Farsakh et al. (2016) to
effectively minimise boundary effects. The vertical
displacements of the loading plunger, which reflect the
vertical displacements at the centre of the top base layer, are
measured directly by the hydraulic actuator. Fig. 7 shows a
schematic diagram of the test setup.

2.3.2 Sample preparation

The subgrade soil was air-dried and crushed. Then the
NA, RCA, and subgrade soil were oven-dried separately for
at least 24 hours. The RCA-NA mixture was then prepared
by combining the oven-dried RCA and NA in the
corresponding ratio by weight. The NA, RCA, and RCA-
NA mixture were each mixed with water to achieve their
respective  OMCs, as determined from the standard
compaction tests. The subgrade soil was mixed with water
to achieve a moisture content of 46.6%, as specified in
Section 2.1.2, and then stored in airtight containers for at
least 24 hours to ensure uniform water distribution.

In this study, the thickness of subgrade was 400 mm,
and the base layer thickness was selected as either 60 or 90
mm to maintain a 1:1 or 1:1.5 ratio with the loading plunger
diameter. According to Chummar (1972) and Lee and
Salgado (2005), the influence depth of a circular footing
approximately equates to the footing diameter, D. In
addition, based on Boussinesq’s stress theory (Boussinesq
and Caquot 1885), the vertical stress beneath the centre of a
uniformly loaded circular footing decreases to
approximately 28% of the applied surface vertical stress at a
depth of 1D, and further reduces to about 14% at 1.5D.
Beyond this depth, the stress increase induced by the
footing becomes negligible. Therefore, with a further
increase in base thickness, its influence on overall pavement
performance would also be negligible.

The subgrade was compacted in the testing mould in
eight layers to a dry density of 1,180 kg/m?, which was
91.5% of the MDD. Each subgrade layer was compacted to
a thickness of 50 mm using a 2.5 kg hammer with manual
compaction. To improve bonding between successive
layers, the surface of each compacted subgrade layer was
manually scratched before placing the next layer. The base
course was prepared by compacting the aggregates in 30
mm layers using a demolition hammer. The weight of base
materials used for each layer was carefully measured, and a
30 mm reference line was marked on the side of the mould
to ensure consistent layer thickness. Additionally, the
compaction pattern was consistently followed for each
layer. Approximately 10 mins were used to prepare each
base layer. For samples with a 60 mm base layer, the
geogrid was placed at the mid-depth of the base layer. The
geogrid was cut into a 390 mm diameter circle to align with
the testing mould diameter. After preparing the first 30 mm
of the base layer, the geogrid was placed on its surface, and
the second 30 mm layer was then constructed following the
procedures mentioned above. To ensure test consistency, all
samples were prepared under controlled laboratory
conditions, using the same preparation methods and
duration.

2.3.3 Test procedure

To evaluate the performance of NA, RCA and the RCA-
NA mixture under various applied stresses, a multi-stage
cyclic loading test was conducted. This approach provides a
fundamental understanding of the behaviour of different
materials under a range of loading conditions with the
minimum number of tests required. As shown in Fig. 8(a),
five stress amplitudes were used: 150 (stage 1), 250 (stage
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Table 4 Small-scale cyclic loading test program

Base Reinforcement
Test ID Base material thickness ..
condition
(mm)
NA 100% NA 60
RCA 100% RCA 60
RCA 90 100% RCA 90 Unreinforced
RCA-NA RCA and NA
. mixed by 60
mixture .
weights
Reinforced NA 100% NA 60
Reinforced o GG40
RCA 100% RCA 60

2), 350 (stage 3), 450 (stage 4), and 550 kPa (stage 5), with
10,000 cycles performed at each of the first four stress
levels and 50,000 cycles conducted at the 550 kPa loading
amplitude. The 550 kPa amplitude simulates the standard
tyre pressure corresponding to a standard axle load of 80
kN, therefore, a greater number of loading cycles was
applied at this amplitude to investigate the long-term
performance and suitability of RCA as a base material for
unpaved roads. The loading frequency of 0.77 Hz was
adopted, with a 0.8 s of loading period and a 0.5 s resting
period, as shown in Fig. 8(b).

Table 4 summarises the test program for the small-scale
cyclic loading tests used in this study. The 100% NA and
100% RCA were used as control groups to compare and
understand the behaviour of the RCA-NA mixture. The
weight ratio for the RCA-NA mixture was determined based
on the results of CBR tests and RLTTs, as details in
Sections 3.1.2 and 3.1.3.

3. Results and discussion
3.1 Preliminary test results

3.1.1 Compaction test results

The OMC and MDD of RCA-NA mixtures obtained
from standard compaction tests, are shown in Table 5. The
OMC of RCA is greater than that of NA, which can be
attributed to the higher water absorption capacity of RCA
compared to NA (Gémez-Soberon 2002, Katz 2003, Xiao et
al. 2005). Therefore, the OMC of RCA-NA mixtures
increases with RCA content, ranging from 8% at 0% RCA
to 10.2% at 100% RCA. The MDD of the mixture decreases
with increasing RCA content, with the 100% NA sample
having the highest MDD and the 100% RCA sample the
lowest. This is due to the residual cement mortar attached to
the RCA, which has a lower density (Sagoe-Crentsil ef al.
2001).

3.1.2 CBR test results

The CBR values for RCA-NA mixtures are summarised
in Table 5. It can be seen that the 100% NA and the 100%
RCA samples have comparable CBR values, with 100%
RCA has a slightly higher CBR wvalue. This can be
attributed to the greater intrinsic strength of RCA, which
results from the cementitious particles in RCA that improve
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Fig. 8 Multistage loading test program for small-scale
cyclic loading tests

Table 5 Results of compaction and CBR tests for the RCA-
NA mixtures

RCA content  NA content OMC MDD CBR
(%) (%) (%) (kg/m*) (%)

0 100 8.0 2,090 65.0

25 75 9.2 2,040 68.1

50 50 9.8 1,980 71.1

100 0 10.2 1,850 66.6

the bonding between aggregates. Additionally, it can be
observed that the RCA-NA mixtures have greater CBR
values compared to the 100% RCA sample, with the
mixture of 50% RCA and 50% NA having the highest CBR.
This may be attributed to the lower density and higher
moisture content of the RCA, which reduce its load-bearing
capacity (Thai et al. 2022). All samples have CBR values
greater than 60%, which can be classified as Type 2.2
materials according to Transport and Main Roads
Specifications (2022), making them suitable for use as base
or subbase materials in pavements.

3.1.3 Resilient modulus

The Mr of the RCA-NA mixture was calculated at the
end of each loading stage in the RLTTs, and the results are
presented in Fig. 9. In general, the resilient modulus of all
samples increases with the deviator stress, regardless of
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RCA content or applied confining pressure. This is because
higher deviator stress enhances the strength of the samples,
resulting in smaller elastic deformations (Gu et al. 2015).
Applying greater confining pressure to the samples also
increases the resilient modulus due to the improved
strength. It can be observed that under a given confining
pressure and deviator stress, the resilient modulus of RCA is
slightly greater than that of NA, and the RCA-NA mixture
with a 1:1 weight ratio (50% RCA and 50% NA) exhibits
the highest resilient modulus in most conditions. Since the
50% RCA and 50% NA mixture, referred to as SORCA-
SONA in the following context, demonstrated the greatest
CBR value and resilient modulus, it was selected as the
base material for use in the small-scale cyclic loading tests.

3.2 Small-scale cyclic loading test results

3.2.1 Effects of RCA on rutting performance

As mentioned above, the S50RCA-50NA sample
exhibited the highest CBR value and resilient modulus.
Therefore, in the small-scale cyclic loading tests, NA (100%
NA), RCA (100% RCA), and SORCA-50NA were used as
base materials to study the effects of RCA on rutting
performance.

Fig. 10 illustrates the development of cumulative
permanent surface displacements with the number of cycles,

measured at the centre of the loading plunger for samples
constructed with these three materials in a 60 mm-thick
base layer. Results show that the permanent deformation
increases with the number of load cycles. The permanent
deformation increases significantly during the first few
loading cycles at each loading stage, after which the rate of
rutting depth increase reduces as the number of cycles
continues to increase. The test with 100%NA base material
failed after approximately 30,000 cycles, with an
accumulated permanent deformation of 10.4 mm. However,
specimens with RCA and the SORCA-50NA mixture exhibit
significant rutting resistance, with the SORCA-50NA
mixture showing the smallest rut depth. Both RCA and the
50RCA-50NA mixture have higher CBR values than NA,
indicating greater intrinsic strength. Additionally, both RCA
and the S0RCA-50NA mixture have higher OMCs than NA.
This can be attributed to the residual cement mortar in the
RCA and the crushing process undergone by the RCA,
which increases its water absorption capacity compared to
NA (Gomez-Soberén 2002, Katz 2003, Xiao et al. 2005).
Furthermore, RCA exhibits a greater OMC and lower MDD
than the SORCA-50NA mixture, resulting in a higher water
content in the small-scale cyclic loading test samples.
During cyclic loading, greater fluctuations in pore water
pressure reduce the rutting resistance of the RCA
specimens. Consequently, the S50RCA-50NA mixture
demonstrates the smallest displacement among these three
base materials.

3.2.2 Effects of base thickness on
performance

Fig. 11 shows the effects of base thickness on the
permanent deformation of RCA. As one would expect,
increasing the base layer thickness from 60 mm to 90 mm
reduced the permanent deformation from 10.2 mm to 6.2
mm by the end of the test. According to Boussinesq’s stress
distribution theory, the vertical stress beneath a circular
footing decreases from approximately 28% of the applied
surface stress at a depth of 1D to around 14% at a depth of
1.5D. Therefore, as the thickness of the base layer
increases, the vertical stress applied to the subgrade
decreases, resulting in a reduction in rutting depth.
However, the 90 mm-thick RCA base still exhibits a greater
rut depth compared to that of the SORCA-50NA mixture. To
optimise the use of waste materials, further efforts are
required to reduce the rut depth of the RCA sample.

rutting

3.2.3 Effects of geogrid on rutting performance

The geogrid was placed at the mid-depth of the 60 mm
thick base layer in both the NA and RCA samples to
optimise material performance by enhancing their rutting
resistance.

As shown in Fig. 12, both reinforced NA and reinforced
RCA exhibit lower permanent deformations than
unreinforced samples, demonstrating the effectiveness of
reinforcement in reducing deformation under loading.
When comparing the rut depth of the geogrid-reinforced NA
sample to the unreinforced NA sample, it is clear that the
inclusion of the geogrid significantly extends the service
life of the NA sample, which previously failed after
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Fig. 11 Surface displacements for RCA and the SORCA-50NA samples with 60 mm thick base and RCA with 90 mm

base

approximately 30,000 cycles. Furthermore, the inclusion of
the geogrid significantly enhances rutting resistance,
reducing rut depth by 52% after 30,000 loading cycles. By
the end of the test, the reinforced RCA sample exhibited a
permanent deformation of approximately 4 mm, indicating
a 60.8% reduction in deformation due to the geogrid's
reinforcing effect. This outcome highlights the effectiveness
of geogrid reinforcement in enhancing the durability and
long-term stability of RCA-based base materials. As
reported by Abu-Farsakh et al. (2016) and Aregbesola and
Byun (2024), the incorporation of geosynthetic
reinforcement results in a redistribution of the applied load
over a larger area, effectively minimising stress
concentration and promoting a more uniform vertical stress
distribution across the subgrade layer. As a result, the
subgrade experiences a lower maximum vertical stress and,
consequently, resulting in a decrease in permanent vertical
strain within the subgrade.

To better understand and compare the improvements
induced by the geogrid at each loading stage, the

improvement ratio (IR) is calculated using the following
equation

IR(%) _ 1S = Suel 100 )
Sur
where IR is the improvement ratio, Sp is the permanent
displacement accumulated within a given number of cycles
for the reinforced sample, and Sy is the permanent
displacement accumulated at the same number of cycles for
the unreinforced sample.

Fig. 13 shows the IRs calculated for both reinforced NA
and reinforced RCA samples. The IR was determined at the
end of each of the first four loading stages, and for the 550
kPa stress level, the IR was calculated after every 10,000
cycles. The IRs for the first three loading stages of NA were
determined, as the unreinforced NA failed at the start of
stage 4. It is observed that the geogrid reduces the rutting
depth of NA by approximately 60% at each stage. For the
RCA sample, the IR value is approximately 50% for the
first four stages. It then increases significantly to 90%
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during the first two 10,000 cycles of stage 5, decreases to
50% during the third 10,000 cycles, and shows a significant
increase again in the final two 10,000 cycles. As shown in
Fig. 12, the permanent deformation of the unreinforced
RCA sample exhibits plastic creep behaviour, rapidly
accumulating during the first 20,000 cycles of stage 5, with
the accumulation rate gradually slowing after 20,000 cycles.
After stage 5-3, a sudden rise in the rate of rut depth
accumulation is observed during the final two 10,000
cycles. In contrast, the permanent deformation of the
reinforced RCA sample shows plastic behaviour, with a
significant increase during stage 5-1. Following this, the
rate of increase gradually decreases in the subsequent
cycles, eventually stabilising and reaching nearly constant
values after stage 5-2. Therefore, the variation in IR values
shown in Fig. 13 for reinforced RCA is primarily related to
the changes in permanent deformation observed in the
unreinforced RCA samples. When the unreinforced RCA
sample experiences significant permanent deformation, the
IR value increases. Conversely, as the rate of permanent
deformation accumulation in the unreinforced RCA

decreases, the IR value decreases as well. In general, it can
be concluded that the geogrid enhances rutting resistance,
providing the samples with greater stability.

3.2.4 Surface permanent deformation profiles

The total surface deflection was measured using the
loading plunger and four LVDTs positioned 100 mm from
the centre of the loading area. Fig. 14 displays the
deflection basins for all test samples at the end of each
stage, except for the NA sample, which failed at the
beginning of stage 4. As expected, with an increase in
loading amplitude, the surface of the samples exhibited
progressively greater settlement. For each sample, the
maximum deflection occurred directly beneath the centre of
the loading area, and the magnitude of the deflection
diminished with increasing distance from the centre. The
reinforced samples consistently showed lower displacement
compared to the unreinforced models, indicating that the
geogrid was effective in reducing surface settlements.
Furthermore, at stages 3 and 4, the NA sample exhibited
significant surface heaving prior to failure. As the
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settlement at the loading area became substantially high, it 4. Conclusions
resulted in the upward movement of the surrounding soil, a
clear indication of the sample’s structural failure. The results show that the RCA material used in this
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study has a great quality and can be used as an alternative

aggregate for the base layer in road construction. The

following conclusions can be drawn:

e The results of CBR tests and RLTTs suggest that
incorporating 50% RCA into NA can potentially
increase the CBR wvalue and resilient modulus,
indicating the potential application of RCA to partially
replace NA in road base and subbase materials.

*  The permanent deformation versus number of cycles
plots obtained from the small-scale cyclic loading
tests show that permanent deformation increases with
the number of loading cycles. However, the rate of
increase in permanent deformation decreases with
further increases in the number of cycles. These test
results also demonstrate that the 50RCA-50NA
mixture has the smallest rutting depth, indicating its
greater intrinsic strength.

*  The geogrid significantly improves the behaviour of
both the NA and RCA samples by reducing permanent
deformation and extending service life. It reduces rut
depth by 52% after 30,000 loading cycles for the NA
sample and by 60.8% for the RCA sample at the end
of the test.

e The maximum deflection occurs directly beneath the
centre of the loading area, with the magnitude of
deflection decreasing as the distance from the centre
increases.

While this paper provides valuable insights into the
potential use of RCA in road construction, its findings are
limited to a single type of geogrid and RCA. The stiffness
and aperture size of the geogrid, as well as the type of RCA,
may influence the test results. Further research is needed to
address their impact. Additionally, conducting a life cycle
assessment and life cycle cost analysis would provide a
more comprehensive understanding of the environmental
and economic impacts of RCA application. Moreover, the
relationship between laboratory cyclic loading test results
and pavement behaviour under field conditions can be
established through numerical simulations, which the
authors are currently conducting.
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