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A B S T R A C T

This study investigates the performance of mixed recycled aggregates (MRA) derived from construction and 
demolition waste (CDW), which incorporates approximately 81% recycled concrete aggregates and 16% crushed 
brick, when blended with natural gravel aggregates through a comprehensive experimental program. Shear 
behaviour and dilatancy characteristics of these materials are evaluated within the critical state soil mechanics 
framework using consolidated drained monotonic triaxial tests. The results reveal that while pure MRA 
(MRA100) attains higher peak shear strength than pure NGA (NGA100), it also exhibits potential limitations, 
including the most pronounced strain softening (SS) behaviour, the highest maximum dilation angle (ψmax), and 
a substantial difference between soaked and unsoaked CBR values (ΔCBR). Incorporating NGA into MRA sub
stantially mitigates these issues, resulting in blends with reduced SS, lower ψmax and smaller ΔCBR compared to 
MRA100, while achieving higher peak shear strength than NGA100. NGA/MRA mixtures generally exhibit 
greater effective friction angles than their parent materials (NGA100 and MRA100) under both peak (ϕ'peak) and 
critical (ϕ'cs) states. With increasing MRA percentage in the mixtures, ϕ'peak increases and ϕ'cs remains relatively 
constant, but the peak apparent cohesion (c'peak) decreases. Among all mixtures, NGA25/MRA75 emerges as the 
optimal mix, demonstrating a balance of strength, moisture resilience and ductility. This is evidenced by NGA25/ 
MRA75 exhibiting the highest ϕ'peak and CBR values (both soaked and unsoaked), alongside the lowest ΔCBR, 
and minimal SS and ψmax. These findings highlight the synergistic benefits of blending recycled CDW with NGA, 
producing a composite with superior mechanical properties and improved resilience under saturated conditions. 
By providing critical insights into the engineering behaviour of recycled waste materials, this study supports their 
broader adoption in transportation infrastructure projects and promotes sustainable construction practices.

1. Introduction

The use of recycled construction and demolition waste (CDW) as an 
alternative to natural gravel aggregates (NGA) presents significant op
portunities, particularly in geotechnical engineering applications, where 
there is a substantial demand for granular materials. In Australia, the per 
capita consumption of aggregates stands at approximately 7 tonnes 
annually [1]. Furthermore, in 2021, the generation of CDW reached 
approximately 29 million tonnes, of which an estimated 22% was 
disposed of via landfilling [1,2]. This highlights the necessity to bridge 
the increasing demand for construction aggregates with the critical 
challenge of managing them effectively, thereby preventing environ
mentally harmful landfilling practices and excessive depletion of natural 
resources.

Over the last few decades, there has been a growing interest in using 
recycled CDW in transport infrastructure applications, such as pavement 
bases and subbases [3–9], embankment fills [10–13], backfills for slopes 
and retaining walls [14–16]. While the integration of CDW into sus
tainable construction practices seems essential, it is important to gain a 
proper understanding of its mechanical behaviour compared to con
ventional natural materials. Recycled CDW is characterised by its 
inherent heterogeneity and is referred to as mixed recycled aggregates 
(MRA) in the present study. In general, this composition primarily 
comprises recycled concrete aggregate (RCA), along with crushed brick 
(CB), tile, ceramic, mortar, and smaller quantities of wood, glass, plastic, 
and metal [6,17]. This inherent variability poses a significant challenge 
for evaluating the performance of MRA, particularly since their primary 
components, RCA and CB, possess distinctly different physical and 
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mechanical properties compared to NGA [18].
RCA is typically more porous and has a lower density and higher 

capacity for water absorption than NGA, primarily due to residual 
cement mortars that remain attached to its particles [19,20]. This 
property contributes to their self-cementing capability, which arises 
from the secondary rehydration of the adhered mortar upon exposure to 
moisture [21–23]. The self-cementing characteristic of RCA can exhibit 
significant variability, influenced by its freshness and quality, depending 
on the material source (i.e., old or new RCA), the quantity of the adhered 
mortar, and the water exposure time [21,24]. The second major 
component of MRA, namely CB, is characterised by its lower density, 
higher crushing value, increased porosity, and greater water absorption 
compared to RCA [25–27].

Thus, the performance of MRA depends on the relative proportions of 
its constituents, especially RCA and CB. For instance, Arulrajah et al. 
[25] reported that incorporating up to 25% CB into RCA and crushed 
rock blends is feasible for use in pavement subbase applications, as the 
level of breakage in CB particles remains within acceptable limits up to 
this proportion. It is therefore crucial to develop a comprehensive un
derstanding of MRA, particularly regarding how their heterogeneity 
influences the mobilisation of shear strength [18,28,29]. This is espe
cially critical for flexible pavements, where unbound base and subbase 
materials with higher shear strength have been found to be more 
effective at reducing rutting [30,31]. Likewise, a knowledge of the shear 
behaviour of MRA is vital for other applications, such as predicting 
potential failure of earth structures, including embankments and 
retaining walls, and ensuring their overall stability [26,32].

So far, investigations into the shear behaviour of MRA have pre
dominantly been conducted through direct shear tests, with a specific 
emphasis on analysing the interfacial behaviour of these materials [6, 
33]. However, monotonic triaxial compression tests allow for a more 
intricate examination of the shear behaviour of heterogeneous mate
rials. While some studies have utilised triaxial tests to examine the 
behaviour of waste aggregates through fundamental stress-strain and 
volumetric analysis [34], there is a need for more intricate analyses 
aimed at gaining a deeper understanding of the complex shear behav
iour of heterogeneous materials. In this context, the critical state soil 
mechanics (CSSM) framework is frequently applied to investigate the 
stress-dilatancy behaviour of materials with inherent heterogeneity 
under varying morphology, physical state and loading conditions 
[35–37]. Using this framework, Zhang and Yang [38] identified that the 
dilation characteristics of asphalt mixtures are affected by the properties 
of the aggregates involved, including shape, size and density. Addi
tionally, Yilmaz et al. [39] examined the stress-dilatancy characteristics 
of binary silica sand blends and found that the fines content and particle 
size ratio have a significant impact on the critical state parameters of 
these heterogeneous mixtures.

Specifically focusing on MRA as a highly heterogeneous material, 
Sarkar and Hegde [40] examined the stress-dilatancy and critical-state 
behaviour of MRA, in comparison to steel slag, assessing their poten
tial for use in reinforced soil structures. Furthermore, Arulrajah et al. 
[28] investigated the shear strength and dilatancy characteristics of 
MRA through consolidated drained triaxial tests. They found that both 
CB and RCA display a typical shear response akin to coarse-grained soils, 
with higher dilatancy correlating with increased peak friction angles. 
Yang et al. [41] also studied the effect of the sphericity of particles on the 
macroscopic mechanical properties of MRA through a discrete element 
simulation of a triaxial sample based on the CSSM framework. They 
revealed that with increasing sphericity, the peak deviatoric stress di
minishes. Naeini et al. [42] investigated the stress-dilatancy of MRA 
mixed with recovered plastics (RP) through a set of monotonic drained 
triaxial tests. The results indicated that RP content had a notable impact 
on the compressibility of the MRA, which included RCA and CB. 
Furthermore, it was observed that CB aggregates exhibited greater 
breakage potential than RCA particles, a crucial factor that influences 
the shear strength characteristics of MRA.

It is important to highlight that existing studies on the stress- 
dilatancy behaviour of MRA have primarily focused on various blends 
of recycled materials, whereas analyses involving mixtures of MRA with 
NGA remain scarce. Although a limited number of studies have reported 
the apparent cohesion and friction angle values of NGA/MRA mixtures 
[43,44], a significant gap remains in the literature regarding the 
stress-dilatancy and critical state behaviour of these highly heteroge
neous mixtures.

This study aims to investigate the drained shear behaviour and 
stress-dilatancy characteristics of MRA and NGA individually and 
compare these findings with results from three NGA/MRA mixtures 
through a comprehensive experimental program. The effect of MRA 
content on the dilatancy, peak, and critical state characteristics of the 
mixtures is thoroughly evaluated, which is the main novelty of this 
study. Finally, the optimal mixture percentage is identified based on key 
shear strength parameters. The essential contribution of this study is to 
provide the rationale for integrating NGA into MRA rather than relying 
solely on MRA or NGA, through an intricate assessment of their com
bined performance within the CSSM framework.

2. Methodology

2.1. Basic characterisation

The materials utilised in this study, namely NGA and MRA, were 
procured from local suppliers in New South Wales, Australia. In general, 
MRA primarily consists of RCA along with foreign materials such as CB, 
metal, ceramics, plaster and other impurities. Table 1 presents the 
typical composition of MRA used in this study, determined in accor
dance with DTMR Q477 [45] specification. This specification analyses 
the foreign materials content within MRA materials, which are available 
alongside the main component, RCA. As indicated in Table 1, the MRA 
used in this study contains 81.4% RCA and 18.6% of foreign material, 
including 15.6% CB and 3% other impurities. It is acknowledged that 
waste streams exhibit inherent variability. Thus, the inherent differ
ences in source, processing and composition contribute to higher het
erogeneity of MRA in comparison to NGA. In alignment with established 
methodologies for fundamental material characterisation (i.e., [43,46]), 
this study utilises a representative industrial sample from a single batch 
of a centralised recycling supplier in NSW. This approach effectively 
isolates the mechanical behaviour of the material itself (including 
stress-strain, breakage, and dilatancy) from the statistical variability of 
production, which falls under a future scope of research. However, later 
in Section 3.8, to determine the optimal mix proportions based on 
various shear strength properties, a Monte Carlo analysis is conducted. 
This analysis takes into account the uncertainties which may arise from 
various factors, including the high intrinsic variability of the waste 
materials.

In accordance with specifications prescribed by the Department of 
Transport and Main Roads (DTMR) [47] and the Scenic Rim Regional 
Council (SRRC) [48], which are specifically tailored for materials suit
able for base and subbase layers of flexible pavements, a target particle 
size distribution (PSD) is established in this study, as illustrated in Fig. 1. 
All materials, including NGA, MRA, and their mixtures, were sieved and 
reconstituted to match this target PSD curve, which serves as a unified 

Table 1 
Typical composition of mixed recycled aggregates (MRA) used in this study.

Material type Percentage

Recycled concrete aggregates (RCA) 81.4%
Crushed brick (CB) 15.6%
Metal, ceramics and slag (other than blast furnace slag) 1.1%
Plaster, clay lumps and other friable material 0.3%
Rubber, plastic, bitumen (not part of asphalt), paper, cloth, paint, 

wood and other vegetable matter 0.4%

Asphalt 1.2%

N. Khorsandiardebili et al.                                                                                                                                                                                                                    Construction and Building Materials 526 (2026) 146423 

2 



target gradation, effectively eliminating the influence of gradation 
variability. As a result, observed differences in shear strength and 
dilatancy can be attributed solely to the morphological and composi
tional characteristics of the aggregates, rather than discrepancies in 
particle size distribution.

Following Australian standards, a complete basic characterisation of 
NGA and MRA is performed. In addition to standard compaction and 
CBR tests, aggregate characteristics were analysed through various tests, 
including the particle density, water absorption, flakiness index, Atter
berg limits and organic content test. The results of the basic character
isation tests are summarised in Table 2, accompanied by the relevant 
standards used. It must be noted that the CBR and compaction test re
sults for the mixtures are discussed in Section ↱3.2.

Table 2 indicates that MRA contains a lower percentage of flaky 
particles, with a flakiness index (FI) of 5.8%, compared to NGA, which 
has a FI of 11.7%. It can also be observed that the apparent particle 
density of MRA is less than that of NGA. Moreover, the water absorption 
(WA) for MRA is 6.3%, surpassing NGA with a WA of 4.4%. The greater 
porosity of RCA (along with the adhered cement mortar) and especially 
CB, present in MRA, may be the reason for reduced density and elevated 
water absorption of MRA compared to NGA [20,51]. Atterberg limit 
tests indicate that both NGA and, more notably, MRA contain fines with 

negligible plasticity. NGA exhibits a low plasticity index (PI) of 3.6%, 
whereas the MRA fines are non-plastic (i.e., PI = 0). Additionally, both 
NGA and MRA exhibited minimal shrinkage potential, with linear 
shrinkage values of 0.6% and 0.7%, respectively. NGA also contains 
lower organic content (1.2%) than MRA (2.3%).

Fig. 2 illustrates a comparison of basic characteristics of NGA and 
MRA used in this study with those reported in the literature [1,43,46,52, 
53]. It is apparent from Fig. 2 that the basic properties of NGA and MRA 
utilised in this study closely align with the upper and lower limits re
ported in the literature for these materials.

2.2. Monotonic triaxial test

A series of consolidated drained (CD) triaxial compression tests were 
conducted in this study to investigate the behaviour of NGA, MRA and 
their mixtures, following ASTM D7181–20 [54]. As shown in Fig. 3, a 
GDS monotonic triaxial testing apparatus capable of applying confining 
pressures up to 2 MPa and axial forces up to 40 kN is utilised in this 
study to conduct a total of 15 CD triaxial compression tests on cylindrical 
specimens measuring 100 mm in diameter and 200 mm in height. These 
dimensions ensure that the boundary effects on test results are mini
mised by maintaining a particle size to diameter ratio greater than 5 
[55].

Sample preparation involved careful processing of both NGA and 
MRA through sieving and classification to achieve the desired PSD, as 
depicted in Fig. 1, with a maximum particle size limit of 19 mm 
considered for the parent materials and their mixtures. The aggregates 
were oven-dried for approximately 24 h at 110 ◦C and subsequently 
allowed to equilibrate to room temperature. Water was then added to 
achieve the desired optimum moisture content (OMC), and the mixture 
was stored in a sealed container for 24 h to promote uniform moisture 
distribution. Samples were compacted in five distinct layers at their 
OMC to achieve maximum dry density (MDD) (with relative compaction 
exceeding 98%).

For the testing phase, the compacted specimens were placed on a 
saturated porous disc within the triaxial apparatus, with an additional 
porous disc positioned on top of each specimen. Filter papers were 
affixed to porous disks to prevent their clogging. The entire assembly 
was encased in a 1-mm thick latex rubber membrane and equipped with 
drainage and pressure monitoring connections (Fig. 3). To facilitate 
saturation, back pressure and cell pressure were gradually increased 
while maintaining a constant effective stress on the samples, targeting a 
minimum Skempton's pore pressure parameter (B value) of 0.95 to 
ensure full saturation. Once saturated, the specimens were isotropically 
consolidated at effective confining stresses of 15, 50, and 150 kPa, 
covering a range from low stress levels typical of near-surface applica
tions (e.g., base or subbase layers) to higher stress levels experienced at 
larger depths, such as the base of embankment fills [56,57]. Subse
quently, drained shear tests were performed at an axial strain rate of 
0.05 mm/min to ensure the prevention of excess pore water pressure 
during shearing [54], with loading continued until an axial strain of 15% 
was reached.

3. Results and discussion

3.1. Compositional characteristics of NGA100, MRA100 and NGA/MRA 
mixtures

Before presenting the results, it is essential to describe the compo
sitional characteristics and structural differences of the parent materials 
and their mixtures examined in this study. This information provides 
essential context for interpreting the behaviour of the tested materials. 
As detailed in Section ↱2.1, MRA is inherently heterogeneous, consisting 
primarily of approximately 81% RCA and 16% CB, with impurities 
comprising around 3%. For practical purposes, MRA can therefore be 
treated as a binary mixture by ignoring minor impurities. In contrast, 

Fig. 1. Target PSD curve for natural gravel aggregates (NGA), mixed recycled 
aggregates (MRA) and their mixtures, satisfying both DTMR [47] and SRRC 
[48] criteria.

Table 2 
Basic characterisation test results for natural gravel aggregates (NGA) and mixed 
recycled aggregates (MRA).

Property NGA MRA Standard

Flakiness index, FI (%) 11.7 5.8 DTMR Q201 [45]
Apparent particle density, ρs 

(kg/m3) 2670 2610
AS 1141.5 [49] & AS 
1141.6.1 [50]

Water absorption, WA (%) 4.4 6.3
AS 1141.5 [49] & AS 
1141.6.1 [50]

Liquid limit, LL (%) 23.6 28.6 DTMR Q104A [45]
Plastic limit, PL (%) 20 NP# DTMR Q105 [45]
Linear shrinkage, LS (%) 0.6 0.7 DTMR Q106 [45]
Organic content, OC (%) 1.2 2.3 DTMR Q120B [45]
Optimum moisture content, 

OMC (%) 10.5 14.1 DTMR Q142A [45]

Maximum dry density, MDD 
(kg/m3)

2073 1908 DTMR Q142A [45]

CBR (Unsoaked) (%) 124.6 109.3 DTMR Q113C [45]
CBR (4-day soaked) (%) 138.6 158.0 DTMR Q113C [45]

# NP = Non plastic
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NGA is comparatively homogeneous. These fundamental differences 
cause pronounced morphological and structural contrasts between the 
pure-material specimens, namely NGA100 and MRA100, which are also 
referred to as the “parent materials”.

When NGA and MRA are combined in proportions of 25%, 50%, and 
75%, the resulting composites constitute ternary mixtures, namely NGA, 
RCA and CB. Accordingly, the parent materials serve as benchmarks for 

evaluating the performance of the NGA/MRA mixtures. The term 
“mixtures” in this study explicitly refers to NGA75/MRA25, NGA50/ 
MRA50, and NGA25/MRA75. Trends associated with increasing MRA 
content are analysed for the “mixtures” and compared relative to the 
results of “parent materials”. This explicit differentiation of material 
nature (namely, homogeneous NGA, binary MRA, and ternary NGA/ 
MRA mixtures) enables a more realistic assessment and supports a 

Fig. 2. Comparison of basic characteristics of NGA and MRA in the present study, with lower limit (LL) and upper limit (UL) established from literature data [1,43, 
46,52,53].

Fig. 3. Monotonic triaxial test apparatus used in this study.
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nuanced interpretation of the observed geotechnical behaviour. In the 
same context, the term “materials” refers to both parent materials and 
mixtures in a generic manner.

3.2. Compaction and CBR test results

Fig. 4 illustrates the dry density–moisture content relationships for 
pure NGA and MRA, as well as their blends, alongside the corresponding 
values of OMC and MDD for each material. It is evident that NGA100 
exhibits the highest packing ability among all tested materials, 
achieving the highest MDD of 2073 kg/m³ and the lowest OMC of 
10.5%. In contrast, MRA100 shows the lowest MDD at 1908 kg/m³ and 
the highest OMC at 14.1%.

With increasing the MRA percentage in the mixtures, OMC increases, 
while the packing capability degrades, as evidenced by the observed 
decrease in MDD. The lower MDD of the mixtures compared to NGA100 
can be attributed to the lower apparent particle density (see Table 2) as 
well as higher angularity of MRA particles which increases the void 
ratios of the mixtures [58]. Furthermore, due to the enhanced water 
absorption characteristics of MRA particles (see Table 2), a greater 
amount of water is required to achieve optimal compaction for the 
mixtures in comparison to NGA100.

Fig. 5 presents a comparative analysis of the unsoaked and 4-day 
soaked CBR values, along with their differences, for NGA100, 
MRA100, and their mixtures. Notably, MRA100 achieves the highest 
soaked CBR value of 158% among all tested materials; however, it ex
hibits the lowest unsoaked CBR value of 109.3% [Fig. 5(a)]. The mix
tures exhibit an increasing trend in both soaked and unsoaked CBR 
values as the percentage of MRA increases. Furthermore, NGA25/ 
MRA75 demonstrates superior unsoaked CBR values compared to both 
NGA100 and MRA100, while its soaked CBR is roughly comparable to 
MRA100 and exceeds that of NGA100.

The difference between the soaked and unsoaked CBR values 
(ΔCBR), illustrated in Fig. 5(b), reflects the sensitivity of each mixture to 
saturation and moisture variation. NGA100 demonstrates the lowest 
sensitivity, evident through the smallest ΔCBR value, while MRA100 
exhibits the highest sensitivity, with a difference of approximately 49%. 
This indicates that the strength of MRA100 increases significantly when 
soaked in water for 96 h. However, at its OMC state (i.e., unsoaked 
condition), the least CBR value is observed for MRA100, even lower than 
that of NGA100. The elevated soaked CBR values and the significant 
disparity between soaked and unsoaked CBR in the MRA100 samples, 

which are rich in RCA, can be attributed to the secondary hydration of 
unhydrated cement particles present in the adhered mortar upon 
exposure to water during the soaking phase [21–23,40]. The four-day 
soaking period, an essential component of the soaked CBR test, serves 
effectively as a curing phase that promotes the rehydration process. 
Comparably, Martinez-Echevarria et al. [59] documented great differ
ences between soaked and unsoaked CBR values, reporting an unsoaked 
CBR of 120% and a soaked CBR of 242%, reflecting an impressive in
crease of up to 122%. Furthermore, their findings indicated that pro
longing the soaking period can further elevate CBR values across various 
types of mixed RCA. In contrast, for natural aggregates, they reported 
relatively modest differences in CBR values, typically less than 13%, 
regardless of the soaking duration.

As the percentage of MRA in the mixtures increases, the differences 
in CBR values also rise marginally, indicating a slightly higher sensi
tivity to moisture variations [see Fig. 5(b)]. However, a significant 
disparity exists between the moisture sensitivities of MRA100 and the 
mixtures. The incorporation of non-plastic NGA fines appears to disrupt 
the cementitious bonding within the RCA particles in MRA, leading to 
reduced sensitivity in the mixtures. Furthermore, the strength in these 
mixtures appears to shift primarily towards the interlocking of particles Fig. 4. Relationship between dry density and moisture content for the parent 

materials and their mixtures.

Fig. 5. (a) Unsoaked and 4-day soaked CBR test results; (b) differences between 
soaked and unsoaked CBR values, both plotted against the percentage of MRA 
in the mixtures.
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coupled with the filling of voids resulting from the breakage of weaker 
MRA particles by stiffer NGA particles. Increasing the MRA percentage 
in the mixtures to 75% yields a robust combination that outperforms 
NGA100 in its unsaturated OMC state. Thus, NGA25/MRA75 emerges as 
the most stable mixture, demonstrating elevated CBR values in both 
soaked and unsoaked states, along with minimal variation in strength 
under moisture variations. It must be noted that all blends exhibited 
negligible swelling during the soaking tests.

In subsequent sections, a comprehensive discussion on the mono
tonic triaxial test results is provided that delves deeper into the physical 
phenomena governing the shear behaviour of the mixtures and their 
parent materials.

3.3. Introduction to stress-dilatancy behaviour of NGA/MRA mixtures

Fig. 6 illustrates a typical stress–dilatancy relationship for an NGA/ 
MRA mixture. A comparable trend is consistently observed across all 
NGA/MRA mixtures and at various confining stress levels in this study 
(as demonstrated later in Sections ↱3.4 and ↱3.5), highlighting their 
alignment with the behaviour of the parent material MRA100, along 
with NGA100. Figs. 6(a) and 6(b) depict the relationships of deviatoric 
stress (q, where q = σ′1 − σ′3; σ′1 and σ′3 are the major and minor effective 
principal stresses, respectively) and volumetric strain (εv), respectively, 
with axial strain (εa). Furthermore, Fig. 6(c) depicts a typical stress 
ratio–dilatancy plot of a mixture. The stress ratio (η) is defined as the 
ratio of deviatoric stress to mean effective stress [p', where ṕ  = (σʹ

1 +

2σ3́)/3], represented by η = q /p′. Dilatancy denotes the rate of volu
metric change that occurs during shearing in relation to the change in 
deviatoric strain, as expressed by the following equation: 

D =
dεv

dεq
(1) 

where D is the dilatancy parameter, dεv represents the increment in 
volumetric strain, and dεq denotes the increment in deviatoric strain. 
The volumetric and deviatoric strains are calculated as follows: 

εv = εa +2ε3 (2) 

εq =
2
3
(εa − ε3) (3) 

where ε3 refers to the radial strain. It must be noted that the contraction 
is considered positive in this study, while dilation is regarded as nega
tive, in accordance with the soil mechanics conventions.

Dilatancy can also be inferred from Fig. 6(b) by examining the trend 
in the tangential slope of the volumetric strain-axial strain graph (m). 
Zero dilatancy can be represented by a tangential slope of zero in Fig. 6
(b), while maximum dilatancy (Dmax) is related to the tangential slope at 
its maximum absolute value, occurring at point D*. Fig. 6 also illustrates 
some key phases during the shearing process that facilitate a better 
understanding of the material response, as discussed in the subsequent 
sections.

3.3.1. Pre-peak behaviour

3.3.1.1. Phase I. In the first phase, which commences when the samples 
are subjected to shearing (point A in Fig. 6) in CD triaxial tests, the 
sample begins to contract, showing positive volumetric strain [see Fig. 6
(b)]. During this phase, along with the volumetric contraction, the shear 
strength begins to mobilise, as illustrated in Fig. 6(a). The contraction 
persists until it reaches the phase transition point (point B), where the 
dilatancy value shifts from positive to zero (DB = 0) and then to nega
tive, indicating a change in the behaviour of the material from 
contractive to dilative [Fig. 6(c)].

3.3.1.2. Phase II. This phase commences when the samples begin to 
dilate [point B in Fig. 6] under shearing and continues until the 
maximum deviatoric stress is reached (point C in Fig. 6). It is noted that, 
under a given confining stress, the peak stress ratio (ηpeak) typically 
occurs at the same axial strain as the peak deviatoric stress (qpeak). As 
can be seen in Fig. 6(b), during this phase, as εa increases, q increases, 
and the sample exhibits continuous dilation [Fig. 6(c)], reflected as a 
continuous increase in absolute volumetric strain [Fig. 6(b)] until the 
peak stress state is reached. During this phase, although dilatancy in
creases, it has not yet surpassed the maximum dilatancy state.

3.3.2. Post-peak behaviour

3.3.2.1. Phase III. This phase commences at the peak stress state and 
extends until the maximum dilatancy is achieved [point D* in Figs. 6(a) 
and 6(b)]. During this period, the sample continues to exhibit dilation, 
reaching its greatest dilatancy value (Dmax). Dmax is correlated with the 
maximum dilation angle of a sample, which will be presented in Section 
↱3.7. It is important to note that, at this stage, dilation is accompanied by 
strain softening (SS), meaning that the corresponding point on the stress- 
strain curve reflects a deviatoric stress that is lower than qpeak. As 
observed in Fig. 6(c), after the peak point in stress-dilatancy space, a 
hook-shaped return to the direction of lower stress ratio in the curves is 
observed, similar to the behaviour reported by Jin et al. [60] for 
crushable calcareous sands, which exhibited a downward hook turn.

3.3.2.2. Softening behaviour and critical state. Upon reaching the 

Fig. 6. Schematic representation of the change in (a) deviatoric stress with 
axial strain; (b) volumetric strain with axial strain; and (c) stress ratio with 
dilatancy for a typical NGA/MRA mixture specimen tested in this study.
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maximum dilatancy, the softening behaviour persists as deviatoric stress 
diminishes until it stabilises to a nearly constant residual level [Fig. 6
(a)]. During this period, the volumetric strain ultimately achieves a 
point where the dilatancy rate becomes zero [DE = 0, shown in Figs. 6(b) 
and 6(c)], commonly referred to as the critical state in soils that do not 
exhibit localised failure [61]. In instances where the deformation pat
terns in samples are associated with the onset of localisation, which does 
not reflect a uniformly deformed state [62], it is inappropriate to 
extrapolate the critical state from just one dataset. To accurately 
determine the critical state for samples displaying visible shear band 
localisation, it is crucial to conduct multiple tests under varying 
confining stresses [39,63]. Therefore, in this study, with shear band 
localisation observed in the samples (as depicted in Fig. 7), the critical 
state is determined based on the results of tests conducted under mul
tiple confining stresses of 15, 50, and 150 kPa. This aspect will be further 
elaborated and analysed in detail for NGA100, MRA100, and their 
mixtures in Section ↱3.5.

3.4. Stress-strain analysis and volumetric behaviour

Fig. 8 depicts the drained shear behaviour of all the materials tested 
in this study, illustrating the relationships between q, εa and εv across 
various σ′3 of 15, 50, and 150 kPa. The maximum contractive volumetric 
strain at which the mixture begins to dilate, referred to as the phase 
transition point (Phase I in Section ↱3.3.1.1), increases with an increase 
in σ′3 [see Figs. 8(b), 8(d), 8(f), 8(h) and 8(j)]. Conversely, the trend is 
reversed for dilative volumetric change; as σ′3 increases, the extent of 
dilative volumetric change decreases. This indicates that elevated 
confinement results in greater contraction of the materials, while 
simultaneously reducing the extent of dilation during the dilation phase. 
Furthermore, it is observed that the phase transition point occurs at 
higher axial strain levels with increasing σ′3. This indicates that 
contractive volumetric changes are not only more pronounced but also 
persist for a longer period under elevated confinement. The corre
sponding phase transition points in stress-strain space demonstrate that 
as σ′3 increases, their associated deviatoric stress also rises [see Figs. 8
(a), 8(c), 8(e), 8(g) and 8(i)]. Overall, until the phase transition, 
increased confinement enables the mixtures to attain higher deviatoric 
stress, while volumetric contraction is intensified and shifts to higher 
axial strain levels

Furthermore, an increase in σ′3 is associated with an increase in qpeak 
across all materials [see Figs. 8(a), 8(c), 8(e), 8(g), and 8(i)]. It is 

noteworthy that to ensure reproducibility of the results, three different 
specimens of the same material (i.e., NGA100) were assessed through 
triaxial tests, all of which were prepared and sheared under identical 
conditions. The assessment revealed a maximum stress variation of 
±5%. The corresponding values for qpeak and SS under different σ′3 for 
all five materials are shown in Table 3. It is apparent from Table 3 that SS 
becomes more pronounced with increasing σ′3, as indicated by the 
increased difference between qpeak and residual state strength (qres). This 
indicates that, until reaching the peak state (Phase II in Section 
↱3.3.1.2), elevated confinement enables the mixtures to withstand 
higher deviatoric stresses, albeit with a more brittle behaviour, evi
denced by a greater post-peak strength reduction before reaching the 
residual state. It can also be observed that under elevated confinement, 
the peak stress points are shifted to higher axial strain levels, and the 
corresponding dilative volumetric strains are reduced.

Finally, at the end of Phase III, as σ′3 increases, Dmax decreases while 
their corresponding deviatoric stress level increases (see Fig. 8). In other 
words, at higher confinement, the mixtures exhibit a lower maximum 
dilatancy while concurrently experiencing higher deviatoric stress in the 
stress-strain space. This trend will be more clearly observed in Section 
↱3.5, which illustrates the stress-dilatancy behaviour of the materials.

It can be observed from Table 3 that MRA100 consistently exhibits 
the highest qpeak compared to other mixtures and NGA100, irrespective 
of the confining stress levels. This may be attributed to the higher 
sphericity of NGA particles compared to MRA. Previous studies have 
also reported that an increase in particle sphericity results in a decrease 
in qpeak [41]. In addition, MRA100 and NGA100 demonstrate the highest 
and lowest strain softening, respectively, highlighting the potential risk 
of using pure MRA due to its sharper post-peak strength drop compared 
to pure NGA. This represents the brittle behaviour of MRA, as also re
ported by Naeini et al. [42]. This phenomenon may be attributed to the 
deterioration of the apparent cohesion due to the failure of 
self-cementing bonds between RCA particles within MRA, following the 
peak state [21,22,64,65]. In other words, MRA100 transitions from a 
pre-peak cohesive-frictional behaviour, where apparent cohesion is 
attributed to high RCA content and the rehydration of residual cement 
mortar, to a post-peak frictional behaviour due to the deterioration of 
self-cementation bonds. On the other hand, NGA100, which includes 
non-plastic fines, lacks this additional mechanism of cohesion and 
bonding. The significance of self-cementation bonds in enhancing the 
apparent cohesion of MRA100 is further elaborated in Section ↱3.6, 
where MRA100 displays the highest level of apparent cohesion 

Fig. 7. Evolution of a typical NGA/MRA mixture during the monotonic triaxial test: (a) sample before shearing; (b) sample at 15% axial strain (end of the test) 
showing a localised shear band.
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compared to NGA100 and the mixtures.
In addition to Table 3, Fig. 9 more clearly illustrates the variation of 

SS with MRA content and σ′3. Although SS increases with rising σ′3, as 
previously demonstrated, it exhibits a decreasing trend with increasing 
MRA content across the mixtures. This relationship is represented 
through a fitting surface in Fig. 9, developed for three mixtures under 
three different σ′3 of 15, 50, and 150 kPa. These observations suggest 
that although MRA100 showed the potential for a significant reduction 
in post-peak strength compared to NGA100, the incorporation of NGA 
into MRA significantly mitigates the SS effect, irrespective of σ′3 levels.

Specifically, the NGA25/MRA75 mixture exhibits the lowest SS, 
among all three mixtures, demonstrating the most significant reduction 
in SS with respect to MRA100 (see Fig. 9 and Table 3). In fact, relative to 
MRA100, NGA25/MRA75 exhibits a reduction in SS of approximately 
42%, 34%, and 29% under σ′3 of 15, 50, and 150 kPa, respectively. 
Accelerated crushing of weaker components in the mixtures [66], 
namely MRA particles, may be the reason for such reduced post-peak 
strength loss (lower SS). Shen et al. [67] also reported that an increase 
in particle breakage in a gravelly sand mixture results in a reduction in 
post-peak strain softening.

As illustrated in Table 3, the axial strain corresponding to the peak 
state (εa

peak) for MRA100 is lower than that for NGA100, irrespective of 
σ′3. This phenomenon may be attributed to the pronounced asperities 
and rough MRA particles, which promote the rapid mobilisation of 
interlocking resistance at low strain levels. In contrast, the delayed peak 
in NGA100 reflects strength mobilisation dominated by frictional sliding 
and particle rearrangement, requiring larger axial strains to fully 
mobilise strength.

Regarding the mixtures, no specific trend was observed for εa
peak with 

varying MRA content, as the behaviour differed depending on the level 
of σ′3. Nevertheless, it is evident that the mixtures generally exhibit 
lower εa

peak than NGA100 while showing higher εa
peak than MRA100, 

particularly for lower percentages of MRA in the mixtures, such as 
NGA75/MRA25 and NGA50/MRA50.

3.5. Stress-dilatancy relationship and critical state

Fig. 10 illustrates the relationship between dilatancy and stress ratio 
for parent materials and their three mixtures under varying σ′3. A 
consistent trend is observed across all materials: As σ′₃ increases, the 

Fig. 8. Stress-strain relationships and volumetric strain variations with axial strain for different mixtures: (a, b) NGA100; (c, d) NGA75/MRA25; (e, f) NGA50/ 
MRA50; (g, h) NGA25/MRA75; and (i, j) MRA100.
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peak stress ratio (ηpeak) decreases, which contrasts with the previously 
observed increasing trend of qpeak (see Section ↱3.4). Table 3 also lists 
the corresponding values of ηpeak for each mixture under different σ′3.

It is important to elaborate that ηpeak does not represent an absolute 
strength value but rather reflects the efficiency with which a material 
mobilises its internal resistance to shearing under various stress levels, 
while qpeak indicates the absolute load-bearing capacity of the sample at 
failure. NGA100, MRA100, and their mixtures demonstrate lower ηpeak 
and thus smaller mobilised strength levels under higher σ′3, despite 
possessing potentially higher inherent shear strength capacities. It is 
noteworthy that ηpeak is typically attained concurrently (at the same 
axial strain) with qpeak. Notably, alongside the highest deviatoric stress 
values, MRA100 consistently demonstrates the highest ηpeak when 
compared to NGA100 and the mixtures. This observation indicates the 
superior ability of MRA100 to mobilise higher shear strength.

Following Section 3.3.2.2, the critical state is obtained by 

extrapolating the η− D relationship beyond ηpeak. This is performed by 
fitting the post-peak stress-dilatancy data using Nova’s linear formula
tion and extrapolating the critical state stress ratio, Mcs, through the 
fitted trend line [39,68]. The intercept of this line with the η-axis defines 
Mcs [η=Mcs+ (1-N)D, where N is a coefficient of volumetric coupling]. 
As shown in Fig. 10, Mcs is determined for each material composition 
and lies in a narrow range across all materials (1.92–2.01), indicating 
minor variability in critical state strength, in contrast to the broader 
dispersion observed in peak stress ratios (Table 3). In addition to Mcs, 
which maps directly to the critical state friction angle for each material 
composition (parent materials and blends), the values of ηpeak can be 
interpreted as the peak friction angle independent of confining stress. 
This framework supports the assessment of how both critical state and 
peak strength parameters vary with MRA content, which is examined in 
the next section.

As illustrated in Fig. 10, the results for Mcs indicate that MRA100 
exhibits the highest coefficient of determination (R2) and the lowest 
deviation of the data from the trend line across three confining stresses. 
Most deviations in the post-peak data for the mixtures appear to arise 
from the low confining stress post-peak responses, particularly when 
confining stresses are below 50 kPa, where the sample response is highly 
sensitive to its initial structural and morphological condition, which 
varies significantly among the mixtures, as previously discussed. 
Furthermore, it is important to note that this study employs Nova’s 
method [39,68], explicitly proposing a linear regression approach to 
extrapolate the post-peak stress-ratio–dilatancy relationship in materials 
exhibiting shear localisation under various confining stresses. In this 
context, the observation of low R² values aligns with the understanding 
that shear localisation results in distinct post-peak critical state values 
across different tests conducted under varying confining stresses. If the 
post-peak data highly converge, leading to a high R² value, this would 
imply that the samples attained similar critical state stress ratios, indi
cating that a relatively uniform strain distribution is present and that the 
results from a single test may suffice for deriving the critical state stress 
ratio. Thus, for samples exhibiting visible shear bands where the 
post-peak data is scattered, a composite critical state value can be 
derived by aggregating the data and applying a fitted linear regression, 
yielding a more realistic estimate of the critical state stress ratio

Table 3 
Results for peak stress (qpeak), strain softening (SS), peak stress ratio (ηpeak) and the corresponding axial strain to peak state (εa

peak), maximum dilation angle (ψmax), and 
excess friction angle (ϕ'ex) for the parent materials and their mixtures under confining pressures (σ′3) of 15, 50, and 150 kPa.

Parameter σ′3 (kPa)

MRA percentage (%)

0 25 50 75 100

NGA100 NGA75/MRA25 NGA50/MRA50 NGA25/MRA75 MRA100

qpeak (kPa)
15 367.5 439 336.9 356.4 501.1
50 671.6 673.4 654.3 604.9 751
150 1199.4 1301 1292.5 1371.5 1393.1

SS# (kPa)
15 194.2 329 252.6 241.8 414.3
50 361.8 421.8 368.7 322.8 489.8
150 339 513.9 497.5 373.9 523.5

εa
peak (%)

15 2.33 2.33 2.00 2.08 1.85
50 2.83 2.65 2.27 2.38 2.50
150 3.37 3.10 3.37 3.40 2.70

ηpeak

15 2.67 2.72 2.65 2.66 2.75
50 2.45 2.45 2.44 2.40 2.50
150 2.18 2.23 2.23 2.26 2.27

ψmax (◦)
15 27.1 29.2 28.8 26.7 34.6
50 19.5 22.0 25.1 22.7 29.1
150 17.5 18.0 19.7 18.2 20.2

ϕ'ex (◦)
15 20.8 20.6 20.1 18.4 23.8
50 13.7 11.7 13.6 10.2 15.1
150 6.3 5.5 7.7 6.3 8.5

#SS = qpeak − qres; where qres is the deviatoric stress corresponding to the residual state.

Fig. 9. Variation of strain softening versus MRA percentage and 
confining stress.
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3.6. Peak state friction and cohesion, and critical state friction angle

In the q-p' space, two key reference lines are established from the CD 
triaxial data: peak and critical state lines. For each material, the results 
of three tests at σ′3 of 15, 50 and 150 kPa are used to locate the corre
sponding peak-state points in the q-p' plane. A linear fit through these 
points defines the peak state line as: 

q = Mpeak pʹ+ k (4) 

where Mpeak is the slope and k is the intercept at p'= 0, which are 
correlated with the peak effective friction angle (ϕ'peak) and peak 
apparent cohesion (c'peak) of the tested materials, respectively. ϕ'peak and 

c'peak are calculated as follows: 

ϕ́ peak = sin− 1
(

3Mpeak

6 + Mpeak

)

(5) 

ć peak = k

(
3 − sinϕʹ

peak

6cosϕʹ
peak

)

(6) 

Additionally, the critical state line is derived based on the critical 
state stress ratio (Mcs), which is extrapolated from the results of the post- 
peak behaviour in η–D space (refer to Sections ↱3.3.2.2 and ↱3.5). Mcs is 
the slope of the critical state line in q-p' space passing through the origin, 
which is utilised to calculate the critical state friction angle (ϕ'cs) as 

Fig. 10. Stress ratio vs dilatancy relationship for the different mixtures: (a) NGA100; (b) NGA75/MRA25; (c) NGA50/MRA50; (d) NGA25/MRA75; and (e) MRA100.
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follows: 

ϕ́ cs = sin− 1
(

3Mcs

6 + Mcs

)

(7) 

Table 4 presents the values of ϕ'peak, ϕ'cs and c'peak for all materials, 
while Fig. 11 illustrates how MRA content influences these parameters 
in the mixtures compared to NGA100 and MRA100. The results indicate 
that MRA100 exhibits a higher peak friction angle (ϕ'peak= 50◦) 
compared to NGA100 (ϕ'peak = 48.7◦). Notably, ϕ'peak values of all 
mixtures exceed that of NGA100. Except for NGA75/MRA25, other 
mixtures exhibited higher ϕ'peak than MRA100, with the NGA25/MRA75 
mixture achieving the highest value at 52.2◦ among all tested materials. 
Fig. 12 illustrates a typical sample of NGA50/MRA50 from a morpho
logical perspective. As can be seen, MRA particles, including its main 
component, RCA, generally exhibit a rougher surface texture with more 
asperities compared to NGA particles. RCA is characterised by signifi
cant surface roughness, primarily attributed to the presence of a cement 
layer and residual old mortar [69]. Furthermore, Mikhailenko et al. [70]
indicated that the phenomenon of intergranular locking, coupled with 
the inherent roughness of coarse aggregates, is more pronounced in RCA 
compared to conventional aggregates. Such increased intergranular 
locking may contribute to a higher ϕ'peak in MRA100 compared to 
NGA100. As the proportion of MRA in the mixtures increases, the in
teractions among the rougher particles with enhanced asperities lead to 
a further increase in ϕ'peak. Previous studies have also demonstrated that 
surface asperities facilitate greater interlocking among particles while 
limiting their rotational motion [71–73], ultimately resulting in an in
crease in peak shear strength at the macro scale. However, a precise 
microstructure assessment of MRA particles through scanning electron 
microscopy (SEM) for capturing surface textures and remnant cement 
mortars, along with quantitative shape analysis, may yield valuable 
insights into the behaviour of these materials. Implementing these 
methodologies is recommended for the further development of this 
study, as they can enhance our understanding of the fundamental 
properties and performance of MRA in various applications.

The range of ϕ'peak and c'peak values observed in this study for NGA/ 
MRA mixtures and the parent materials (Table 4) is consistent with those 
reported in the literature [28,29,43,44], showing a range from 48 to 
54.58

◦

for ϕ'peak and a variation between 41 and 87.4 kPa for c'peak.
Regarding ϕ'cs, MRA100 and NGA100 show comparable values. 

Although the mixtures exhibit a relatively stable trend with increasing 
MRA percentages, they maintain higher levels of ϕ'cs values compared to 
their parent materials. ϕ'cs is typically represented as the sum of two 
components: interparticle friction and particle rearrangement. The 
interparticle friction is governed by particle roughness, mineralogy and 
contact characteristics [74,75], and is largely insensitive to initial den
sity and confining pressure, whereas the rearrangement term reflects 
fabric evolution and dilatancy, and depends on both the initial density 
and the level of confinement [76,77]. Relative to the parent materials, 
the mixtures exhibit a synergistic response: they achieve greater packing 
efficiency (higher density) than MRA100 and stronger particle inter
locking than NGA100 due to the incorporation of rougher, asperity-rich 
MRA particles. Consequently, the mixtures mobilise a higher ϕ'cs and 
outperform the parent materials, which have relatively comparable 
critical-state behaviour. Overall, the results demonstrate that both ϕ'peak 
and ϕ'cs of the mixtures increase relative to their parent materials.

However, in terms of c'peak, a decreasing trend is observed in the 
mixtures with increasing MRA percentage, while both parent materials, 
MRA100 and NGA100, typically show higher cohesion values than the 
mixtures. MRA100 shows significantly higher c'peak of 74.7 kPa 
compared to NGA100 and the mixtures. The non-plastic NGA fines and 
coarse NGA particles (lacking unhydrated cement) interfere with the 
formation of cementitious bonds among MRA particles. This interfer
ence weakens the mechanisms that contribute to apparent cohesion and 
leads to more ductile behaviour, resembling that of NGA100. This 
phenomenon is further supported by the CBR test results discussed in 
Section 3.2, indicating that incorporation of NGA into MRA minimises 
the difference in soaked and unsoaked CBR values in the mixtures, a 
difference that was significant in MRA100.

Unlike NGA100, MRA100 possess RCA particles with remnant 
attached mortars (see Fig. 12) that form cementitious bonds when 
exposed to water. Furthermore, previous studies found that the inclusion 
of weaker particles within a granular assembly results in their prefer
ential breakage under mechanical loading [66,78]. The higher crush
ability of MRA components was quantitatively confirmed by Zhu et al. 
[79] who found that CB exhibits a very high crushing value of 42.3%, 
which is more than double and triple that of RCA and NGA, respectively. 
Thus, NGA particles serve as a grinding medium for MRA, resulting in a 
greater degree of breakage of MRA particles within the mixtures 
compared to a pure MRA sample, where stresses are distributed more 
uniformly among particles of comparable strength. Within a mixed 
granular skeleton, high contact stresses are concentrated at the sharp 
corners of weaker MRA particles in contact with more rigid NGA par
ticles. A similar observation was reported by Nimbalkar et al. [80] that 
highly angular fresh ballast particles witnessed localised breakage due 
to significant nonuniform high stress concentrations at their corners. 
Thus, stress concentrations, along with the propensity of weaker com
ponents to break preferentially, may lead to the crushing of CB and 
attrition of RCA particles, as well as the failure of cementation bonding, 
which is an identified breakage mechanism in RCA [69]. This entire 
process can inhibit the formation of a cemented matrix, disrupting the 
apparent cohesion mechanism.

Nevertheless, it is pertinent to elucidate the notion of apparent 
cohesion from multiple perspectives: firstly, employing a linear regres
sion of peak stress ratios at different confining stress may result in 
overestimation of the real apparent cohesion, as the failure envelope 
tends to exhibit a nonlinear pattern [81–83], especially at lower stress 
levels. Thus, in practice, the apparent cohesion of different mixtures may 
vary within a narrower range. To address this concern, multiple triaxial 
tests should be performed at various confining stress levels for each 
mixture, enabling the derivation of a modified nonlinear failure enve
lope, which is suggested as a promising direction for further research.

Secondly, while MRA may exhibit apparent cohesion due to its shape 
and self-cementing properties, especially before reaching the peak state, 
the practical implications of such apparent cohesion may require a 
cautious approach, as the apparent cohesion in MRA mixtures is 
significantly influenced by factors such as moisture content and 
compaction level of the sample, and the source of the materials [84,85]. 
Furthermore, variations in the percentage of RCA and CB within a MRA 
mixture can lead to significant fluctuations in apparent cohesion [86]. 
Arisha et al. [86] and Azam and Cameron [84] reported that even with 
minor changes in either composition of the MRA mixture or moisture 
content, apparent cohesion may have significantly different values. This 
variability suggests that relying on apparent cohesion for stability as
sessments may result in inconsistent performance predictions. Due to 
such high inherent variability, this factor is typically assigned a lower 
design weight while identifying the optimal mix proportion for 
NGA/MRA blends (discussed later in Section ↱3.8). Apparent cohesion 
must also be used with caution for the design and analysis of geotech
nical structures employing MRA, as it is generally mobilised only up to 
the peak state, after which interlocking and cementation bonds deteri
orate [64].

Table 4 
Peak and critical state shear strength parameters.

Materials ϕ'peak (◦) c'peak (kPa) ϕ'cs (◦)

NGA100 48.7 59.4 46.8
NGA75/MRA25 49.5 64.2 48.8
NGA50/MRA50 51.0 46.6 46.6
NGA25/MRA75 52.2 40.4 48.9
MRA100 50.0 74.7 46.8
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Finally, at peak state, it is more appropriate to assess shear strength 
within a more generic perspective of the Mohr–Coulomb framework, the 
basis from which the conventional peak strength parameters are 
derived. The failure envelopes for the parent materials and mixtures are 
depicted in Fig. 13. Compared to NGA100 and mixtures, MRA100 
consistently demonstrates the highest peak shear strength across all 
normal stress levels. For effective normal stresses below 150 kPa, the 
results exhibit a narrower range of values and smaller deviations 
without a distinct trend. This could be attributed to the fact that at these 
lower normal stress levels, employing a linear failure envelope tends to 
overestimate the real apparent cohesion, as discussed above. For effec
tive normal stresses exceeding 150 kPa, the mixtures exhibit a clear 
advantage over NGA100, approaching the peak shear strength of 

MRA100. This trend is particularly pronounced at normal effective 
stresses beyond 300 kPa, where the mixtures with different MRA content 
display superior shear strength compared to NGA100, which exhibits the 
lowest strength, while NGA25/MRA75 shows the highest shear strength.

3.7. Maximum dilation and excess friction angles, and Bolton’s stress- 
dilatancy relationship

To provide a more fundamental, mechanism-based interpretation of 
the observed shear strength, Bolton’s stress-dilatancy framework [87] is 
invoked. In this framework, the excess friction angle is defined as the 
difference between the peak and critical state friction angles 
(ϕ́ ex = ϕ́ peak − ϕ́ cs), which is directly proportional to the rate of dilation 

Fig. 11. Variation of peak and critical state friction angles and peak apparent cohesion with MRA percentage.

Fig. 12. A typical NGA50/MRA50 mixture before compaction (inset shows morphological characteristics of NGA and MRA particles).
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at failure, as follows: 

ϕ́ peak − ϕ́ cs = bψmax (8) 

where b is Bolton’s dilatancy index; ψmax is the maximum dilation angle. 
This relationship underscores the importance of two key factors. One is 
the shear strength, which is linked to the critical state, and the other is 
the additional strength that arises from dilatancy. Both factors are 
essential for the development of the peak shear strength in granular 
materials [88]. The maximum dilation angle is defined as the highest 
value of the dilation angle (ψ), which is calculated as follows, according 
to Vermeer [89]: 

ψ = sin− 1

⎛

⎜
⎜
⎝

− dεv
dεa

2 −

(
dεv
dεa

)

⎞

⎟
⎟
⎠ (9) 

Fig. 14 illustrates the change in ψmax and ϕ'ex with σ′3 and MRA 
percentage. The fitted response surfaces for ψmax and ϕ'ex exhibit similar 
trends for all the mixtures, indicating that the effects of varying MRA 
content and σ′3 on ϕ'ex are highly comparable to their effects on ψmax. In 
other words, across changes in confining pressure and MRA content, the 
trend of change in maximum dilatancy mirrors the trend in excess 
friction angle. The presence of such a clear correspondence between 
ψmax and ϕ'ex validates the fundamental perspective that dilatancy and 
frictional behaviour in granular materials are intrinsically linked [90]. 
The corresponding values for ψmax and ϕ'ex are also provided in Table 3.

It can be observed from Fig. 14 that both ϕ'ex and ψmax increase with 
an increase in MRA content from 25% to 50%, followed by a reduction as 
MRA content rises from 50% to 75%. Thus, the NGA50/MRA50 mixture 
exhibits the highest level of ψmax and ϕ'ex among all mixtures. The parent 
materials define the bounds of the response for ψmax, with NGA100 
showing the lowest and MRA100 the highest values, respectively 
[Fig. 14(a)]. However, for ϕ'ex, although MRA100 consistently exhibits 
the highest values across the range of σ′3, NGA100 does not yield the 
lowest values; rather, the minima generally occur for the NGA75/ 
MRA25 mixture [Fig. 14(b)]. This observation further validates the 
credibility of the analytical strategy presented in Section ↱3.1, which 
advocated for the exclusion of parent material data from the MRA 
content trend analysis for the mixtures, since including such data would 
have distorted the overall trajectory and obscured interpretive clarity.

Fig. 15 presents the relationship between ϕ'ex and ψmax, along with 
the values of the b index for each material, obtained via a linear fit. The 

value of b corresponding to NGA100 and NGA25/MRA75 is significantly 
different from other mixtures (NGA50/MRA50 and NGA75/MRA25) 
and MRA100. Fig. 16 illustrates the variation of the parameter b with 
MRA content. This parameter quantifies the extent to which the 
maximum dilatancy of the materials contributes to their ϕ'ex. Given that 
ϕ'cs for the NGA/MRA mixtures remains effectively constant (Fig. 11), 
the observed dependency on maximum dilatancy can, by inference, be 
expressed in ϕ'peak. In fact, variations in dilatancy primarily modulate 
ϕ'peak rather than ϕ'cs. As can be seen in Fig. 16, compared to the mix
tures, the parent material NGA100 exhibits the highest b value. As MRA 
content increases in the mixtures, b decreases (corresponding fitting 
equation is presented in Fig. 16), reaching a minimum value for the 
NGA25/MRA75 mixture, and then increases again for the parent ma
terial MRA100. Thus, NGA25/MRA75 shows the lowest b value across 
all mixtures, suggesting a transitional composition for this parameter.

As MRA content increases, ϕ'peak rises (Fig. 11) while the contribu
tion of dilatancy to peak strength (b) diminishes (Fig. 16). For the 
mixtures with greater MRA content, this reduced contribution of 
maximum dilatancy to peak friction may be associated with increased 
particle breakage of the weaker MRA fraction by NGA particles. Previous 
studies indicated that the crushability of materials influences dilatancy 
and its relationship with shear frictional characteristics [88]. Asadi et al. 
[91] indicated that while assemblies with higher angularity exhibit 
increased peak strength (and higher dilation at lower axial strains), the 
influence of particle breakage becomes more pronounced as axial strains 
rise, resulting in reduced dilation. Similarly, Chen et al. [92] observed 
that at high stress levels, the breakage of particles results in lower 
dilatancy rates.

3.8. Optimal mixture proportion

The method used in this study to find the optimal mixture is based on 
the Analytic Hierarchy Process (AHP), developed by Saaty [93], which is 
one of the most widely used Multi-Criteria Decision-Making (MCDM) 
tools in the construction industry, because it provides a comprehensive 
and rational framework for structuring a decision problem and quanti
fying its elements [94,95]. Five geotechnical properties were selected as 
the decision criteria for the process (see Table 5). The classification of 
each criterion is performed based on two distinct categories: "Benefit" 
criteria, characterised by higher values indicating favourable outcomes, 
and "Cost" criteria, where lower values are associated with better per
formance. ϕ'peak, c'peak and ϕ'cs are considered as benefits since the 

Fig. 13. Mohr–Coulomb failure envelopes for mixtures and their parent materials.
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higher values of these parameters would be favourable in any geotech
nical application. Conversely, SS and ψmax are considered as costs since a 
ductile and less dilative material is more desirable for geotechnical ap
plications, particularly in the transportation sector.

Within this evaluation framework, “Benefit” can reflect load-bearing 
capacity, whereas “Cost” penalises brittleness and volumetric instability 
that may compromise serviceability. Although dilation can elevate 
apparent peak strength, it is an unreliable strength measure given its 
sensitivity to several factors, such as mean effective stress, relative 
density, and crushing potential of aggregates [88,92,96]. In addition, 
shear strength is already captured by ϕ'peak, c'peak and ϕ'cs. Accordingly, 
the maximum dilation angle ψmax is treated as a “Cost” for its physical 
consequence, shear-induced volume change.

To enable a direct comparison of the values with different units (e.g., 
degrees versus kPa), normalisation is performed as a standard procedure 
in MCDM that converts every value to a common, dimensionless scale 
from 0 to 1. This allows for a fair comparison and weighting of each 
parameter. Thus, the values for each mixture are normalised, as repre
sented in Table 5. The normalised value of each mixture for a given 

criterion, hereafter referred to as the performance score, is computed by 
scaling the observed value relative to the minimum and maximum 
values of that criterion across all mixtures, as described in the following 
equations: 

Fig. 14. Variation of (a) maximum dilation angle; and (b) excess friction angle 
with MRA percentage and confining stress.

Fig. 15. Relationship between excess friction angle and maximum dila
tion angle.

Fig. 16. Variation of parameter b with MRA content.

Table 5 
Performance score of parent materials and their mixtures for five different 
drained shear properties.

Materials

Performance score

ϕ'peak c'peak ϕ'cs SS ψmax

Benefit Benefit Benefit Cost Cost

NGA100 0.000 0.553 0.100 1.000 1.000
NGA75/MRA25 0.246 0.695 0.972 0.306 0.741
NGA50/MRA50 0.641 0.180 0.000 0.580 0.517
NGA25/MRA75 1.000 0.000 1.000 0.918 0.816
MRA100 0.388 1.000 0.110 0.000 0.000
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For benefit criteria : Performance score

=
Actual value − Minimum value

Maximum value − Minimum value
(10) 

For cost criteria : Performance score

=
Maximum value − Actual value

Maximum value − Minimum value
(11) 

Performance scores of 0 and 1 denote the least desirable and most 
favourable outcomes, respectively. Revisiting the results in preceding 
sections, NGA25/MRA75 demonstrated consistently favourable 
geotechnical behaviour, with higher ϕ'peak and ϕ'cs, alongside lower SS 
and ψmax. In line with these observations, the corresponding perfor
mance scores of NGA25/MRA75 are relatively high for most criteria 
among all materials (see Table 5). The sole exception is c'peak, for which 
NGA25/MRA75 exhibits a comparatively lower performance score, 
consistent with discussions in previous sections.

Building on previous analysis, the next stage entails a pairwise 
comparison of the criteria to establish their relative importance. 
Although all selected properties are essential for evaluation, their pri
ority can vary with the target geotechnical application. In this study, 
three common applications of recycled MRA in road infrastructure are 
considered: pavement base materials [3–5,7], embankment fills 
[10–12], slope and retaining wall backfills [14,16,33].

The AHP procedure used to derive the pairwise comparison judg
ments is provided in Appendix A. In addition to the application-specific 
assessments, an application-neutral scenario is considered by assigning 
equal importance to all five criteria. This scenario provides the optimal 
mixture proportion solely based on results obtained in previous exper
iments without any biased direction. The resulting normalised weights 
for each criterion are listed in Table 6.

As discussed in Section ↱3.6, the inherent variability in MRA prop
erties, combined with the nonlinearity of the peak shear strength failure 
envelope, requires a careful application of apparent cohesion in the 
design and analysis of geotechnical structures that utilise MRA. As a 
result of this limitation, a lower design weight is assigned to this factor 
when determining the optimal mix proportions for NGA/MRA blends, as 
illustrated in Table 6, which presents the criteria weights. Further details 
regarding the reduced importance of this factor in various applications 
in the pairwise comparison process can be found in Appendix A.

The overall score for each mixture is computed as a weighted sum of 
criterion-specific performance scores. Specifically, the normalised 
scores from Table 5 are multiplied by their corresponding criterion 
weights from Table 6, and then summed to calculate the overall scores 
for each mixture as: 

Overall score =
∑5

i=1
(Performance scorei × Criterion weighti) (12) 

where i denotes the criteria.
Fig. 17(a) illustrates the final overall scores for the parent materials 

and their mixtures across various application scenarios. To assess the 
stability of the AHP rankings and account for potential uncertainties in 

criteria weight assignments, a Monte Carlo simulation was conducted. 
This simulation involved 10,000 iterations, during which the baseline 
weights for all criteria (presented in Table 6) were simultaneously 
subjected to random variations of up to ±20%. The outcomes of the 
Monte Carlo simulation, which present overall score ranges for each 
application, are displayed in Fig. 17(b), with the corresponding final 
overall rankings provided in Table 7. A higher overall score indicates 
superior performance, resulting in a higher rank for each respective 
application. The robustness and stability of the rankings for both 
NGA25/MRA75, ranked first, and MRA100, which typically ranks the 
lowest, are noteworthy.

Given the impact of uncertainties on the weighted criteria and the 
variations of the overall score for each application [see Fig. 17(b)], the 
NGA25/MRA75 mixture remained the top-performing alternative in 
100% of iterations, with its score distribution consistently distinct from 
other alternatives, indicating high stability without overlap with other 
mixtures across all applications, and establishing it as the optimal mix 
proportion. In fact, NGA25/MRA75 retained the highest overall score 
across various application scenarios and uncertainties in weight criteria.

Initially, MRA100 may have appeared suitable due to its high peak 
shear strength (see Section ↱3.6). However, as demonstrated in Fig. 17, 
MRA100 generally exhibits the weakest overall performance, ranking 
lowest (see Table 7) across various applications. This trend is consistent, 
as MRA100 maintains its low rank with high stability despite un
certainties in weight criteria, leading to the conclusion that its stand
alone use is not recommended. The material exhibits pronounced strain 
softening, brittle behaviour, and substantial dilatancy potential. 
Therefore, blending MRA with NGA, preferably at a 75/25 ratio, is 
advisable to optimise shear-governed geotechnical performance while 
mitigating the limitations associated with pure MRA.

While the MRA utilised in this study was rigorously characterised 
(Table 1), it is important to note that real-world MRA streams exhibit 
significant compositional variability, which can influence mechanical 
performance. The effectiveness of MRA is primarily determined by the 
ratio of its two main components: RCA and CB. The batch analysed in 
this study contained approximately 16% CB, as indicated in Table 1. 
Prior research indicates that while RCA contributes to a robust and high- 
strength framework, attributed to the irregular shape and rough texture 
of crushed cement mortar, increasing the CB fraction beyond 25–30% 
can lead to reductions in shear strength and increased particle breakage 
under load due to the lower crushing resistance of clay bricks [25]. 
Additionally, the introduction of low-stiffness impurities, such as plas
tics or rubber, has been found to increase compressibility and lower the 
peak friction angle of the aggregate matrix [42]. Thus, the variability of 
these mixed materials, especially in their pure form, may result in high 
variability in the results. As demonstrated by the shear strength results 
discussed earlier, the inclusion of NGA effectively mitigates the shear 
strength and dilatancy properties within the waste stream (MRA). Thus, 
the blending strategy proposed in this study, which is mixing MRA with 
NGA, also offers a practical solution for the slight mitigation of the 
inherent variability in MRA quality. By providing a consistent, 
high-strength skeletal framework, the NGA component may reduce the 
sensitivity of the mixture to minor variations in MRA composition, such 
as slight increases in CB or levels of impurities. Consequently, the 
NGA25/MRA75 blend may demonstrate not only superior mechanical 
properties but also an enhanced safety profile in addressing the inherent 
heterogeneity of MRA compared to its standalone use. This is evidenced 
by the high performance of the blend, which remains robust even when 
accounting for variations of up to ±20% in the results, as assessed 
through Monte Carlo simulations to incorporate uncertainties.

Some studies investigated the cyclic behaviour of NGA/MRA mix
tures, supporting the idea of incorporating substantial proportions of 
MRA into NGA [43,52,53]. Toka and Olgun [52] performed repeated 
loading tests on NGA/MRA mixtures for road base and subbase appli
cations, concluding that MRA performs best when blended with NGA 
rather than when used in isolation. Their results identified 

Table 6 
Criteria weights for three geotechnical applications, alongside a neutral (unbi
ased) case.

Criteria

Criteria weights

Pavement 
base material

Embankment 
fill

Slope and 
retaining wall 
backfill

Neutral 
condition

ϕ'peak 0.504 0.235 0.485 0.200
SS 0.260 0.528 0.204 0.200
ϕ'cs 0.062 0.133 0.204 0.200
ψmax 0.132 0.052 0.043 0.200
c'peak 0.042 0.052 0.064 0.200
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NGA50/MRA50 as the most effective blend, followed by 
NGA25/MRA75, due to lower permanent deformation and higher 
resilient modulus (Mr). Likewise, Akbas and Iyisan [53] reported that 
NGA50/MRA50 and NGA25/MRA75 blends exhibited the highest stiff
ness and Mr under cyclic loading conditions and freeze-thaw cycles. 
Furthermore, Wang et al. [43] observed that the NGA15/MRA85 blend 
achieved a notably high Mr for embankment fill applications. Overall, 
the optimal MRA content identified in the present study falls within the 
range recommended in the literature, spanning from 50% to 85%, which 
was based on the response of such mixtures under cyclic loading.

4. Conclusions

The present study rigorously investigates the performance of mixed 
recycled aggregates (MRA) derived from construction and demolition 
waste (CDW), natural gravel aggregates (NGA) and their blends 
(NGA75/MRA25, NGA50/MRA50 and NGA25/MRA75), focusing spe
cifically on their drained shear behaviour. The basic characterisation of 
NGA and MRA is first performed, followed by a series of consolidated 
drained monotonic triaxial tests to evaluate their key properties, such as 
peak shear strength, critical state friction angle, and the stress-dilatancy 
relationships. Furthermore, the effect of MRA content variation in NGA/ 
MRA mixture on their drained shear strength and dilatancy character
istics is analysed under different confining pressures. It is important to 

Fig. 17. (a) Overall scores (b) and their range based on Monte Carlo analysis, as a function of MRA content across three geotechnical applications and a neutral 
weighting condition.
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note that the observed behaviours of these materials are specific to the 
characteristics discussed in Section ↱2.1. Mixed recycled materials 
sourced from construction and demolition waste are highly variable, 
with properties that highly depend on their constituent materials, which 
can differ significantly based on the source. This inherent variability and 
uncertainty can also persist even within a single batch. The key findings 
of this study can be summarised as follows: 

• MRA100 exhibited the highest soaked CBR value but experienced a 
significant drop in the unsoaked CBR value, indicating a high 
moisture sensitivity. The incorporation of NGA into MRA effectively 
mitigated this sensitivity, producing mixtures with comparable 
soaked and unsoaked CBR values. Among these, the NGA25/MRA75 
mix stood out as the most stable composition, demonstrating high 
CBR values in both soaked and unsoaked conditions with minimal 
soaked-unsoaked CBR difference.

• Similar to NGA100, MRA100 and the mixtures demonstrated an in
crease in peak deviatoric stress (qpeak) and reduction in dilative 
volumetric strain with a rise in confining stresses (σ′3). In addition, 
the axial strain corresponding to qpeak for the mixtures was consis
tently lower than that of NGA100 but higher than that of MRA100, 
with this trend being most evident in mixtures with lower MRA 
contents.

• The mixtures generally exhibited higher effective friction angles 
under peak (ϕ'peak) and critical (ϕ'cs) states compared to their parent 
materials. With increasing MRA percentage in the mixtures, ϕ'peak 
increased while the peak apparent cohesion (c'peak) decreased, and 
ϕ'cs remained relatively constant.

• Despite possessing the highest c'peak values, MRA100 exhibited the 
greatest strain softening (SS) and the highest maximum dilation 
angle (ψmax) among all materials tested, suggesting potential 

limitations associated with its standalone use. However, these 
shortcomings can be addressed by mixing MRA with NGA, as the 
resulting mixtures exhibited more ductile behaviour (lower SS) and 
reduced dilatancy in comparison to MRA100, while achieving higher 
ϕ'peak and ϕ'cs than NGA100.

• Across variations in confining pressure and MRA content in the 
mixtures, the trend of change in maximum dilatancy mirrors the 
trend in excess friction angle.

• With rising MRA content in the mixtures, Bolton’s dilatancy 
parameter decreased. This suggests that the mixtures with higher 
MRA percentages can mobilise greater ϕ'peak despite having a lower 
contribution from dilatancy.

• Among all materials tested, NGA25/MRA75 is identified as the 
optimal mixture, consistently achieving the first rank based on key 
shear parameters including ϕ'peak, ϕ'cs, SS, and ψmax. Except for lower 
c'peak, this mixture demonstrated superior ductility compared to 
MRA100, characterised by reduced SS and a delayed attainment of 
the peak state, while maintaining shear strength fairly comparable to 
that of MRA100. This conclusion considers the variability of the 
materials and the impact of uncertainties within specified bound
aries, as assessed through Monte Carlo analysis.
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Appendix A 

To create a pairwise comparison matrix for each application, such as the pavement base, the significance of each criterion is compared against 
every other criterion, with a scale from 1 to 9, where 1 reflects no importance and 9 signifies extreme importance. It is essential to clarify that in the 
pairwise comparison matrix, the significance of each parameter is assessed for each row over those in the corresponding columns, as illustrated in 
Table 8. This methodology prioritises row parameters influencing the column parameters, rather than the reverse. For instance, as for the pavement 
base application in Table 8, the peak friction angle (ϕ'peak) is rated as 5 “Strong Importance” over the maximum dilation angle (ψmax). The sum of each 
column for each matrix is calculated and displayed in the last row of the pairwise comparison table (Table 8). Finally, each cell in the pairwise 
comparison matrix is divided by its respective column total to normalise the matrix, resulting in a new matrix where the sum of each column equals 1, 
as presented in Table 9. The subsequent sections elaborate on the three highest‑priority geotechnical criteria for each application.

A.1. Pavement base

For the pavement bases, materials that exhibit higher ϕ'peak were found to be more effective at resisting rutting [30,31], thereby contributing to the 
overall durability of pavements. The stability of pavement base materials arises from their ability to exhibit greater ductile behaviour, showing lower 
post-peak strength loss (characterised by SS) [64]. Additionally, the dilatancy of materials (ψmax) plays a fairly significant role in predicting the plastic 
deformations during loading and unloading under repetitive loads [97].

Table 7 
Final overall ranks of NGA/MRA mixtures and parent materials across multiple 
geotechnical applications.

Material

Overall rank

Pavement 
base material

Embankment 
fill

Slope and 
retaining wall 
backfill

Neutral 
condition

NGA100 3, 4 2 4, 5 2, 3
NGA75/ 

MRA25
3, 4 3, 4 2, 3 2, 3

NGA50/ 
MRA50

2 3, 4 2, 3 4, 5

NGA25/ 
MRA75 1 1 1 1

MRA100 5 5 4, 5 4, 5
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A.2. Embankment fill

For embankments, the primary concern is global stability and the prevention of catastrophic progressive failure [98]. Therefore, minimising the 
potential for SS is the most critical criterion. ϕ'peak for short-term stability and critical state strength (ϕ'cs) for long-term stability are also key con
siderations [99].

A.3. Slope/retaining wall backfill

The design of a slope/retaining wall focuses on reducing active lateral earth pressure, which is inversely related to ϕ'peak of the backfill, making this 
parameter critically important [100]. Additionally, for long-term safety, considerations must include ϕ'cs and the prevention of post-peak strength loss 
(characterised by SS) [101].

A.4. Neutral condition

In the unbiased case, it is evident that no significance is assigned to any evaluating criteria relative to others, resulting in all criteria holding equal 
weight, devoid of any biased engineering judgments.

Table 8 
Pairwise comparison matrix for evaluating criteria across various applications

Application Criterion ϕ'peak c'peak ϕ'cs SS ψmax

Pavement base

ϕ'peak 1 8 7 3 5
c'peak 1/8 1 1/2 1/6 1/4
ϕ'cs 1/7 2 1 1/5 1/3
SS 1/3 6 5 1 3
ψmax 1/5 4 3 1/3 1
Sum 1.8 21 16.5 4.7 9.58

Embankment fill

ϕ'peak 1 5 2 1/3 5
c'peak 1/5 1 1/3 1/8 1
ϕ'cs 1/2 3 1 1/5 3
SS 3 8 5 1 8
ψmax 1/5 1 1/3 1/8 1
Sum 4.9 18 8.67 1.78 18

Slope/retaining wall backfill

ϕ'peak 1 7 3 3 8
c'peak 1/7 1 1/4 1/5 2
ϕ'cs 1/3 4 1 1 5
SS 1/3 4 1 1 5
ψmax 1/8 1/2 1/5 1/5 1
Sum 1.93 16.5 5.45 5.4 21

Note: "/" denotes a fraction.

Table 9 
Normalisation and final weight calculation for evaluating criteria across various applications

Application Criterion ϕ'peak SS ψmax ϕ'cs c'peak Sum Final weight

Pavement 
base

ϕ'peak 0.555 0.638 0.522 0.424 0.381 2.520 0.504
SS 0.185 0.213 0.313 0.303 0.286 1.300 0.260
ψmax 0.111 0.071 0.104 0.182 0.190 0.659 0.132
ϕ'cs 0.079 0.043 0.035 0.061 0.095 0.312 0.062
c'peak 0.069 0.035 0.026 0.030 0.048 0.209 0.042
Sum 1.000 1.000 1.000 1.000 1.000 5.000 1.000

Embankment fill

ϕ'peak 0.561 0.612 0.577 0.444 0.444 2.639 0.528
SS 0.187 0.204 0.231 0.278 0.278 1.177 0.235
ψmax 0.112 0.102 0.115 0.167 0.167 0.663 0.133
ϕ'cs 0.070 0.041 0.038 0.056 0.056 0.260 0.052
c'peak 0.070 0.041 0.038 0.056 0.056 0.260 0.052
Sum 1.000 1.000 1.000 1.000 1.000 5.000 1.000

Slope/retaining wall backfill

ϕ'peak 0.517 0.550 0.550 0.424 0.381 2.423 0.485
SS 0.172 0.183 0.183 0.242 0.238 1.020 0.204
ψmax 0.172 0.183 0.183 0.242 0.238 1.020 0.204
ϕ'cs 0.074 0.046 0.046 0.061 0.095 0.321 0.064
c'peak 0.065 0.037 0.037 0.030 0.048 0.216 0.043
Sum 1.000 1.000 1.000 1.000 1.000 5.000 1.000
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