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A B S T R A C T

Recycled concrete particles, a primary component of construction and demolition waste (CDW), significantly 
contributes to the shear strength of CDW. The influence of particle shape on the mechanical properties of 
recycled concrete is of importance. This paper constructs four numerical simulation models with varying degrees 
of sphericity using discrete element simulation. The critical state line (CSL) of the samples is determined through 
triaxial shearing simulation tests, in conjunction with critical state soil mechanics analysis. The results indicate 
that particle sphericity markedly affects the macroscopic mechanical properties of recycled concrete particles. 
With the increase in particle sphericity under higher confining pressure, the deviatoric stress is decreased. 
Additionally, the cohesion of the samples rises with increasing sphericity, whereas the friction angle decreases. It 
is worth noting that with the increase of sphericity, the CSL slope of the sample shows a downward trend on both 
the q-p’ and e-log p’ planes.

1. Introduction

Concrete is the most used construction material globally, with its 
production causing significant environmental impacts, including natural 
resource depletion and carbon emissions. In response to these chal
lenges, a viable remedy to this challenge lies in the utilization of recy
cled concrete aggregates (RCA) sourced from construction and 
demolition waste (CDW) in concrete production (Alibeigibeni et al., 
2025; Stochino et al., 2024). Moreover, it has been demonstrated in 
previous studies that CDW is regarded as an excellent roadbed filling 
material (Zhang et al., 2019a), and possesses the advantages of favor
able compaction performance, high shear strength, strong load-bearing 
capacity, and good permeability. As a key product for the reduction and 
high-value utilization of CDW, the mechanical properties of concrete are 
crucially influenced by the particle morphology of recycled concrete 
aggregates. Therefore, significant environmental and economic impli
cations are held by the application research of recycled concrete in this 
context (Ossa et al., 2016; Huang et al., 2025; Huang et al., 2022).

It is worth noting that for the more objective and accurate evaluation 
of particle morphological characteristics, the morphological indicators 
of particles have been quantified by scholars using computational ge
ometry. This has enabled the quantitative assessment of particle 
morphology and provided an important basis for the morphological 
evaluation of recycled concrete particles. Schwarcz and Shane (1969)
first proposed in 1969 that the polar diameter of the particle profile 
could be expanded using Fourier series to characterize particle 
morphology. Zhou and Wang (2017) reconstructed the 
three-dimensional morphology of natural sand particles through 
spherical harmonic analysis. Owing to the capability of the discrete 
element method (DEM) to precisely reproduce the complex geometry of 
particles, and thereby revealing the microscopic mechanism underlying 
the macroscopic phenomena of materials, the DEM is also widely 
applied in the research on particle morphology. Dong et al. (2025)
classified aggregates based on the flatness index (FI) and elongation 
index (EI), and the influence laws of aggregate morphological parame
ters on pore ratio and pore spatial distribution were quantitatively 
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explored through the construction of a discrete element method (DEM) 
model. Tan et al. (2023) employed DEM to create three stone models by 
considering different particle shapes and gradations, subsequently per
forming multiple triaxial compression tests to explore the relationships 
among these characteristics. The test results revealed that when there is 
a significant difference in particle characteristics, the angle of the par
ticles is positively correlated with the maximum deviating stress. A high 
degree of irregularity is generally exhibited in the particle morphology 
of CDW recycled concrete, which is fundamentally distinct from the 
particle morphology-focused studies on natural or conventional sand 
mentioned above. Critical state soil mechanics (CSSM), as a theoretical 
framework in soil mechanics, is mainly used to describe the behavior of 
soil under limit states. Therefore, the application of the DEM to the 

particle shape and combine the critical state soil mechanics analysis to 
fit the critical state line (CSL) of the sample for recycled concrete ag
gregates are deemed highly necessary.

2. Background

2.1. Construction and demolition wastes

With the increasing recognition within the engineering field, 
research on the mechanical response of CDW recycled material has 
yielded significant results in both field and laboratory tests. Recycled 
CDW, processed through crushing and screening, is extensively utilized 
in the production of civil engineering raw materials, including formed 

Fig. 1. CT scan images of recycled concrete samples and four three-dimensional extracted images of sphericity.

Table 1 
Numerical simulation contact parameters.

Particle-Particle Particle-Wall

E(MPa) kratio fric rr_fric dp_nratio dp_sratio E(MPa) kratio fric
1.2 × 102 2.3 0.25 0.25 0.5 0.5 1.2 × 102 1.5 0

Fig. 2. Particle contact parameter calibration model.
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bricks and blocks, asphalt mixtures, recycled aggregates for cement 
concrete, and alternative materials for pavement engineering (Ossa 
et al., 2016). Zhang et al. (2019b) conducted and detailed field tests on 
the construction of highway embankments utilizing CDW recycled ma
terial. By employing a light deflection meter to measure the in-situ 
resilience modulus of the embankments, they demonstrated that CDW 
exhibits a significantly higher subgrade structural bearing capacity 
compared to clay.

When treated CDW is utilized as an alternative material for pave
ment, it is primarily applied to the base or subbase layers. Park (2003)
investigated the characteristics and performance of dry and wet CDW 
recycled aggregates as base and subbase materials for concrete pave
ments. Arulrajah et al. (2014) concluded that the minimum effective 
friction angle of compacted CDW aggregate satisfies the necessary re
quirements for pavement materials. Regarding the prevention of road 
cracking and rutting, Salimi et al. (2025) developed a novel triple waste 
geopolymer system for sustainable pavement applications by synergis
tically combining construction solid waste, WTS (water treatment 
sludge) and SF (silica fume). Sharma and Hymavathi (2016) proposed 
that CDW recycled aggregates outperform traditional water-stable or 
lime-stable base materials. The CDW recycled material, obtained 
through the crushing and screening of construction solid waste, exhibits 
characteristics akin to those of a “soil-rock mixture filler” or “residual 
soil” in terms of coarse and fine particle strength, stiffness variation, and 
a broad distribution of the grading curve.

2.2. Discrete element method

The physical and mechanical properties of granular materials are 
intricately linked to their geometric forms. Researchers both domesti
cally and internationally primarily investigate this issue through phys
ical experiments and discrete element numerical simulations. Yang et al. 
(2019) utilized X-ray micro-computed tomography to examine the 
relationship between three-dimensional particle shape characteristics 
and particle size, analyzing the mechanical properties of four distinct 
types of sand based on aspect ratio and sphericity. Theechalit et al. 
(2024) initially investigates the mechanical behavior of fresh and used 
ballast grain assemblies through a combination laboratory experiments 
discrete element modeling. Zhang et al. (2024) used the Voronoi-based 
breakable block model based on combined finite-discrete element 
method to investigate failure mechanism of mine pillars and rock-rock 
bolt interactions. The discrete element method (DEM) enables an ex
amination of the influence of particle morphology on the physical and 
mechanical properties of materials from a microscopic perspective. 
Compared with the existing research on particle morphology, the 
mechanisms of particle fracture and sliding in recycled concrete aggre
gates will be gained a deeper understanding.

2.3. Particle shape

Scholars have varying opinions regarding the specific classification 
of particle shape. Early researchers categorized particle shape into four 
aspects: single particles, particle combinations, particle aggregations, 
and particle flow. Zhou et al. (2023) further described particle shape by 
distinguishing between macroscopic, mesoscopic, and microscopic 
scales.

For a particle, sphericity can be a good apparent reflection of the 
regularity of the particle. Sphericity is a measure of the proximity be
tween the three-dimensional shape of a particle and a sphere, which is 
defined as Equation (1). 

Sp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
36πV2

p
3
√

Area3d
(1) 

where, Area3d is the three-dimensional particle surface area and Vp is the 
particle volume. The value of sphericity is between 0 and 1, and the 

closer the sphericity is to 1, the closer the three-dimensional shape of the 
object is to a sphere, and the sphericity of a perfect sphere is equal to 1.

Therefore, in response to the influence of particle shape on me
chanical properties, the use of sphericity for analysis has been adopted 
by numerous scholars (Fei and Narsilio, 2020a; Fei and Narsilio, 2020b; 
Zhang et al., 2023; Zhou et al., 2018; Li et al., 2023). However, ac
cording to the macroscopic deformation law and mechanical properties 
of recycled concrete are influenced by the physical and mechanical 
properties, as well as the shapes of its components, due to the residue of 
bonded mortar, irregular mechanical damage, and a large number of 
irregular edges and corners present in recycled concrete particles, the 
sphericity is not identical to that of natural sand. Additionally, the 
spatial distribution and characteristics of the contact surfaces between 
particles play a crucial role. At the microscale, these influences are 
manifested in the movement and migration of particles within the ma
terial. Irregular particle shapes lead to increased obstruction of mutual 
particle movement, making relative sliding and rotation more chal
lenging. The influence of the shape of recycled concrete particles on the 
freshness performance of materials has also received extensive attention 
and research (John Nithin et al., 2025. Mahmoodi et al., 2023; Mah
moodi et al., 2024).

Based on the above background, we classify recycled concrete par
ticles into three levels: (1) Overall shape, (2) Degree of roundness, and 
(3) Roughness. The overall shape reflects the geometric characteristics 
of the entire particle, with common indices including fineness length 
(EI) and flatness (FI). Roundness indicates the sharpness or smoothness 
of the particle, with common indicators being sphericity and roundness. 
Roughness describes the degree of local fluctuation on the particle sur
face, thereby reflecting the texture information of the surface, with 
roughness being the primary index. The method is employed to char
acterize the sphericity of particles with circular profiles and quantita
tively analyze the influence of sphericity on the macroscopic mechanical 
properties of recycled concrete.

2.4. Critical state soil mechanics (CSSM)

Critical state soil mechanics (CSSM) is a theoretical framework 
within soil mechanics, primarily utilized to describe soil behavior at the 
limit state. CSSM posits that when soil continues to deform along a 
specific stress path, and both the volume and stress state stabilize, the 
soil reaches what is referred to as the “critical state”. At this critical state, 
while the strain of the soil may continue to accumulate, the stress and 
volume remain constant. Bai et al. (2024) classified the damage process 
and stress-strain response of modified recycled concrete aggregates into 
two stages: distributed damage and local damage, and considered the 
critical state as the key point for the development from the distributed 
damage stage to the local damage stage. The critical state line (CSL) is a 
fundamental concept in CSSM, representing the relationship between 
the soil’s stress state and its volume under critical conditions. This 
concept aids engineers in better understanding the interplay between 
soil stress and volume through a simplified mathematical expression.

3. Numerical simulation test

X-ray μCT technology was employed to scan recycled concrete 
samples. Avizo software was utilized to calculate the sphericity of the 
particles within these samples. Four distinct sphericity particle types, 
exhibiting pronounced morphological differences, were extracted (as 
shown in Fig. 1), and numerical simulation samples were established as 
particle templates. The discrete element program was used to simulate 
the actual particle shapes using rigid block units. Four triaxial specimens 
of varying sphericity were created by importing the particle scan images 
shown in Fig. 1. The sample dimensions were consistent with those used 
in laboratory tests, specifically a cylindrical sample with a diameter of 
50 mm and a height of 100 mm. The simulated particle sizes ranged from 
0.015 mm to 0.06 mm, ensuring a uniform gradation.
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Compared with natural aggregates, due to the lack of cementation 
among recycled concrete particles, combined with the irregularity, 
varying sphericity, and surface roughness of non-spherical particles, the 
rotation of these particles under external forces significantly influences 
the internal structure of the sample, subsequently affecting the me
chanical properties of the soil. Consequently, the contact model between 
particles employs the rolling resistance linear model, which more 
accurately simulates the relative rotation trends of irregular particles 
under external pressure and is better suited for real-world conditions. 
The contact between the particles and the wall is based on a funda
mental linear model.

After selecting the contact model, a 3D image of solid waste particles 
obtained through X-ray μCT scanning was randomly chosen to establish 
the sample for parameter calibration. In this simulation, the loading 
plate in the triaxial test is represented by a rigid wall, while the rubber 
mold is simulated using shell elements in the finite element analysis. The 
contact parameters were continuously adjusted through a trial-and-error 
method, leading to the final determination of the contact parameters (as 
shown in Table 1). Notably, the samples exhibited significant expansion 
deformation after shearing, and the calibration curve closely aligns with 
the laboratory test results (as shown in Fig. 2).

4. Numerical simulation test scheme and results

4.1. Triaxial shearing simulation test scheme

Based on the four particles with varying sphericity depicted in Fig. 1, 
a total of four samples with distinct sphericity levels were established. 

Triaxial shearing tests were conducted at confining pressures of 50 kPa, 
100 kPa, 200 kPa, and 400 kPa for each sample group, resulting in a total 
of 16 simulation test groups (4 × 4 = 16). Subsequently, the stress-strain 
curves, volumetric strain curves, and Mohr circles were analyzed and 
compared. This analysis comprehensively examines the influence of 
sphericity on the mechanical properties of recycled concrete samples, 
integrating principles from critical state soil mechanics.

4.2. Test results

(1) Stress-strain curves

The stress-strain relationship of the sample was analyzed. Fig. 3 il
lustrates the deviatoric stress-strain curve for samples with varying 
sphericity under different confining pressure conditions. It is evident 
from Fig. 3 that the peak deviatoric stress for the same sample increases 
as confining pressure rises. Samples with lower sphericity (Fig. 3(a) and 
(b)), characterized by more edges and angles, exhibit a pronounced 
strain hardening in their stress-strain curves. After reaching the peak 
deviatoric stress, the deviatoric stress gradually flattens with increasing 
strain, indicating robust shear resistance. In contrast, samples with 
higher sphericity (Fig. 3(c) and (d)) display a rounder and less angular 
shape, resulting in a stress-strain curve that demonstrates strain soft
ening. Following the attainment of the peak deviatoric stress, the 
deviatoric stress decreases with increasing strain. Concurrently, as 
sphericity decreases, the axial strain increases when the specimen rea
ches the peak deviatoric stress. 

Fig. 3. Stress-strain curves of samples with different particle shapes.
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(2) Volumetric strain curves

The relationship between volumetric strain and axial strain of the 
sample is illustrated in Fig. 4. As depicted, the volume of all samples 
initially decreases before subsequently increasing; shear shrinkage oc
curs first, followed by dilatancy, resulting in a final volume that exceeds 
that of the sample prior to testing. The axial strain of the specimen 
gradually increases as sphericity decreases. Additionally, the maximum 
compression of the specimen’s volume increases with rising confining 
pressure, while the final volume increment of the specimen diminishes 
as confining pressure increases. All samples exhibited pronounced 
dilatancy, which decreased with higher confining pressure. This phe
nomenon can be attributed to the closer arrangement of particles under 
greater external loads, whereby the increase in pore space between 
particles is not as significant as that observed under lower confining 
pressures, leading to a reduced volume change as confining pressure 
rises.

5. Analysis of test results

5.1. Effect of sphericity on macroscopic mechanical response

To facilitate a more direct comparison of the influence of sphericity 
on the mechanical properties of samples, we compared the stress-strain 

curves and volumetric strain curves of samples exhibiting varying de
grees of sphericity under identical confining pressure.

Fig. 5 illustrates the deviatoric stress-strain curves for each sample 
under varying confining pressures. During the initial phase of axial 
strain, which ranges from 0 % to 5 %, all curves exhibit a consistent 
trend characterized by a rapid increase in stress, primarily attributed to 
the elastic deformation of the samples during initial loading. Under low 
confining pressure conditions (50 kPa and 100 kPa), no obvious corre
lation exists between the peak deviatoric stress and sphericity. Notably, 
the peak deviatoric stress is recorded in samples with low sphericity, 
while the deviatoric stress of particles with high sphericity continues to 
rise. Conversely, at higher confining pressures (200 kPa and 400 kPa), 
the deviatoric stress of particles with low sphericity (Sp0.62 and Sp0.71) 
gradually surpasses that of particles with high sphericity (Sp0.8 and 
Sp0.91) throughout the shear process, indicating that deviatoric stress 
increases as sphericity decreases. This phenomenon can be explained by 
the fact that lower sphericity correlates with coarser, more angular 
shapes, which enhance interlocking and occlusion effects between par
ticles under external loads. Consequently, achieving the same strain 
state during loading requires greater external loads, a trend that is 
particularly pronounced under high confining pressure conditions. 
Additionally, the irregular shapes of the particles contribute to the 
specimen’s ability to maintain its stress state, resulting in a progressively 
slower rate of decrease in deviatoric stress. The deviatoric stress-strain 

Fig. 4. Volumetric strain curves of samples with different particle shapes.
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curve for particles with low sphericity demonstrates a tendency toward 
strain hardening, whereas particles with high sphericity exhibit a clear 
tendency toward strain softening.

Generally, sphericity significantly affects the stress-strain charac
teristics of samples subjected to high confining pressure. Specifically, 
specimens with low sphericity demonstrate higher shear strength and 
enhanced stability during shearing, whereas specimens with high 
sphericity exhibit lower shear strength and a more pronounced softening 
phenomenon.

Fig. 6 illustrates the volumetric strain curve for each sample under 
varying confining pressures. Overall, the dilatancy of samples exhibiting 
higher sphericity occurs earlier, while the maximum shear shrinkage 
decreases with increasing sphericity. Conversely, the maximum dilat
ancy rises with greater sphericity, indicating that samples with higher 
sphericity experience a more pronounced volumetric deformation effect 
when subjected to external loads.

Within the axial strain range of 0%–5%, the volumetric strain vari
ation trend across all samples is similar, reflecting the initial compres
sion stage. During this stage, the impact of differing sphericity on 
volumetric strain is relatively minor. As the axial strain increases from 
5% to 20%, the volumetric strain curves begin to diverge, with samples 

of higher sphericity exhibiting more pronounced dilatancy. Beyond an 
axial strain of 20%, the volumetric strain for all samples stabilizes. As 
sphericity increases, the volumetric strain during the triaxial shear test 
demonstrates a more significant shearing trend. In summary, sphericity 
exerts a considerable influence on the volumetric strain of the samples; 
higher sphericity correlates with a more substantial volume deformation 
effect, likely linked to the structural density and internal particle 
arrangement of the samples.

5.2. Effect of sphericity on shear strength

According to the Mohr-Coulomb strength theory, the molar stress 
circles and shear strength curves of samples with varying sphericity at 
different confining pressures were plotted to illustrate the peak state of 
deviatoric stress (as shown in Fig. 7).

The calculated cohesion and friction angles are recorded in Fig. 8 to 
analyze the influence of sphericity on shear strength. As illustrated in 
Fig. 8, the cohesion of the sample increases with sphericity, with the 
most significant increase occurring between Sp0.8 and Sp0.91. This 
phenomenon can be attributed to the smoother surfaces of particles with 
higher sphericity, which leads to a relatively smaller contact area. 

Fig. 5. Stress-strain curves of each sample under different confining pressures.
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Theoretically, this should reduce friction between particles. However, 
the actual frictional force is influenced not only by the contact area but 
also by the strength and distribution of the contact points. Increased 
sphericity facilitates a tighter and more regular arrangement of parti
cles, enhancing the overall stability of the structure. This close 
arrangement allows for a more even and effective transfer of load and 
stress, thereby improving the cohesion of the overall structure. In 
contrast to irregular particles with lower sphericity, this uniform stress 
distribution minimizes local stress concentrations, further enhancing the 
material’s overall cohesion. Additionally, in the DEM model, the cohe
sive force between particles is typically simulated to reflect the in
teractions among them. Due to the regular arrangement and uniformity 
of contact, spherical particles are more likely to exhibit a uniform dis
tribution of these bonding points, resulting in higher cohesion at the 
macro level.

The friction angle of the sample decreases as sphericity increases, 
with a relatively gentle attenuation amplitude observed between 
different levels of sphericity. This phenomenon occurs because particles 
with high sphericity closely resemble an ideal spherical shape, allowing 
them to slide over each other more easily upon contact. Consequently, 

the interlocking and extrusion forces between these particles are 
weaker, leading to a reduced frictional resistance. Additionally, particles 
exhibiting higher sphericity can form a more regular structural 
arrangement, which enhances the dense packing of particles. In such a 
dense configuration, vertical pressure among the particles increases; 
however, the resistance encountered during shearing diminishes due to 
the smaller contact area and the sliding characteristics at the contact 
points. This interplay results in a reduction of the friction angle. 
Furthermore, in granular materials, the formation of force chains is 
crucial for determining the material’s shear strength. The uniform shape 
and arrangement of spherical particles may lead to shorter or more 
evenly distributed force chains, thereby decreasing local stress concen
trations compared to the longer force chains that can develop in accu
mulations of non-spherical particles. This aspect also contributes to the 
observed reduction in the friction angle.

Fig. 9 illustrates the trend of peak deviatoric stress values in relation 
to sphericity across each group. As sphericity increases, the peak 
deviatoric stress values in each curve exhibit a decreasing or flattening 
trend. At confining pressures of 50 kPa, 100 kPa, and 200 kPa, the peak 
deviatoric stress remains relatively stable or decreases slightly with 

Fig. 6. Volumetric strain curves of each sample under different confining pressures.
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increasing sphericity. However, at a higher confining pressure of 400 
kPa, a significant decrease in peak deviatoric stress is observed as 
sphericity increases, particularly within the range of 0.62–0.8. This in
dicates that the impact of sphericity on the strength of recycled concrete 
is more pronounced under high confining pressure conditions. 
Furthermore, it is evident that greater confining pressure correlates with 
a higher peak deviatoric stress, consistent with the principle that ma
terials exhibit increased strength under elevated confining pressures.

5.3. Critical state soil mechanics analysis

(1) Critical state line in the q-p’ plane

As shown in Fig. 10, the critical state point (CSP) of each stress path 
under confining pressure was found by drawing the q-p’ curve of each 
sample, and the CSL was fitted accordingly. In the q-p’ plane, CSL is 
usually plotted as a line represented by Equation (2). 

qcs =Mcspʹ
cs (2) 

where, the qcs and ṕcs are respectively under the critical state of devia
toric stress and the average effective stress, Mcs is slope of CSL. There is 
the following relationship between Mcs and the critical state friction 
Angle Φcs, as shown in Equation (3). 

Mcs =
qcs

pcs
=

6 sin Φcs

3 − sin Φcs
(3) 

Table 2 and Fig. 10 illustrate that the R2 values for each fitting curve 
exceed 0.99, indicating a strong fitting effect. It can be seen from Fig. 11. 
The slope of the CSL decreases as sphericity increases. Notably, the most 
significant decline occurs when sphericity increases from 0.62 to 0.71, 
while the intercept on the longitudinal axis rises with increasing 
sphericity.

The critical state curve further demonstrates that as sphericity in
creases, the peak stress that the sample can achieve also decreases, 
corroborating the previous conclusion. According to critical state the
ory, once the soil reaches the critical state, its volume, stress state, and 
shear stress will remain unchanged. 

(2) Critical state line in the e-log p’ plane

The classical representation of CSL in the e-log p’ plane is a straight 
line as expressed by Equation (4) (Gajo et al., 2004). 

Fig. 7. Shear strength curves of samples with different sphericity.

Fig. 8. Relationships between particle sphericity and cohesion, friction angle.
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ecs =Γ − λ log
( pʹ

cs
1kPa

)
(4) 

where, ecs is the pore ratio under critical condition, Γ is the pore ratio 
intercept when the average effective stress is zero, and λ is the slope of 
CSL in the semi-log plane. It has been demonstrated that the critical state 
line (CSL) exists as a curved form in the e-log p’, (Li and Wang et al.) 

Fig. 9. Relationships between particle sphericity and peak deviatoric stress.

Fig. 10. CSL of samples with different sphericity in q-p’ plane.

Table 2 
The CSL equation of each sample in the q-p’ plane.

Sample Slope of CSL in the q-p’ plane R2

Sp0.62 1.9096 0.9998
Sp0.71 1.7635 0.9990
Sp0.8 1.7341 0.9990
Sp0.91 1.7077 0.9968
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proposed a power-law model of CSL, as shown in Equation (5). 

ecs = eΓ − λe

(
pʹ

cs
pa

)a

(5) 

where, pa is the atmospheric pressure as the reference pressure, eΓ is the 
pore ratio intercept, λe is the slope of CSL in the power law model, and a 
is the calibration constant, usually 0.7. Compared with the semi-log 
model, the power law model can predict the pore ratio intercept of 
CSL more accurately.

Based in the critical state points extracted from the e-log p’ curves of 
each specimen, two forms of the Critical State Line (CSL) were fitted in 
Figs. 12 and 13, respectively.

Table 3 and Fig. 14 illustrate that as sphericity increases, the slopes 
of the CSL in the e-log p’ plane exhibit a distinct downward trend. 
Additionally, the R2 values for each fitting curve are consistently above 
0.9, indicating a strong fitting effect. The e-log p’ curves of the samples 
effectively capture the compression and shear characteristics under 
varying confining pressure conditions, and the relationship between 
pore ratio and effective pressure at the critical state is quantitatively 
described by the fitting equations.

In conclusion, owing to differences in the mechanical properties of 
various materials, variations are also observed in the slope and intercept 

Fig. 11. Sphericity and slope of CSL in the q-p’ plane.

Fig. 12. Semi-log model of CSL in the e-log p’ plane.
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of the CSL for recycled concrete when compared with those reported 
(Guo et al., 2024; Yu, 2017; Consoli et al., 2024) in studies on soils, 
sands, and aggregates.

In addition, the relevant variables affected by its sphericity have 
been plotted in Fig. 15. The CSL signifies the stable state of soil under 
limiting conditions. Regardless of the extent of shear deformation 
experienced by the soil, it will ultimately converge towards this curve, 
which is crucial for understanding the ultimate bearing capacity and 
deformation characteristics of the soil. Furthermore, The critical state 
strength of the soil can be determined from the CSL. This strength 

Fig. 13. Power-law model of CSL in the e-log p’ plane.

Table 3 
Comparison of CSL slopes in semi-log and power-law form in e-log p’ plane.

Sample Semi-log form Power-law form

Sp0.62 0.091 0.01696
Sp0.71 0.084 0.01635
Sp0.8 0.072 0.01521
Sp0.91 0.061 0.01494

Fig. 14. Sphericity versus CSL slope in the e-log p’ plane.
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reflects the maximum shear resistance of soil under ultimate conditions, 
which is vital for stability analysis in engineering design.

6. Conclusion

Four series of numerical simulation tests with varying degrees of 
particle sphericity were constructed by the DEM. Through triaxial 
shearing simulation tests, the effect of particle shape on mechanical 
properties of recycled concrete particles under the CSSM was investi
gated. Some of the main findings are listed in the following points. 

(1) Under the same test conditions, sphericity significantly influences 
the macroscopic mechanical properties of the sample. As sphe
ricity increases, the stress-strain curve transitions from strain 
hardening to strain softening. Moreover, specimens exhibiting 
high sphericity demonstrate lower shear strength and a more 
pronounced softening phenomenon.

(2) Sphericity significantly impacts the dilatancy characteristics of 
the specimen. As sphericity increases, the volumetric strain dur
ing the triaxial shearing test exhibits a greater dilatancy trend, 
with the maximum shear shrinkage of the specimen decreasing 
while the maximum dilatancy increases. Additionally, the sdila
tancy in specimens with higher sphericity occurs earlier.

(3) As sphericity increases, the cohesion of the sample gradually 
rises, with the most significant increase observed between Sp0.8 
and Sp0.91. But the friction angle shows a decreasing trend, with 
a relatively gentle attenuation between different sphericities, 
while the shear strength of the sample also decreases 
progressively.

(4) The strength of recycled concrete is significantly influenced by 
sphericity in high confining pressure environments. The devia
toric stress of the sample gradually decreases with increasing 
sphericity and shear. The influence of sphericity on the peak 
value of eccentric stress is more significant, and the higher 
confining pressures correspond to greater peak values of devia
toric stress.

(5) Sphericity also significantly influences the slope of the CSL of the 
samples. The slope of the CSL in the q-p’ plane decreases with 
increasing sphericity. Similarly, the slopes of both forms of CSL in 
the e-log p’ plane also decline as sphericity increases.
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