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Compared with quartz sand, recycled aggregate sand is characterized by the

high liquefaction and shear resistance because of its irregular particle shape.

However, the interrelationship between its particle shape and shear behaviors is

seldom investigated. This paper investigates the role of the particle shape on the

shear behaviors of recycled aggregate sand by conducting a series of

monotonic and cyclic simple shear tests under undrained constant volume

conditions. The particles’ morphology parameters are assessed in terms of

sphericity, roundness and regularity with microscopic observation and image

processing. According to the experimental results, the recycled aggregate sand

with irregular shapes mobilizes greater gradients of the flow liquefaction lines

under monotonic shear conditions. The irregularity of the particle shape also

leads to greater peak shear stress and dynamic shear modulus, indicating

stronger shear and liquefaction resistances under the cyclic shearing.

Furthermore, the interrelationships between the peak shear stress, dynamic

shear modulus and particle shape of the samples are revealed and established

by well fitted functions, which could serve as references for the selection of

recycled aggregate sand and corresponding designs of the foundation.
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1 Introduction

Owing to the surge of international infrastructure construction in the last decades, the

consumption of natural sand resources has been significantly increasing. It is inevitable

that environmentally friendly, resource-rich, and sustainable recycled aggregate sand

(RA) will replace natural sand because of its abundant mining resources, including rocks,

mine tailings and industrial waste (Yang et al., 2019; Li et al., 2021; Alqarni et al., 2022).

Recently, RA has received considerable attention as an emerging construction

material used in foundation backfilling. Compared with natural quartz sand (QS), RA
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has two noticeable characteristics. One characteristic is the

chemical composition. The QS is mainly composed by silica,

while the compositions of RA are various, including carbonate,

ferric oxide and aluminium oxides. Another significant

characteristic is the particle shape, which has been reported

to have a significant impact on the mechanical behaviors of

granular materials (Rui et al., 2021; Li et al., 2022; Wang et al.,

2022). Compared with QS, the particle shapes of RA are more

irregular and could vary in a wide range due to different

production process and chemical composition. In past a few

years, a number of researchers have studied the influence of

particle shape on the responses of sand by experimental and

numerical methods (Jensen et al., 2001; Mirghasemi et al.,

2002; Chuhan et al., 2003; Tang-Tat, 2009; Ueda et al., 2013).

Shinohara et al. (2000) pointed out that the irregular shapes

show more intense interlocking between particles and have a

noticeable impact on the internal friction angle. Yang and Wei

(2012) carried out a series of undrained triaxial tests on both

angular crushed silica and rounded glass beads and found that

the increase of roundness could result in a decrease of the

critical state angle. Maeda et al. (2010) emphasized that the

shear strength, stiffness and compressibility are highly

correlated to the particle shape. These studies manifest

that there is an obvious interrelationship between the

particle shape and mechanical behaviors of sand,

especially under cyclic loading conditions (Rousé et al.,

2008; Tsomokos and Georgiannou, 2010; Suh et al., 2017).

Consequently, quantifying the shape of sand particles

and selecting the material with suitable particles

could effectively enhance its mechanical shear

performance in foundation backfilling. However,

although there are a number of studies about the particle

FIGURE 1
Particle images of: (A) QS; (B) RASR; (C) RAB; (D) RAS; (E) RAR.
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shape of granular materials, the particle shape of RA and its

impact on the shear behaviors have rarely been quantitatively

and systematically investigated.

Meanwhile, with the rising complexity of seismic and

traffic loadings, the risks of foundation deformation and

sand liquefaction, which could lead to various damage, such

as road collapse and pipeline leakage, kept increasing, bringing

immeasurable harm to the traffic and pedestrian. A few

researchers have conducted a series of experiments to

evaluate the mechanical characteristics of RA under cyclic

loadings and found that compared with natural sand, RA has

higher liquefaction resistance and better dynamic

performance. According to Wang et al. (2018), under the

cyclic loading, the majority of RA materials show less

permanent strain than that of natural sand. Arulrajah et al.

(2013) and Li et al. (2019) conducted a series of cyclic

triaxial tests to evaluate the liquefaction properties of RA

and concluded that its liquefaction and shear resistance is

higher than that of quartz sand. Otsubo et al. (2016)

suggested that using RA for backfilling could effectively

improve the shear strength and liquefaction resistance of

the foundation. Huang et al. (2021) analyzed the

influence of the particle grading on the cyclic shear

characteristics of RA and found that the shear strength of

well graded RA is higher than that of poorly graded RA.

However, these experiments mainly investigated the

mechanical properties of RA from macro aspects. Factors in

micro scale, such as the particle shape, were paid too little

attention.

Therefore, this paper aims to investigate the impact of the

particle shape on shear behaviors of RA under undrained shear

loading conditions by a series of monotonic and cyclic simple

shear tests. The particle shapes of four kinds of RA which are

crushed from different rocks were quantitatively determined

and compared with natural quartz sand (QS). Based on the

derived shape parameters, the connections between the

particle shape and variations of the slope of liquefaction

line, maximum shear stress and dynamic shear modulus

were investigated and described. It should be noted that

except for the particle shape, the shear behaviors could be

also influenced by other factors including the grading,

particle size and uniformity coefficient, which are not

within the scope of this study. Therefore, these parameters

are kept identical for the sample as control factors. The

FIGURE 2
The grading of QS and RA samples.

TABLE 1 Properties of QS and RA samples.

Materials Parent rocks Maximum void ratio,
emax

Minimum void ratio,
emin

QS Quartzite 0.79 0.52

RASR Rhyolitic crystal tuff 1.023 0.606

RAB Basalt 0.992 0.589

RAS Sandstone 1.016 0.585

RAR River pebbles 1.09 0.636

FIGURE 3
Illustration of particle shape parameters.
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research findings could provide theoretical supports and

reference values for the selection of RA in geotechnical

engineering and facilitate the application of RA in the

design and construction of foundations under cyclic

loading conditions, for example, the earthquake loading

condition.

2 Materials and methods

2.1 Experimental materials

Four types of RA with irregular particle shapes produced

in Zhejiang Province, China, were used in this study. Each type

of sand was crushed from different kinds of rocks, denoted as

RASR, RAB, RAS, RAR corresponding to parent rocks of

sandstone with rhyolitic crystal tuff, basalt, sandstone and

river pebble respectively. The material used in the control

group was quartz sand—Leighton Buzzard sand (fraction B), a

type of natural sand from England, whose particles are

relatively round and smooth, denoted as QS. The digital

microscope photographs of the particles for each type of

sand are presented in Figure 1. The compositions of RA

and QS were evaluated by the XRD chemical analyze. It

was found that the silicon dioxide content of QS is

approximately 94.6%, while the others’ ranges from

57.4 to 74.3%.

To evaluate the shear behavior of different samples and

examine the impact of the particle shape on their dynamic

behaviors, the particle gradations were kept consistent for the

samples of both QS and RA, as shown in Figure 2, giving the

identical mean particle diameter d50 of 0.62 mm and the

coefficient of uniformity Cu of 1.51. The maximum and

minimum void ratio were assessed and utilized to control

the relative density of the samples in the tests and are

presented in Table 1, following the ASTM standard D4253

(2016a) and D4254 (2016b).

FIGURE 4
Binarized photos and image processing method for the
particles.

TABLE 2 Computed shape parameters of samples.

Samples Roundness (R) Sphericity (S) Regularity (ρ)

QS 0.821 0.735 0.778

RASR 0.721 0.531 0.626

RAB 0.646 0.416 0.531

RAS 0.601 0.389 0.495

RAR 0.472 0.380 0.426

FIGURE 5
Samples prepared for monotonic and cyclic simple shear
testing.

TABLE 3 Design of the monotonic and cyclic simple shear tests.

Test No. Test type Samples Shear strain amplitude

1 Monotonic shear QS —

2 RASR —

3 RAB —

4 RAS —

5 RAR —

6–9 Cyclic shear QS 0.1, 0.2, 0.3, 0.4

10–13 RASR 0.1, 0.2, 0.3, 0.4

14–17 RAB 0.1, 0.2, 0.3, 0.4

18–21 RAS 0.1, 0.2, 0.3, 0.4

22–25 RAR 0.1, 0.2, 0.3, 0.4
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2.2 Particle shape evaluation

In the existing studies, a variety of parameters were proposed

by researchers to quantify the particle shape (Jennings et al.,

1988; Shigehisa et al., 1998; Fonseca et al., 2012; Lee et al., 2017).

In this paper, the well established parameters—sphericity (S),

roundness (R), and regularity (ρ) were adopted to quantitatively

represent the particle shape (Wadell, 1932; Cho et al., 2007). The

sphericity (S) could well describe the overall shape of the particle

including the length and width while the roundness (R) could

illustrate the regional shape of the principal circular surfaces. To

comprehensively quantify the particle shape, the regularity (ρ) is

adopted and calculated from the sphericity and roundness. The

parameters can be defined as follows:

S � rmax −in
rmin −cir

, (1)

R � ∑n
i�1ri/rmax −in

nc
, (2)

ρ � S + R

2
, (3)

where ri and nc are the radius and the number of corner circles,

while rmax-in is the maximum radius of the inscribe circle of the

particle and rmin-cir is the minimum radius of the circumcircle.

FIGURE 6
Flow liquefaction lines in the space of shear stress t versus axial stress σz in the monotonic simple shear tests for: (A)QS; (B) RASR; (C) RAB; (D)
RAS; (E) RAR.
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The definitions of ri, rmax-in and rmin-cir are illustrated in Figure 3.

More details can be found in Cho et al. (2006).

In this study, a large number of grains were picked randomly for

each type of sand to quantify the shape features. The particle

morphologies were obtained by the microscope. Captured

pictures were firstly binarized and then the shape parameters

were calculated by the MATLAB software for individual particles.

The processing procedure for the pictures are shown in Figure 4. The

particle regularity (ρ), which is a representative factor of sphericity

and roundness, was used to quantify the overall shape for each type

of samples. The computed average values o0066 forQS, RASR, RAB,

RAS, RAR were 0.778, 0.626, 0.531, 0.495, 0.426 respectively

(Table 2).

2.3 Experimental apparatus and methods
The simple shear tests were carried our using an

electromechanical dynamic cyclic simple shear system

(EMDCSS), which is capable of performing dynamic cyclic

experiments with shear strain amplitudes from 0.005 to 10%, as

shown in Figure 5. This device allows the stress or strain to be

imposed in both the vertical direction (z-direction) and horizontal

direction (x-direction). Each sample was tested in cylindrical shape

with the diameter of 50 mm and the height of 30 mm. The pre-

weighted and oven-dried samples were confined by an impermeable

membrane and covered with low-friction stacked rings made of

polytetrafluoroethylene (PTFE), which ensures a constant cross-

sectional area for the sample. The rigidity of the stacked rings

ensures a K0 consolidation of the sample before the shearing.

The initial relative density of samples was controlled according

to the weight and void ratio and set to be 46% before the shearing.

After samples were prepared in the shear box, an axial stress σz of
50 kPa was imposed for K0 consolidation, lasting for 30 min.

The samples’ height remained unchanged when the shearing

started, so the volume of the samples could be kept unchanged. It

has been proved that the shear behavior of sand samples in

constant volume is equivalent to that of those in truly undrained

conditions and it is demonstrated that the loss of axial stress is

equivalent to the increase of pore pressure (Dyvik et al., 1987).

The method is widely adopted because the saturation of samples

as well as the pore pressure sensors are not required (Mao and

Fahey, 2003; Porcino et al., 2008).

Two different types of simple shear tests were carried out in

this study. One is the monotonic simple shear test and the other

one is the cyclic simple shear test. The test conditions are

presented in Table 3. Both the monotonic and cyclic shear

tests are strain-controlled. For the monotonic simple shear

tests, the shear rate was set to be 0.05 mm/min. For the cyclic

simple shear tests, the strain-controlled symmetric sine loading

curve was applied. The loadings were imposed for 20 cycles for

each sample with the frequency of 0.1 Hz to fully record the

stress-strain relationship during the shearing. Four cyclic shear

strain amplitudes (0.1, 0.2, 0.3, and 0.4%) were exerted to the

samples in this study to investigate their cyclic shear responses.

3 Results and discussion

3.1 Results of the monotonic simple shear
tests

The results of the monotonic simple shear tests are shown in

Figure 6. It can be seen that during the constant volume

monotonic shearing, the axial stress reduces gradually,

indicating the accumulation of the pore pressure. Meanwhile,

the shear stress increases with the decreasing axial stress until it

reaches the peak value and then reduces gradually. The peak

stress ratio is determined by the ratio of the peak shear stress and

the corresponding axial stress (τmax/σz), which is identical to the

slope of the flow liquefaction line and could reflect the stability of

sandy soils (Hill, 1958). The flow liquefaction line is presented to

demonstrate the initiation of failure as the instability is prone to

be triggered beyond the line (Yang et al., 2022). Comparing the

experimental results in Figures 6A–E, it is evident that the slope

of flow liquefaction line of QS is obviously lower than RA,

demonstrating its lower liquefaction resistance.

Combining the slope of liquefaction line and particle shape

parameter of the samples, the influence of particle shape on the

value of ηf is demonstrated in Figure 7. In general, the slope of the

flow liquefaction lines tends to decrease with the increasing

particle regularity in a nonlinear pattern, reflecting the

instability and greater liquefaction potential of rounder

particles under monotonic shear tests.

FIGURE 7
Trend of the slope of liquefaction line ηf versus particle
regularity.
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3.2 Results of the cyclic simple shear tests

The typical stress-strain hysteresis loops obtained from the

cyclic simple shear tests with the shear strain amplitude of 0.1%

are shown in Figure 8. The shear stress of RA samples comes to a

peak value in the first few cycles then decreases gradually, while

the shear stress of QS decreases much quicker due to its rounder

particles. During the cyclic shearing, the maximum shear stress

for QS, RASR, RAB, RAS, and RAR were 2.835, 3.639, 3.724,

3.893, and 4.147kPa, corresponding to the particle regularity of

0.778, 0.626, 0.531, 0.495, and 0.426. The peak shear stress is

found to increase as the regularity of the particles decreases

because the particle shape with greater irregularity strengthens

the inter-particle locking of the samples (Yang and Elgamal,

2002; Ueng et al., 2017).

3.2.1 Influence of the particle shape on the
maximum cyclic shear stress

From the hypothesis shear stress-strain loops, it is found that

the maximum cyclic shear stress is correlated with the particle

shape. Figures 9A–D show the peak value of shear stress against

the particle regularity under the cyclic shearing with different

shear strain amplitudes under initial normal stress of 50 kPa and

relative density of 46%. A linear relationship between the peak

FIGURE 8
Hypothesis shear strain-stress loops of samples: (A) QS; (B) RASR; (C) RAB; (D) RAS; (E) RAR.
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cyclic shear stress and the particle regularity could be obtained

with a given shear amplitude, which could be expressed as:

τ max � C1 · ρ + C2, (4)
where C1 and C2 are fitting parameters for the function,

depending on the initial normal stress and shear strain

amplitude. In these figures, the values of C1 and C2 for the

fitting lines both vary with the shear amplitudes. The values

of C1 are -3.537, -5.201, -6.472, and -7.995; the values of C2

are 5.668, 7.126, 7.801, and 9.001; corresponding to the shear

strain amplitude of 0.1, 0.2, 0.3, and 0.4%.

To further analyze the relationship, the correlation

between shear strain amplitudes and these two parameters

is presented in Figures 10A,B. The results demonstrate that as

the shear strain increases, the value of C1 presents a decreasing

trend, while the value of C2 shows an increasing trend in

FIGURE 9
Influence of particle regularity on the maximum cyclic shear stress under different shear strain amplitudes: (A) Aγ = 0.1%; (B) Aγ = 0.2%; (C) Aγ =
0.3%; (D) Aγ = 0.4%.

FIGURE 10
Influence of shear strain amplitude on the fitting parameters: (A) C1; (B) C2.
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contrast. The impact of shear strain amplitude on the values of

C1 and C2 could be expressed as:

For value C1

C1 � −14.645Aγ + 2.14. (5)

For value C2

C2 � 10.676Aγ + 4.73, (6)

where Aγ is the shear strain amplitude. Combined Eqs 4–6, the

maximum cyclic shear stress can be defined as:

τ max � F1(Aγ) · ρ + F2(Aγ), (7)

where the F1 (Aγ) and F2 (Aγ) are functions of the shear strain

amplitude.

3.2.2 Influence of the particle shape on the
dynamic shear modulus

The dynamic shear modulus is investigated in the study as it

could reflect the dynamic characteristics of granular materials

FIGURE 11
Definition of the dynamic shear modulus based on the
hysteretic shear stress-strain loop.

FIGURE 12
Influence of the particle regularity on the dynamic shear modulus under different shear strain amplitudes: (A) Aγ = 0.1%; (B) Aγ = 0.2%; (C) Aγ =
0.3%; (D) Aγ = 0.4%.
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under cyclic loadings, such as the earthquake loading (Nye and

Fox, 2007; Vieira et al., 2013; Wang et al., 2016). Based on the

hypothesis loops, the dynamic shear modulus (Gd) is defined as

(Kumar et al., 2017):

Gd � Gsec 1 + Gsec 2

2
, (8)

where the slope between the vertex of the positive half-axis and the

origin of the hysteresis curve, known asGsec1, is used to calculate the

dynamic shear modulus of the loading portion whileGsec2 is used to

calculate the reverse-loading part, which is determined by the slope

between the vertex of the negative half-axis and the origin of the

hysteresis curve. The parameter definition of dynamic shear

modulus Gd in hypothesis curves is shown in Figure 11.

Figure 12 shows the variation of dynamic shearmodulus against

the cyclic number. Different from the shear stress, the peak value of

the dynamic shear modulus is reached in the first cycle. During the

constant volume cyclic shearing, the dynamic shear modulus

generally decreases with the imposed cyclic number as the

sample contracts. The maximum dynamic shear modulus for a

given tested material reduces with the increasing shear strain

amplitude. Furthermore, as the shear strain amplitude increases,

the reduction rate of the dynamic shear modulus increases as well. It

is obvious that the value of the dynamic shear modulus of QS is less

than that of RA in the same cycle and reduces faster as well. The

relationship between the dynamic shearmodulus and the number of

cycles could be described as:

Gd � A · (Nc)−B, (9)
where A and B are parameters associated with sample properties.

Generally, the given power function fits well with the reduction of

dynamic shear modulus under the cyclic shearing except for the

first cycle in the results of Figures 12B–D when the dramatic

reduction of the dynamic shear modulus occurs, which can be

difficult to predict. For a specific shear strain amplitude, it can be

observed that the fitted curves of the RAR, RAS, RAB, RASR and

QS are located from the top to the bottom, corresponding to the

particle regularity of 0.426, 0.495, 0.531, 0.626 and 0.778. The

results present a decreasing trend of the liquefaction resistance

among the samples, which consists with the results obtained in

Figure 7.

Figure 13 shows variations of the maximum dynamic shear

modulus with the particle regularity under different shear strain

amplitudes. For a given shear amplitude, the maximum dynamic

shear modulus decreases with the increasing particle regularity

FIGURE 13
Relationship between themaximum dynamic shear modulus and particle regularity for samples under different shear strain amplitudes: (A) Aγ =
0.1%; (B) Aγ = 0.2%; (C) Aγ = 0.3%; (D) Aγ = 0.4%.
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and a linear regression is found between them. As the shear

amplitude increases, the maximum dynamic shear modulus

generally shows a decreasing trend. It can be observed from

the fitting lines that the R2 are larger than 0.9 for all the samples,

which reflects the reliability of the fitting formulas. The

relationship between the maximum dynamic shear modulus

and the particle regularity could be established as:

Gdmax � −Sm · ρ + Cm, (10)

where Sm and Cm can be determined by the shear amplitude.

3.2.3 Energy dissipation
It is reported that the movement and relocation of sand

particles would consume large energy under the cyclic loading,

which is also highly related to the stability of sand (Baziar and

Jafarian, 2007; Sonmezer, 2019). Therefore, the energy

dissipation under the cyclic shearing is investigated as well. In

this paper, the energy dissipated in one cycle is calculated by the

area of the corresponding hypothesis stress-strain loop as follows

(Figueroa et al., 1994):

δW � ∑i

1

τi+1 + τi
2

· (γi+1 − γi), (11)

where τi and γi are the shear stress and shear strain recorded in

one cycle. To analyze the difference of cyclic shearing

resistance of sand with different particle regularity, the

energy dissipation per cycle and the cumulative energy are

calculated and presented in Figures 14A–D. The figures

illustrate that the cumulative energy grows rapidly at the

beginning of the cyclic shearing and then the increasing

rate drops gradually. In the last a few cycles, the energy

consumed in one cycle tend to reach a constant value,

resulting in the total energy to accumulate linearly and

indicating the approaching of the liquefaction.

Furthermore, as the shear strain amplitude increased, the

energy dissipation in one cycle drops more quickly and less

cycles are required for the total energy to achieve the linear

increasing rate. In general, the particles with larger regularity

dissipate less energy under the same loading cycles, indicating

the greater instability of the corresponding material under the

cyclic shearing.

FIGURE 14
Cumulative energy consumed and energy consumed per cycle for samples under different shear strain amplitudes: (A) Aγ = 0.1%; (B) Aγ = 0.2%;
(C) Aγ = 0.3%; (D) Aγ = 0.4%.
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4 Conclusion

In order to explore the influence of the particle shape on the

shear and liquefaction behaviors of recycled aggregate sand, a

series of monotonic and cyclic simple shear tests were performed

on QS and four types of RA. The shape of the particles was

quantitatively evaluated in terms of sphericity, roundness and

regularity. Then the regularity is selected as the representative

factor to reflect the particle shape of the samples. The shear

behaviors under constant volume shearing for samples with

different shape characteristics were analyzed and the key

findings are summarized as follows:

1) The particle regularity of QS is higher than that of RA,

reflecting that the particles of RA are more irregular and

angular.

2) In the monotonic simple shear tests, the shear strength and

the slope of the flow liquefaction line of RA are greater than

that of QS and the slope of the liquefaction line tends to

decrease with the increasing particle regularity, indicating the

better liquefaction resistance of RA compared with QS.

3) In the cyclic simple shear tests, the shear stress of QS

decreases more quickly compared with RA because of its

rounder and more regular particle shape. A linear correlation

between the peak shear stress and particle shape parameters

of the samples was derived under undrained cyclic shearing

with different shear amplitudes.

4) During the cyclic shearing, an exponential relation was

established to describe the variation of the dynamic shear

modulus and imposed number of cycles of different samples.

The reduction of the dynamic shear modulus is accelerated

with greater shear amplitudes. A linear relationship between

the particle regularity and the maximum dynamic shear

modulus was proposed as well.

5) The samples with irregular particles dissipate larger energy

and more cycles are required for the total energy to achieve

the linear increasing rate under the same cyclic loading

condition, indicating their need of greater energy to trigger

instability.

The shear characteristics found in this paper and the

proposed relationships between the particle shape parameters

and the flow liquefaction line, peak shear stress and dynamic

shear modulus could be used to predict the responses of RA

under both monotonic and cyclic shear loading conditions, thus

serving as the reference for its selection and application in the

foundation engineering.
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