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Abstract: Recycled concrete aggregate (RCA) is a typical construction and demolition (C&D) mate-
rial generated in civil engineering activities and has been widely used as the coarse-grained filler
added to sand for roadbed fillings. The effect of RCA content on the mechanical behavior of sand-
RCA mixtures is complicated and still not fully understood. To explore the effect of RCA content on
the macroscale and microscopic behavior of the sand-RCA mixtures with various RCA contents,
laboratory direct shear tests and numerical simulations using the 3D discrete element method were
performed. Experimental direct shear tests on sand—-RCA mixtures with different contents of RCA
were first carried out. Numerical direct shear models were then established to represent the exper-
imental results. The particle shape effect was also considered using a new realistic shape modeling
method to model the RCA particles. Good agreement was observed between the DEM simulation
and experimental results, verifying the ability of the numerical direct shear models to represent the
direct shear behavior of sand-RCA mixtures. The macroscopic responses of both experimental and
numerical tests showed that all samples presented an initial hardening followed by a post-peak
strain softening. The peak-state friction angles increased with the RCA content for samples under
the same vertical stress. The effect of RCA content on the microscopic behavior based on DEM sim-
ulation was also found. The microscopic properties of RCA-sand mixtures, such as coordination
numbers, PDFs and contact force transformation features, were analyzed and related to the macro-
scopic results.

Keywords: discrete element method; direct shear test; recycled concrete aggregates (RCA); RCA
contents

1. Introduction

With the rapid urbanization and the ever-increasing population worldwide in recent
years, an enormous amount of construction and demolition waste has been produced due
to the ongoing civil engineering activities [1-4], which is causing serious environmental
problems and threatening the sustainability of the modern society [5-7]. Therefore, the
reuse of construction and demolition waste has attracted increasing attention globally.
Recycled concrete aggregate (RCA) is one of the most favorable and commonly imple-
mented reutilization forms of construction and demolition waste [8]. Recycled concrete
aggregate (RCA) is obtained by crushing the demolition waste of aged concrete buildings
[7,9]. Previous research shows that the engineering properties of RCA are quite different
from those of natural aggregates [10]. Compared to natural aggregates, RCA usually has
a more angular shape and rougher surface [11-13]. These features are believed to be able
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to increase the friction angle of RCA [10]. RCA has been sustainably applied as substitute
for natural aggregates in transportation and geotechnical projects [2,6,12,14-19].

RCA can also be used as coarse aggregates added to geomaterials with fine particles,
which would improve the mechanical properties of the fine geomaterials and thus save
the limited natural aggregate sources. Many researchers have investigated the perfor-
mance of RCA as coarse aggregates blended with different types of fine particles. For ex-
ample, Yaghoubi et al. [20] studied the suitability of RCA blended with polyethylene gran-
ules and found that the strength properties of the mixture were comparable with those of
natural aggregates. Aruljarah et al. [14] investigated the mechanical behavior of RCA
mixed with different contents of fine recycled municipal glass (FRG) and showed that the
mixture consisting of 85% RCA and 15% FRG had a promising result for strength. Li et al.
[21] studied the shear strength of different proportions of sand mixed with RCA particles
and found that the addition of RCA particles can significantly improve the shear strength
of the sample. RCA mixed with fine particles forms a typical binary mixture. According
to previous research, the properties of binary mixtures with coarse aggregates and fine
particles are mainly determined by the content and properties of the coarse aggregates
[22,23]. Many researchers have paid attention to the effect of coarse aggregate on the me-
chanical performance of the binary mixture using triaxial tests [24-26], direct shear tests
[27,28] and simple shear tests [29,30]. Another tool to study the mechanical behavior of
binary mixtures is the discrete element method. Comparing to laboratory tests, the dis-
crete element method is able to not only capture the macroscopic behavior of binary mix-
tures but also study the particle-scale characteristics of binary mixtures [31]. Many effects
have been investigated to analyze the macro- and micro-behavior of binary mixtures with
the discrete element method [30,32-35]. These numerical results can represent the labora-
tory results and have significantly improved the comprehension of the mechanical behav-
ior of binary mixtures.

Although the aforementioned studies have reported some findings, comprehensive
studies on the effect of RCA content on mechanical behavior of sand-RCA mixtures are
still rare. Especially, an investigation from a microscopic view considering the particle
shape has not been reported. This study conducted a systematic investigation of the effect
of RCA content on the shear behavior of sand—RCA mixtures using laboratory tests and
3D DEM simulation. To do so, large-scale direct shear tests were first carried out on sam-
ples with various RCA contents ranging from 0% to 80% under different confining
stresses. Then, numerical models were established to simulate experimental tests. RCA
particles with authentic shapes were generated using a new method based on the 3D re-
construction technique. The numerical results were calibrated with the experimental re-
sults to determine the microscopic parameters. After that, the effect of RCA content on the
microscale properties of RCA-sand mixtures, such as the contact network, coordination
number and contact force distribution was elucidated and analyzed. Based on the micro-
scopic behavior, the reasons for the effect of RCA content on the shear strength of the
sand-RCA mixtures were also analyzed. The findings of this study enhance the
knowledge of the mechanical performance of sand—RCA mixtures, which is likely to ben-
efit the engineering practice.

2. Laboratory Tests
2.1. Materials

Sand-RCA mixtures consist of small sand particles and large RCA particles. In this
study, the RCA particles were produced by crushing blocks of demolished structural con-
crete obtained in an abandoned building in Wuhan, China. The maximum particle size of
RCA was 37.5 mm, while that of sand particles was 5 mm. The particle size distributions
of sand and RCA particles are presented in Figure 1. The densities of sand and RCA par-
ticles were 2.70 and 2.50 g/cm3, respectively.
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Figure 1. Particle size distributions of sand and RCA.

2.2. Test Plan

Direct shear tests were conducted using a large-scale direct shear apparatus with a
size of 300 mm x 300 mm x 300 mm, as shown in Figure 2. The ratio of the direct shear
dimension to the maximum particle size was greater than 7, which satisfies the sample
size to particle size criterion. Sand and RCA particles were first mixed uniformly and then
poured into the direct shear equipment with three layers. Each layer was compacted to a
given porous ratio. Finally, the shear process was conducted by moving the lower box
with a shear rate of 0.01 mm/s until the shear displacement reached 30 mm, or 10% of the
shear strain. In this study, sand—-RCA mixture samples were prepared with the five RCA
contents of 0%, 20%, 40%, 60% and 80%. The direct shear tests were carried out with the
three vertical stresses of 100, 200 and 300 kPa. The densities of samples with different RCA

contents are listed in Table 1.

Table 1. Densities of samples with different RCA contents.

RCA Content

0% 20% 40% 60% 80%

Density (kg/m?)

1720 1742 1764 1786 1808

Figure 2. Large-scale direct shear apparatus.
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3. DEM Simulation of Direct Shear Test
3.1. Modeling Authentic RCA

Particle shape plays an important role in the mechanical performance of granular
materials. Many studies using DEM have been performed to investigate the effect of par-
ticle shape. To establish a realistic particle model by using DEM, finding the particle mor-
phology is the first step. X-ray scanning and laser scanning are two of the most used meth-
ods to establish the morphology of realistic particles [36—41]. However, special instru-
ments are necessary when applying these two methods. In this study, we proposed a new
method to model realistic particles without special equipment. The new method used in
this study consists of three steps, as shown in Figure 3. In the first step, typical particles
are selected and photo are taken from different directions. In the second step, the photos
are converted into a 3D model using 3ds Max as a STL-file. In the third step, the STL-files
are imported into PFC3D 5.0, and clumps with authentic shapes are generated by means
of the bubble-pack method in PFC3D 5.0 based on the imported STL-files. Figure 4 pre-
sents nine typical 3D model of RCA and the associated DEM clumps.

STEP 1 STEP 3
Select target particles Generate DEM particles
Take photos of particles Import 3D model into PFC3D

— ]

Convert photos into a 3D model by 3ds Max

Figure 3. The flowchart of the new method of generating DEM particles with authentic shapes.
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Figure 4. Nine typical RCA aggregates.

3.2. Numerical Direct Shear Model

The commercial discrete element method software PFC3D was applied to conduct
the numerical direct shear tests in this study. The numerical direct shear model consisted
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of 10 rigid walls with the same size as the laboratory instrument. In DEM simulations, one
of the most important factors that influences the computation efficiency is the particle
number. The particle number of binary mixtures with coarse and fine particles is usually
very big, which will significantly increase the computational time. To overcome this lim-
itation, the upscaling method is widely used by expanding the particle size. This scaling
technology was also applied in this study. The particles size distributions of the numerical
samples are shown in Figure 5.
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Figure 5. Particle size distributions of the numerical samples with different RCA contents.

Previous numerical studies usually simulated coarse particles with realistic geome-
tries and fine particles as spheres when conducting experiments on binary mixtures with
coarse particles. In this study, the same strategy was applied to model the sand—RCA mix-
tures. The RCA particles were generated with realistic RCA geometries by the built-in
clump logic using the nine clump templates presented in Section 3.1. The sand particles
were generated as spherical finer particles because the shape of sand particles was more
regular and the size of sand particles was much smaller than those of the RCA particles.
A very low friction coefficient was assigned to the particles to decrease the particle inter-
locks and make the system quickly move to an equilibrium state. After that, the numerical
model was consolidated to given confining pressures by moving the top wall controlled
by a servo mechanism. The confining stresses used in this study were 100, 200 and 300
kPa. Then, the numerical model was sheared by moving the lower box with a steady rate
of 0.1 mmy/s until the shear displacement reached 30 mm. The numerical direct shear test
model with 40% RCA is shown in Figure 6.
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Figure 6. The numerical direct shear model of a sand-RCA mixture with 40% RCA particles.

3.3. Contact Model and Micro-Parameters

The linear contact model was applied to represent the RCA-RCA contact behavior,
while the built-in rolling resistance contact model was applied for sand—sand contacts.
The reason for this choice is that the RCA particles were generated with realistic shapes,
while the sand particles were spheres and did not consider the shape effect. The rolling
resistance model was reported to be a good alternative method considering the particle
shape effect.

The linear contact model has two components between the two contacting entities:
the normal component and the shear component. The constitutive behavior of the normal
component can be described as

F* = K"U" (1)

where F" is the normal contact force, K™ is the normal stiffness and U™ is the overlap.
The constitutive behavior of the shear component is described in incremental mode:

AFS = —KSAU® )

where AFS is the normal contact force, K° is the normal stiffness and AU? is the incre-
mental tangential displacement.

The contact behavior also follows a slip model. Contact slip is allowed to occur, when
the maximum shear contact force F,, satisfies the slip condition as follows:

Fhax = pF" ®)

where u is the friction coefficient.

The rolling resistance model is developed based on the linear contact model by add-
ing a moment M" to resist the relative rotation between the contact entities. The rolling
resistance moment can be expressed as follows:

AM" = —k, A6, “4)

where M7" is the rolling resistance moment, k, is the rolling resistance stiffness and 8,
is the relative rotation increment.
In PFC3D, k, is defined as
k. = k,R? ®)

where R = R®W R®@ /(RW 4+ R®) is the contact effective radius and R™ and R® are the
radii of the contact entities.
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The magnitude of the rolling resistance moment should satisfy a rolling slip model.
MT,IMT| < M*
r — T
M =1m ( “ ),otherwise ©)

|MT|

The limiting torque M* can be calculated as follows:

M* = u"RF" (7)
where u” is the rolling friction coefficient.

To obtain the micro-parameters of both RCA and sand particles, a calibration process
was conducted in this study. The numerical pure sand samples were first calibrated with
the experimental results to get the micro-parameters of sand particles. Then, the micro-
parameters of RCA particles were obtained by matching the numerical performance of
numerical sand—-RCA mixtures with the laboratory tests results. The micro-parameters
obtained in this study are shown in Table 2. The stress—strain behaviors of both numerical

results and experimental data were compared and presented in Figure 7. It is observed
that the numerical results were consistent with the experimental data.

Table 2. Microscopic parameters used in this study.

Parameters RCA Sand Wall
Density, p (kg/m?) 2500 2700 -

Normal stiffness, k» (N/m) 5x10° 5x10° 5 x 10°

Tangential stiffness, ks (N/m) 5x10° 5x10° 5 x 10°
Internal friction coefficient, u 0.7 0.5 -
Rolling friction coefficient, pr - 1.0 -
Local damping 0.7 0.7 -

4. Results Analyses
4.1. Macroscopic Behavior

Figure 7 presents the evolution of shear stress versus shear strain for samples with
different RCA contents under confining pressures of 100, 200 and 300 kPa. The numerical
simulation results and experimental data are both demonstrated and compared. It is ob-
served that the macroscopic behavior of all specimens with various RCA content shows
an initial strain hardening and then post-peak softening behavior. The shear stress for
each sample initially increases with shear—strain until reaching the peak state, and then
the shear stress slightly decreases with the shear strain. The shear strain in the peak state
also increases with the confining stress for all specimen with various RCA contents. It is
also observed that the shear stress in the peak state also increases with the confining stress.

To illustrate the effect of RCA content on the stress—strain behavior of sand-RCA
mixtures, the curves of shear stress versus shear strain for samples with various RCA con-
tents under the confining stress of 200 kPa are plotted and demonstrated in Figure 8. Sim-
ilar to Figure 7, both the experimental results and numerical data are demonstrated in
Figure 8. As shown in Figure 8, the curves of shear stress for the five samples show a
similar trend. The shear stresses of the five samples follow the stress softening pattern. It
is also observed that the evolution of shear stress is affected by the RCA content. A sample
with a higher RCA content has a higher shear stress at the same shear strain.

The peak shear stresses for samples with various RCA content under different con-
fining stresses are shown in Figure 9. For comparison, the peak shear stresses obtained
from experimental and numerical results are both presented. As shown in Figure 9, the
peak shear stress is affected by the RCA content. The peak shear stress increases with RCA
content under different confining stresses. This can be explained as follows: with an in-
crease of RCA content, the interlocking between particles increases due to the coarse size
and irregular shape of the RCA particles. It should be noted that, with the increase of
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confining stress, the deviations between the numerical results and experimental data in-
crease, as shown in Figures 7 and 9. This phenomenon may be attributed to particle break-
age, which was not considered in this study. According to previous research, particle
breakage can significantly affect the mechanical behavior of granular materials, and the
degree of particle breakage increases with confining pressures.
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Figure 7. Stress—strain behavior of sand—RCA mixtures under different confining stresses with
RCA contents of: (a) 0%; (b) 20%; (c) 40%; (d) 60%; and (e) 80%.
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Figure 8. The curves of shear stress versus shear strain of the experimental samples and the nu-
merical models with various RCA contents under the confining stress of 200 kPa.
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Figure 9. Relationship between peak shear stress and RCA content.

4.2. Microscopic Behavior

In this section, the effect of RCA content on the microscopic behavior of sand—-RCA
mixtures, i.e., the coordination number, contact forces and their distribution, are dis-
cussed.

4.2.1. Coordination Number

The coordination number is an important microscopic parameter closely relevant to
the internal stability of contact networks [42,43]. The overall coordination number CNjp,
is usually defined as follows:

CNypp, = ZNC/Np )

where N, is the number of total contacts and N,, is the number of particles.

Figure 10 shows the evolutions of the coordination numbers of samples with various
RCA contents under the confining stress of 200 kPa. Figure 10 illustrates that the RCA
content plays an important role in the evolution of the overall coordination number
CN,; ;. With the increase of RCA content, the RCA particles dominate the sand—-RCA mix-
tures and the overall coordination number CN,;; also increases.

Sand-RCA mixtures are typical binary mixture materials with three types of contacts:
RCA-RCA, sand-sand and RCA-sand. In the present study, the coordination numbers
for these three types of contacts were also analyzed. The definitions of these three coordi-
nation numbers followed those of Minh and Cheng [44] and can be calculated as

CNgs = 2Nc,s—s/Np,s (9)
CNgs = 2Nc,R—s/Np (10)
CNgr = ZNC,R—R/Np,R (11)

where CN; is the sand—sand coordination number, CNgs is the RCA-sand coordination
number, CNgy isthe RCA-RCA coordination number, N.;_; is the number of sand—sand
contacts, N;p_; is the number of RCA-sand contacts, N, r_r is the number of RCA-RCA
contacts and N, and N,y are the numbers of sand and RCA particles, respectively.
The evolutions of CNg;, CNpp and CNgs versus shear strain are shown in Figure 11.
In Figure 11a,b, the coordination number of RCA-RCA contacts increases with the RCA
content, while the coordination number of sand-sand contacts decreases. The
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coordination number of RCA—-sand contacts increases with the RCA content until the RCA
content reaches 60%, and then it decreases with the RCA content.

14 T T T T T T T
—=— RCA 80%—e— RCA 60%
—A— RCA 40% RCA 20%
—— RCA 0%

4 T T T T T T T T T
0 2 4 6 8 10
Shear strain, y (%)

Figure 10. Coordination number versus shear strain for samples with different RCA contents un-
der confining stress of 200 kPa.
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Figure 11. The evolutions of coordination numbers for samples with different RCA contents under
confining stress of 200 kPa: (a) RCA-RCA contacts; (b) RCA-sand contacts; and (c) sand—sand
contacts.

4.2.2. Contact Forces in the Peak State

To thoroughly explore the effect of RCA content on the force transmission, the visu-
alization of force chain distribution is necessary. Figure 12 shows the contact force distri-
butions of samples with various RCA contents in the peak state under confining stress of
200 kPa. Each contact force is exhibited as a color line segment with a thickness propor-
tional to its magnitude in Figure 12. Comparing these five specimens, the density of con-
tact force distribution decreases with the increase of RCA content, especially for the con-
tact forces with low magnitudes. This may be explained as follows: with the increase of
RCA content, the particle number decreases and forces transport through fewer contacts.

Figure 13 presents the relationships between RCA contents and average normal con-
tact forces of samples under different confining stresses in the peak state and the final
state. For samples under the same confining stress, the average normal contact forces in-
crease with RCA contents in both the peak state and the final state, while, for samples
with the same RCA content, the average normal contact forces increase with confining
stresses. This is because that the particle size of RCA is much larger than that of sand.
With the increase of the RCA content, the total number of the sample decreases, the shear
strength increases and the contact force taken by each contact increases.
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Figure 12. Contact networks of samples with different RCA contents in the peak state under confining stress of 200 kPa:
(a) RCA content = 0%; (b) RCA content = 20%; (c) RCA content = 20%; (d) RCA content = 20%; (e) RCA content = 20%.
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Figure 13. Relationships between RCA content and average contact forces of samples under vari-
ous confining stresses in the peak state and final state.

The contact force distributions of samples with different RCA contents, as shown in
Figure 12, gave a qualitative presentation of the characteristics of the contact force net-
work in these sand—-RCA mixtures. To quantitatively investigate the effect of RCA content
on the characteristic of the contact forces, an appropriate mathematical method is neces-
sary. The probability density function (PDF) method, which is widely used to characterize
contact force transmission, was applied in this study. The contact forces can be divided
into strong contact forces and weak contact forces based on whether one contact force is
larger or smaller than the average contact force. A contact force which is larger than the
average contact force is called a strong contact force, otherwise it is called a weak contact
force. The probability of strong and weak contact forces can be expressed by two different
equations as follows:
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where f, is the normal contact force or shear contact force, (|f;|) is the average value of
|fx| and A and B are coefficients related to the inhomogeneity of contact forces.

Figure 14 shows the probability density function (PDF) of the contact forces in the
peak state for samples with different RCA contents under confining stress of 200 kPa. As
shown in Figure 14, the probability densities of the two types of contact forces are both
significantly affected by the RCA content. It can be observed that, for a given value of
contact force, the probability density increases with RCA content, while, for a given value
of probability, the contact force increases with RCA content. Figure 15 demonstrates the
PDFs of normal contact forces and shear contact forces normalized by the average normal
contact force and the average shear contact force for samples with different RCA contents
under confining stress of 200 kPa. As shown in Figure 15, the PDFs are nearly the same
for both normalized normal and shear contact forces when the normalized contact force
is less than a certain value. This value for the normalized normal contact force is 5.0, while
that of the normalized shear contact force is 7.0. This may be attributed to the angular
shape and size of the RCA particles. With the increase of the RCA content, the RCA par-
ticles dominate the force transformation of the samples. Since the RCA particles have a
larger size and a more angular shape, the interlocking between RCA particles will increase
with the increase of the RCA content. This phenomenon also explains why the shear
strength increases with the increase of the RCA content.

a 10° T T T T T
@ fvx‘u H RCAB80%
in RCA 60%
<t A RCA40%
10" A PYS ] RCA 20% -
E sdm @ RCAO%
ovhon
“ u
10° E “AAI - —
s 3 ovALEE
e ] 0‘ A am,
10° E " AA =
| L AA HE g -
* A
4 A AMgh =
10" A o - s
L e 4
*
10° T T T T T T T T T T
0 100 200 300 400 500 600
£,
(b) 10°3 T T T 7
) = RCA 80%
1 o RCA 60%
A RCA 40%
-1 - An _
003 e RCA 20%
oAy ® RCA 0%
ol
102 $54q -
’OAA. n
. oA
9 L S8 |
) A -
’ AR
103 ? * AA. L™ n “
] * AA =
] 2 m "m =
10 4 sy ara 4
E * AA
E L 2 4
10° . . . . . . . . .
0 50 100 150 200 250

)

Figure 14. PDFs of samples with different RCA contents: (a) normal contact force; and (b) shear
contact force.
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Figure 15. PDFs of samples with different RCA contents: (a) normalized normal contact force; and
(b) normalized shear contact force.

4.2.3. Contact Force Anisotropy

The effect of RCA content on contact force transmission during different shear states
was also explored in this study. Figures 16 and 17 illustrate the anisotropy of normal and
shear contact forces of samples in the initial state, peak state and the final state in polar
coordinates. As shown in Figure 16, the normal contact force chains first rotate clockwise
for all samples with different RCA contents until the shear strain reaches the peak state,
and then they slightly rotate anticlockwise in the final state. This observation means that
the anisotropy of normal contact force increases from the initial state to the peak state and
then decreases slightly after the peak state. The shear contact force transmission shown in
Figure 17 illustrates that the anisotropy of shear contact force seems to not be affected
during the shear process, although the magnitudes of the shear contact forces are quite
different.
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Figure 16. The anisotropies of normal contact force of samples with various RCA contents in different shear states: (a)
RCA =0%; (b) RCA =20%; (c¢) RCA =40%; (d) RCA =60%; and (e) RCA =80%.
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Figure 17. The anisotropies of shear contact force of samples with various RCA contents in different shear states: (a) RCA
=0%; (b) RCA =20%; (c¢) RCA = 40%,; (d) RCA = 60%; and (e) RCA = 80%.

To explore the effect of RCA contents on the contact force transmission features,
quantitative studies were conducted to investigate the magnitude and direction of the an-
isotropy for contact force chains in RCA-sand mixtures with different RCA contents. The
shear-induced anisotropy of contact forces is an important feature to illustrate the micro-
scopic force distribution of granular materials. In DEM simulations, the second-order Fou-
rier series approximation (FSA) proposed by Rothenburg et al. [45] is usually used to de-
scribe the anisotropy features.

The main idea of the FSA method is that the directional distribution of micro-quan-
tities can be described by using a probability density function, E(8), such as the second-
order form of Fourier series expansion.
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E(8) = Ey[1 + Adcos2(8 — 6,)] (13) (13)

where E, represents an isotropic distribution part and Ad and 6, are the density and
principal direction of the anisotropic distribution of a micro-quantity, respectively.

The anisotropic distribution of the normal contact force can also be described by us-
ing an equation similar to Equation (13). The equation for normal contact force distribu-
tions is given as follows:

FE,(0) = F,{1 + a,,cos [2(6 — 6,)]} (14) (14)

where F,(0) is the sum of normal contact forces in interval 8, F, is the average of the
normal contact force in all intervals, a,, is the normal contact force anisotropy coefficient
and 8, is the principal direction angle of the normal force anisotropy.

E, = f ZnFn ()do (15) (15)
0

The distribution of the shear contact force is different from that of the normal contact
force and has four symmetrical peaks, as shown in Figure 17. The expression to approxi-
mate the shear force distribution is given as follows:

F(6) = —Fa,sin[2(6 — 6,)] (15) (16)

where a, is the tangential contact force anisotropy coefficient and 6, is the principal di-
rection angle of the shear force anisotropy.

Tables 3 and 4 present the quantitative analysis results of the anisotropy of the nor-
mal and shear contact forces of samples with various RCA contents under the shear strains
of 0%, 5% and 10%. As shown in Table 3, the values of 6,, for samples with various RCA
contents are all about 90° at the shear strain of 0%, which is in line with the theoretical
direction of the anisotropy. The values of 6, for samples with various RCA contents
range from 45° to 52° at the shear strain of 5% and from 55° to 61° at the shear strain of
10%. This means that the normal contact force anisotropy of samples with different RCA
contents is related to the shear strain. It was also found that 6, decreases with the increase
of RCA content at the shear strains of 5% and 10%, which means that the normal contact
force anisotropy reduces when the RCA content increases. The magnitude of normal con-
tact force anisotropy seems to not be affected by the RCA content. The results in Table 4
show that the effect of RCA content on the shear contact force anisotropy is different from
that on the normal contact force anisotropy. It is shown that 8; seems to be independent
of the RCA content, while the magnitude of shear contact force anisotropy increases with
the RCA content.

Table 3. Parameters of the normal contact force anisotropy of samples with different RCA contents.

Y = 0% Yy = 5% Yy = 10%
F, a, 0, © F, a, 0, F, a, 0, (°
0% 33210.01 0.68 89.75 41752.45 0.87 52.79 38021.11 0.81 61.58
20% 31801.40 0.65 89.87 40257.75 0.84 5191 36889.23 0.78 58.64
40% 30605.90 0.64 89.63 39432.10 0.82 48.12 35397.66 0.76 57.03
60% 28967.13 0.64 90.04 37088.46 0.82 4748 33504.11 0.76 56.17
80% 26722.61 0.62 89.33 36247.77 0.87 45.25 32291.18 0.77 55.69

Table 4. Parameters of the shear contact force anisotropy of samples with different RCA contents.

Y = 0% Y = 5% Y = 10%
F, a 0. F, a; 6. ) Fy a; 6, )
0% 172.15 0.39 129.14 4867.23 0.92 115.15 3012.45 0.83 118.42
20% 164.06 0.38 130.41 4811.37 0.94 116.48 2890.46 0.82 118.03
40% 134.97 0.46 126.18 4878.95 0.95 117.59 2714.54 0.85 118.91
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60%
80%

0.41 127.07 4857.70 0.96 118.18 2793.37 0.83 119.15
0.49 130.08 5241.15 0.98 118.86 2675.40 0.84 117.21

References

5. Conclusions

In this study, the mechanical behavior of RCA-sand mixtures was investigated by
using the direct shear test and the 3D discrete element method. The experimental direct
shear tests on RCA-sand mixtures with different RCA contents were first carried out.
Then, numerical direct shear models of RCA-sand mixtures were established using the
3D discrete element method and calibrated with the experimental results. The DEM sim-
ulation results are in good agreement with the experimental results, suggesting the valid-
ity of the DEM model to investigate the mechanical performance of RCA-sand mixtures
in direct shear tests. The microscopic properties of RCA—sand mixtures, such as coordina-
tion numbers, PDFs and contact force transformation features, were also analyzed and
related to the macroscopic results. The main conclusions drawn from this study are listed
as follows:

1. The RCA content plays an important role in the mechanical performance of RCA-
sand mixtures. Both the laboratory test and numerical simulation results show that
the shear strength increases after adding RCA to sand, and, with the increase of the
RCA content, the shear strength of the RCA-sand mixtures increases.

2. The coordination number of all contacts CNy;; increases with the RCA content. For
specific contacts, the CNgs decreases and the CNgp increases with RCA content,
while the CNgs has an increasing trend with the RCA content increasing from 20%
to 60%, and then it decreases as the RCA content increases to 80%.

3. The distribution of contact force can be significantly affected by the RCA content. An
increase in the RCA content leads to an increase in the average contact force. Anal-
yses of the PDFs of contact forces show that RCA tends to have a more significant
effect on the occurrence of large contact forces.

4.  The RCA content can significantly affect the anisotropies of normal contact forces.
The rotation of the normal contact force anisotropy 6,, decreases with the RCA con-
tent. Meanwhile, the anisotropies of the shear contact forces seem to be much less
affected by the RCA content, while the rotation of the shear contact force anisotropy
0, was found to be independent of the RCA content.

Author Contributions: Conceptualization, Y.L. and L.L.; methodology, Y.L. and L.L.; funding ac-
quisition, Y.L., Z.C. and L.L.; data curation, S.H.; formal analysis, S.H.; validation, H.M.; writing —
original draft, S.H.; writing—review & editing, H.X., Z.C., H.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
51808204 and 51808203; Hubei Central Special Fund for Local Science and Technology Develop-
ment, grant number 2019ZYYDO053 and 2018ZYYDO005; the Science, Technology Planning Project
Wuhan, grant number 2020020601012278; the Innovative Group Project of Hubei Province, grant
number 2020CFA046; and the PhD research startup foundation of Hubei University of Technology,
grant number BSQD2019040.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Rao, A.; Jha, K.N.; Misra, S. Use of aggregates from recycled construction and demolition waste in concrete. Resour. Conserv.
Recycl. 2007, 50, 71-81, doi:10.1016/j.resconrec.2006.05.010.

2. Cardoso, R;; Silva, R.V; de Brito, J.; Dhir, R. Use of recycled aggregates from construction and demolition waste in geotechnical
applications: A literature review. Waste Manag. 2016, 49, 131-145, d0i:10.1016/j.wasman.2015.12.021.



Materials 2021, 14, 2909 20 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wu, H.; Zuo, J.; Yuan, H.; Zillante, G.; Wang, ]. A review of performance assessment methods for construction and demolition
waste management. Resour. Conserv. Recycl. 2019, 150, 104407, doi:10.1016/j.resconrec.2019.104407.

Wu, H.; Zuo, J.; Yuan, H,; Zillante, G.; Wang, ]. Cross-regional mobility of construction and demolition waste in Australia: An
exploratory study. Resour. Conserv. Recycl. 2020, 156, 104710, doi:10.1016/j.resconrec.2020.104710.

Arulrajah, A.; Mohammadinia, A.; D’Amico, A.; Horpibulsuk, S. Cement kiln dust and fly ash blends as an alternative binder
for the stabilization of demolition aggregates. Constr. Build. Mater. 2017, 145, 218-225, d0i:10.1016/j.conbuildmat.2017.04.007.
Vieira, C.S.; Pereira, P.M. Use of recycled construction and demolition materials in geotechnical applications: A review. Resour.
Conserv. Recycl. 2015, 103, 192-204, do0i:10.1016/j.resconrec.2015.07.023.

Yazdani, M.; Kabirifar, K.; Frimpong, B.E.; Shariati, M.; Mirmozaffari, M.; Boskabadi, A. Improving construction and demolition
waste collection service in an urban area using a simheuristic approach: A case study in Sydney, Australia. J. Clean. Prod. 2021,
280, 124138, doi:10.1016/j.jclepro.2020.124138.

Kianimehr, M.; Shourijeh, P.T.; Binesh, S.M.; Mohammadinia, A.; Arulrajah, A. Utilization of recycled concrete aggregates for
light-stabilization of clay soils. Constr. Build. Mater. 2019, 227, 116792, doi:10.1016/j.conbuildmat.2019.116792.

Nagataki, S.; Gokce, A.; Saeki, T.; Hisada, M. Assessment of recycling process induced damage sensitivity of recycled concrete
aggregates. Cem. Concr. Res. 2004, 34, 965-971, doi:10.1016/j.cemconres.2003.11.008.

Soleimanbeigi, A.; Tanyu, B.F.; Aydilek, A.H.; Florio, P.; Abbaspour, A.; Dayioglu, A.Y.; Likos, W.]. Evaluation of recycled
concrete aggregate backfill for geosynthetic-reinforced MSE walls. Geosynth. Int. 2019, 26, 396—412, d0i:10.1680/jgein.19.00025.
de Juan, M.S; Gutiérrez, P.A. Study on the influence of attached mortar content on the properties of recycled concrete aggregate.
Constr. Build. Mater. 2009, 23, 872-877, d0i:10.1016/j.conbuildmat.2008.04.012.

Soleimanbeigi, A.; Edil, T.B. Compressibility of Recycled Materials for Use As Highway Embankment Fill. ]. Geotech.
Geoenvironmental Eng. 2015, 141, 04015011, doi:10.1061/(asce)gt.1943-5606.0001285.

Bai, G.; Zhu, C; Liu, C; Liu, B. An evaluation of the recycled aggregate characteristics and the recycled aggregate concrete
mechanical properties. Constr. Build. Mater. 2020, 240, 117978, d0i:10.1016/j.conbuildmat.2019.117978.

Arulrajah, A.; Imteaz, M.; Horpibulsuk, S.; Du, Y.J.; Shen, ].S.L. Recycled concrete aggregate/municipal glass blends as a low-
carbon resource material for footpaths. Road Mater. Pavement Des. 2018, 19, 727-740, doi:10.1080/14680629.2016.1262786.

Leite, F.D.C.; Motta, R.D.S.; Vasconcelos, K.L.; Bernucci, L. Laboratory evaluation of recycled construction and demolition waste
for pavements. Constr. Build. Mater. 2011, 25, 2972-2979, d0i:10.1016/j.conbuildmat.2010.11.105.

Ossa, A.; Garcia, ].L.; Botero, E. Use of recycled construction and demolition waste (CDW) aggregates: A sustainable alternative
for the pavement construction industry. J. Clean. Prod. 2016, 135, 379-386, d0i:10.1016/j.jclepro.2016.06.088.

Perera, S.; Arulrajah, A.; Wong, Y.; Maghool, F.; Horpibulsuk, S. Evaluation of shear strength properties of unbound PET plastic
in blends with demolition wastes. Constr. Build. Mater. 2020, 262, 120545, d0i:10.1016/j.conbuildmat.2020.120545.
Soleimanbeigi, A.; Likos, W. Mechanical Properties of Recycled Concrete Aggregate and Recycled Asphalt Pavement
Reinforced with Geosynthetics. Rest. VA Am. Soc. Civ. Eng. 2019, 284-292, doi:10.1061/9780784482087.026.

Zhang, J.; Gu, F.; Zhang, Y. Use of building-related construction and demolition wastes in highway embankment: Laboratory
and field evaluations. J. Clean. Prod. 2019, 230, 1051-1060, doi:10.1016/j.jclepro.2019.05.182.

Yaghoubi, E.; Arulrajah, A.; Wong, Y.C.; Horpibulsuk, S. Stiffness Properties of Recycled Concrete Aggregate with Polyethylene
Plastic Granules in Unbound Pavement Applications. . Mater. Civ. Eng. 2017, 29, 04016271, doi:10.1061/(asce)mt.1943-
5533.0001821.

Li, L.H.; Wen, B.; Hu, Z; Shi, A.N.; Yu, C.D.; Zhang, J. Research on the reinforced shear properties of construction waste filler
and geosynthetics. |. Wuhan Univ. Eng. Sci. Ed. 2019, 52, 4.

Kuenza, K.; Towhata, I.; Orense, R.P.; Wassan, T.H. Undrained torsional shear tests on gravelly soils. Landslides 1 2004, 185-194,
doi:10.1007/s10346-004-0023-3.

Zhao, HF.; Zhang, L.M. Effect of coarse content on shear behavior of unsaturated coarse granular soils. Can. Geotech. |. 2013, 51,
1371-1383, d0i:10.1139/cgj-2012-0292.

Wang, Y.; Li, X.; Zheng, B.; Zhang, B.; Wang, ].B. Real-time ultrasonic experiments and mechanical properties of soil and rock
mixture during triaxial deformation. Geotech. Lett. 2015, 5, 281-286, doi:10.1680/jgele.15.00131.

Strahler, A.; Stuedlein, A.W.; Arduino, P.W. Stress-Strain Response and Dilatancy of Sandy Gravel in Triaxial Compression and
Plane Strain. ]. Geotech. Geoenviron. Eng. 2016, 142, 04015098, doi:10.1061/(asce)gt.1943-5606.0001435.

Li, C.S.; Zhang, D.; Du, S.S.; Shi, B. Computed tomography based numerical simulation for triaxial test of soil-rock mixture.
Comput. Geotech. 2016, 73, 179-188, d0i:10.1016/j.compgeo.2015.12.005.

Simoni, A.; Houlsby, G.T. The direct shear strength and dilatancy of sand-gravel mixtures. Geotech. Geol. Eng. 2006, 24, 523-549,
doi:10.1007/s10706-004-5832-6.

Wen-Jie, X,; Qiang, X.; Rui-Lin, H. Study on the shear strength of soil-rock mixture by large scale direct shear test. Int. J. Rock
Mech. Min. Sci. 2011, 48, 1235-1247, doi:10.1016/j.ijrmms.2011.09.018.

Chang, W.J.; Phantachang, T. Effects of gravel content on shear resistance of gravelly soils. Eng. Geol. 2016, 207, 78-90,
doi:10.1016/j.enggeo0.2016.04.015.

Xu, D.; Tang, Z.; Zhang, L. Interpretation of coarse effect in simple shear behavior of binary sand-gravel mixture by DEM with
authentic particle shape. Constr. Build. Mater. 2019, 195, 292-304, doi:10.1016/j.conbuildmat.2018.11.059.

Cundall, P.A.; Strack, O.D.L. A discrete numerical model for granular assemblies. Geotechnique 1979, 29, 47-65,
doi:10.1680/geot.1979.29.1.47.



Materials 2021, 14, 2909 21 of 21

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Bagi, K. An algorithm to generate random dense arrangements for discrete element simulations of granular assemblies. Granul.
Matter. 2005, 7, 31-43, doi:10.1007/s10035-004-0187-5.

Salazar, A.; Sdez, E.; Pardo, G. Modeling the direct shear test of a coarse sand using the 3D Discrete Element Method with a
rolling friction model. Comput. Geotech. 2015, 67, 83-93, doi:10.1016/j.compgeo.2015.02.017.

Gong, H.; Song, W.; Huang, B.; Shu, X.; Han, B.; Wu, H.; Zou, J. Direct shear properties of railway ballast mixed with tire derived
aggregates:  Experimental ~and numerical investigations.  Comstr.  Build. = Mater. 2019, 200, 465-473,
doi:10.1016/j.conbuildmat.2018.11.284.

Xu, D.S; Tang, J.Y.; Zou, Y.; Rui, R; Liu, H.B. Macro and micro investigation of gravel content on simple shear behavior of
sand-gravel mixture. Constr. Build. Mater. 2019, 221, 730-744, d0i:10.1016/j.conbuildmat.2019.06.091.

Zhang, T.; Zhang, C.; Zou, J.; Wang, B.; Song, F.; Yang, W. DEM exploration of the effect of particle shape on particle breakage
in granular assemblies. Comput. Geotech. 2020, 122, 103542, doi:10.1016/j.compgeo.2020.103542.

Zhou, B.; Wang, J. Generation of a realistic 3D sand assembly using X-ray micro-computed tomography and spherical harmonic-
based principal component analysis. Int. ]. Numer. Anal. Methods Geomech. 2017, 41, 93-109, doi:10.1002/nag.2548.

Afshar, T.; Disfani, M.M.; Arulrajah, A.; Narsilio, G.A.; Emam, S. Impact of particle shape on breakage of recycled construction
and demolition aggregates. Powder Technol. 2017, 308, 1-12, doi:10.1016/j.powtec.2016.11.043.

Zhou, B.; Wang, J. Random generation of natural sand assembly using micro X-ray tomography and spherical harmonics.
Geotech. Lett. 2015, 5, 6-11, d0i:10.1680/geolett.14.00082.

Zhou, B.; Wang, J.; Zhao, B. Micromorphology characterization and reconstruction of sand particles using micro X-ray
tomography and spherical harmonics. Eng. Geol. 2015, 184, 126-137, doi:10.1016/j.enggeo.2014.11.009.

Hasan, A.; Alshibli, K.A. Experimental assessment of 3D particle-to-particle interaction within sheared sand using synchrotron
microtomography. Geotechnique 2010, 60, 369-379, doi:10.1680/geot.2010.60.5.369.

Rothenburg, L.; Kruyt, N.P. Critical state and evolution of coordination number in simulated granular materials. Int. ]. Solids
Struct. 2004, 41, 5763-5774, doi:10.1016/j.ijsolstr.2004.06.001.

Thornton, C. Numerical simulations of deviatoric shear deformation of granular media. Geotechnique 2000, 50, 43-53,
doi:10.1680/geot.2000.50.1.43.

Minh, N.H.; Cheng, Y.P. A DEM investigation of the effect of particle-size distribution on one-dimensional compression.
Geotechnique 2013, 63, 44-53, doi:10.1680/geot.10.P.058.

Rothenburg, L.; Bathurst, R.J. Analytical study of induced anisotropy in idealized granular materials. Geotechnique 1989, 39, 601—
614, doi:10.1680/geot.1989.39.4.601.



