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Abstract: In order to study the effects of recycled aggregate with different particle gradations and
different contents on the mechanical properties of cement soil modified by nano-MgO, unconfined
compressive strength and scanning electron microscope (SEM) tests were carried out. The cement
content was fixed at 15% and the nano-MgO content was 1.5%. The effects of two ages, three
recycled aggregate contents, and three recycled aggregate particle gradations were considered. The
test results show that the unconfined compressive strength of natural graded (RA), recycled coarse
aggregate (SRA), and recycled fine aggregate (TRA) reached the maximum when the content of
recycled aggregate was 20%, and the unconfined compressive strength of SRA was higher than that
of TRA and RA. The residual strength of RA and SRA samples first increased and then decreased
with the increase in recycled aggregate content, and the residual strength of TRA samples increased
gradually with the increase in recycled aggregate content. The variation law of peak strain and peak
strength of the three particle graded samples was consistent, and the variation law of brittle failure
degree was highly consistent with that of residual strength. When the recycled aggregate content of
RA, SRA, and TRA samples was 20%, the deformation resistance and stiffness of the samples were
the best. In addition, SRA samples showed the best deformation resistance, followed by TRA samples
and, finally, RA samples. The smaller the porosity of the sample, the tighter the sample structure and
the stronger the bearing capacity of SRA. The unconfined compressive strength of the WPRA sample
was represented by an exponentially negative power function of the porosity.

Keywords: recycled aggregate; particle gradation; content; mechanical property

1. Introduction

A large quantity of soft soil is distributed in coastal areas. This soil has the disadvan-
tages of large compression and poor bearing performance. In practical engineering, this
results in a series of problems, such as insufficient strength or large deformation. Therefore,
certain reinforcement measures need to be implemented to improve the bearing capacity of
the soft soil layer, and thus meet the engineering requirements [1–3]. As a result of the rapid
development of the social economy and continuous advancement of urbanization, the civil
engineering industry has also flourished, which has led to a serious shortage of construction
resources. At the same time, the demolition of old buildings produces a large amount of
construction waste, which poses a huge challenge to the ecological environment [4,5]. There
is also an urgent need to find ways to rationally utilize the construction waste. Therefore,
the recycling of aggregates has emerged [6]. The concrete produced by the demolition of
waste buildings is subjected to a series of treatments, such as crushing and screening, and
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the final recycled aggregate is reused as a building material in the construction process.
This provides a promising solution for saving natural resources, protecting the ecological
environment, and reducing the accumulation of construction waste, and fully implements
the concept of sustainable development [7–9].

Particle gradation is one of the important factors affecting the mechanical properties
of soil. A large number of studies have found that particle gradation has obvious effects on
the compressive strength, tensile strength, shear strength, permeability, and rheological
properties of soil [10–12]. Chian et al. [13] conducted unconfined compressive strength
tests on coarse-sand clay, fine-sand clay, and well-graded clay samples to study the effect
of sand impurity particle gradation on the strength characteristics of cement-treated clay.
The test results showed that the strength of the coarse-sand clay samples is lower than that
of the fine-sand clay samples, but the cement hydration process of the coarse-sand clay
samples is faster than that of the fine-sand clay and well-graded clay samples. The strength
of the fine-sand clay samples is slightly higher than that of the well-graded clay samples
in the low-strength range, but slightly lower in the high-strength range over 1500 kPa. In
order to study the effect of particle gradation on the cyclic shear performance of recycled
concrete aggregate (RCA), Huang et al. [14] carried out monotonic direct shear, cyclic
direct shear, and post-cycle monotonic direct shear tests on RCA samples with different
particle gradations. The test results showed that the shear strength of the well-graded RCA
samples was the largest. Under different normal stresses and shear displacements, the shear
strength of the well-graded RCA samples was significantly larger than that of other RCA
types, and the hysteresis curve area was also the largest. Under the influence of particle
gradation, the shear stiffness and damping ratio of the well-graded RCA samples were the
largest, and the shear stiffness of the discontinuously graded RCA samples was between
those of the well-graded and poorly-graded RCA samples. The damping ratio of the
poorly-graded RCA samples was between those of the well-graded and discontinuously
graded RCA samples. The shear strength of RCA samples was improved after cyclic
shearing, and the well-graded RCA samples exhibited the best friction characteristics. Ren
et al. [15] studied the effect of particle gradation on the permeability of calcareous sand
through the traditional indoor constant head seepage test. The test results showed that the
particle gradation of calcareous sand had a certain influence on its permeability; specifically,
when the non-uniformity and curvature coefficients were controlled as a single variable,
the permeability coefficient of the calcareous sand samples increased gradually with the
increase in the non-uniformity and curvature coefficients of the calcareous sand particle
size. In order to study the effect of particle gradation on the mechanical properties of
machine-made sand concrete, Xie et al. [16] carried out a series of mechanical tests on five
kinds of machine-made sands with different particle gradations, namely, the slump test,
cube compressive strength test, axial compressive strength test, splitting tensile strength
test, and elastic modulus test. The test results showed that with the increase in coarse
particles having a particle size of 1.18–4.75 mm in the particle gradation of machine-made
sand, the slump value, cubic compressive strength, axial compressive strength, splitting
tensile strength, and elastic modulus of machine-made sand concrete showed a trend of
first increasing and then decreasing. When the fineness modulus of machine-made sand
was 2.90, the mechanical properties of machine-made sand concrete were optimal, and
were also greatly improved compared with those of natural sand concrete. In order to study
the effect of aggregate particle size on the mechanical properties of recycled aggregate
concrete (RAC), Duan et al. [17] carried out a series of hardening density, compressive
strength, split tensile strength, and chloride salt corrosion resistance tests. The test results
show that optimizing the particle gradation of the aggregate can comprehensively improve
the performance of RAC, which can effectively improve its hardening density, compressive
strength, and splitting tensile strength, thus improving its durability. In summary, a
large number of research results [18–21] show that particle gradation has an important
effect on the performance of various building materials. Good particle gradation can



Crystals 2022, 12, 428 3 of 17

effectively improve the mechanical properties of materials, and improve their permeability
and durability.

At present, a large number of research results show that particle gradation plays
an important role in the mechanical properties of building materials such as sand, clay
and recycled concrete aggregate. The research content of this study was not aimed at the
mechanical properties of the material itself due to the factor of particle gradation, but
focused on the recycled aggregate as an admixture to study the influence of its particle
gradation on the mechanical properties of other base materials. This type of research
is relatively rare at present. Therefore, using soft soil as a base, in this study, recycled
aggregates having different contents and particle gradations were added to study their
improvement effect on the mechanical properties of the soft soil, so as to obtain the best
content and particle gradation of recycled aggregate. The research results of this study can
be applied to the reinforcement of soft soil foundations, and to improving the properties of
soft soil with poor performance, so as to meet the requirements of engineering construction
and provide a new means for the application of recycled aggregate to realize the recycling
of resources.

2. Test Materials and Methods
2.1. Test Materials

The soft soil used in this test was collected from an industrial area in Shaoxing, and
the overall appearance was yellowish-brown. Its basic physical properties are shown in
Table 1.

Table 1. Physical properties of soft soil in an industrial area of Shaoxing.

Physical Index Porosity Liquid Limit/% Plastic Limit/% Liquid Index Plastic Index

Index value 1.74 44 30 0.23 13.5

P.O32.5 Portland cement produced by Shangyu Conch Cement Co., Ltd. (Shaoxing,
China), was used throughout the test, which conformed to the GB175-2007 implementation
standard. The color was gray-brown, and its specific chemical composition is shown in
Table 2.

Table 2. Main chemical composition of cement.

Composition SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O Mn2O3 CaO

Content/% 20.59 4.90 3.40 2.51 2.07 0.5 0.7 0.4 65.10

Nano-MgO was produced by Maclean Co., Ltd. (Shanghai, China) and had an average
particle size of 50 nm and high purity. It is white spherical powder and its basic parameters
are shown in Table 3.

Table 3. Basic parameters of nano-MgO.

Composition MgO Cl Mn K Na Ca Fe

Content/% 99.8 0.10 0.021 0.016 0.012 0.16 0.002

The recycled aggregate was taken from the waste concrete of a demolition site in Shaox-
ing and produced by Shanghai Youhong Environmental Technology Co., Ltd. (Shanghai,
China). The maximum particle size was less than 10 mm, and most particles were round
and granular having a blue-gray color. In order to study the effect of recycled aggregates’
particle gradation, by referring to the particle sieving curve of Peng Wan [22], two addi-
tional recycled aggregates with different particle gradations were designed as test materials
on the basis of natural gradation. The mass fraction of each particle size is shown in Table 4
and Figure 1.
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Table 4. Mass fraction of recycled aggregates of different grades under each particle size.

Mass
Fraction/%

Particle Size D/mm

3 ≥ D ≥ 2 2 ≥ D ≥ 1 1 ≥ D ≥ 0.5 0.5 ≥ D ≥ 0.25 0.25 ≥ D ≥ 0.1 D ≤ 0.1

RA 18.6 21.6 25.9 19.4 11.5 3.0
SRA 28.6 31.6 15.9 15.5 6.5 1.9
TRA 8.6 11.6 15.9 22.4 25.8 15.7
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Figure 1. The particle gradation curve of the recycled aggregate.

2.2. Test Scheme

The recycled aggregate with different contents (10%, 20%, 30%) and three particle
gradations (RA, SRA, TRA), cement with the mixing ratio of 15%, and nano-MgO with the
mixing ratio of 1.5%, were added to soft soil and cured for 7 and 28 d, respectively. When
the samples reached the curing age, unconfined compressive strength tests were carried
out. The specific scheme is shown in Table 5.

Table 5. Test scheme.

Particle
Gradation Sample No. Cement

Content/%
Moisture

Content/%
Nano-MgO
Content/%

Recycled Aggregate
Content/% Curing Age/d

Natural
gradation (RA)

RA-10
15 30 1.5

10
7, 28RA-20 20

RA-30 30

Recycled coarse
aggregate (SRA)

SRA-10
15 30 1.5

10
7, 28SRA-20 20

SRA-30 30

Recycled fine
aggregate

(TRA)

TRA-10
15 30 1.5

10
7, 28TRA-20 20

TRA-30 30

2.3. Sample Preparation

According to the Standard for Geotechnical Test Methods (GBT 50123-2019) [23], the
sample preparation process can be divided into the following steps, and the specific process
is shown in Figure 2:
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Figure 2. Sample preparation process: (a) filling; (b) standing; (c) demolding; (d) curing.

First, the soft soil and recycled aggregates required for the test were placed into a
constant temperature oven for 24 h to ensure that they were completely dry. According to
the mixing ratio designed in the test scheme, a certain mass of soft soil, recycled aggregate,
cement, nano-MgO, and water was weighed, and then mixed and stirred evenly. The mixed
mixture was poured into the sample preparation mold evenly in three stages and compacted
completely. In addition, it was allowed to stand for 10 min after each compaction to prevent
rebounding. The compacted mixture was demolded to obtain a cylindrical sample having
a diameter of 39.1 mm and a height of 80 mm. Then, the samples were wrapped with film
to maintain their freshness and placed into a standard curing box for curing. The curing
time was 7 and 28 d.

2.4. Test Equipment and Methods

A fully automatic unconfined compressive strength tester produced by Nanjing TKA
Co., Ltd. (Nanjing, China), was adopted for the unconfined compressive strength test,
and the compression rate was set to 1 mm/min. According to the Standard for Geotech-
nical Test Methods (GBT 50123-2019) [23], when the axial force reaches the peak value or
reaches stability, the test can be stopped by applying 3–5% axial strain on the basis of the
failure strain.

A tungsten filament high and low vacuum scanning electron microscope (model JSM-
6360LV) produced by JEOL Ltd. (Tokyo, Japan), was used in the test. First, after the sample
preparation was completed, a crystal spraying operation was performed to ensure that the
sample had sufficient conductivity. Then, the sample was placed in the test bench, and the
height of the lens was adjusted. Finally, images under different magnifications were taken.

3. Results and Analysis
3.1. Stress–Strain Curve

Due to the contingency and error of the unconfined compressive strength test, the
results obtained by only one test are not representative or repeatable. In order to reduce
the data discretization caused by test errors, five repeated tests were carried out on the
samples with the same mixing ratio, and the normalization curve of five groups of test
data was obtained after normalization using the weighted average, as shown in Figure 3.
Figure 4 shows the stress–strain curves of recycled aggregates with different contents and
three particle gradations at 7 and 28 d.
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Figure 4 shows that the stress–strain curves of all samples have a hump shape, and the
stress–strain curves of samples with different recycled sand contents and different particle
gradations basically show the same change law; that is, the stress first increases and then
decreases with the increase in strain, representing softening curves. These stress–strain
curves can be roughly divided into three stages of development: (1) The elastic deformation
stage (strain is 0%–1%). The specific performance is that the slope of the stress–strain curve
increases, and the stress increases almost linearly with the strain. The soil particles in the
sample were compressed by the applied stress, but did not fail. (2) The development stage
of plastic deformation (strain is 1%–1.5%). The curve begins to deviate from the straight
line at this stage, and the stress growth is not obvious. At this time, due to the continuous
increase in the pressure, the structure of the soil particles began to be destroyed, the gaps
between the particles were continuously compacted, and micro-cracks appeared in the
sample. (3) The softening stage (strain is 1.5%–6%). When the stress exceeds the peak value,
the stress gradually decreases with the continuous increase in the strain. At about 3% to 5%
greater than the strain of the peak strength, the curve begins to flatten out and maintains
a certain residual strength. At this stage, the cracks in the sample gradually expand and
extend until the sample cracks and fails. Further analysis found that the change in the
stress–strain curve at the age of 7 d is slower than that at the age of 28 d. Among the three
particle grading samples, the stress–strain curve of the SRA sample is the steepest, TRA is
second, and RA is the slowest.

3.2. Peak Strength

The unconfined compressive strength can be obtained from the stress–strain relation-
ship curve of samples with different particle grading recycled aggregate contents, and the
change curve of the unconfined compressive strength is plotted in Figure 5.

Figure 5 shows that the unconfined compressive strength of each sample at 28 d is
significantly higher than that at 7 d with the same particle gradation. When the recycled
aggregate content is 10%, 20%, or 30%, the unconfined compressive strength of RA-28d
sample increased by 25.9%, 12.2%, or 14.6%, respectively, compared with that of the
RA-7d sample under natural gradation. Under the recycled coarse aggregate gradation,
the unconfined compressive strength of the SRA-28d sample increased by 23.6%, 16.4%,
and 18.3%, compared with that of SRA-7d sample, respectively. Under the recycled fine
aggregate gradation, the unconfined compressive strength of the TRA-28d sample increased
by 24.5%, 18.9%, and 22.1% compared with that of TRA-7d sample, respectively. It was
found that when the recycled aggregate content is 10% under the three levels of particle
gradation, the unconfined compressive strength of the 28 d samples increased the most
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compared with that of the 7d samples, followed by the 30% content and, finally, the
20% content.
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recycled aggregate contents.

At 7 and 28 d, the unconfined compressive strengths of RA, SRA, and TRA samples
first increased and then decreased with the increase in recycled aggregate content. The
maximum unconfined compressive strength was reached when the recycled aggregate
content was 20%, and minimum was reached when the recycled aggregate content was
30%. When the recycled aggregate content was 20%, the unconfined compressive strengths
of RA-7d and RA-28d samples reached 2721 and 3053 kPa, respectively, which were 25.6%
and 12.9% higher than those having recycled aggregate content of 10%. The unconfined
compressive strengths of SRA-7d and SRA-28d samples reached 3613 and 4204 kPa, respec-
tively, which were 18.7% and 11.7% higher than having with recycled aggregate content
of 10%. The unconfined compressive strengths of TRA-7d and TRA-28d samples reached
2878 and 3421 kPa, respectively, which were 26.1% and 20.5% higher than those having
recycled aggregate content of 10%. It can be found through the analysis that the recycled
aggregate content has a great influence on the unconfined compressive strength of samples,
which is also consistent with the research results obtained by Li Yugen, Li Fang et al. [24,25].
There are a large number of clay particles in soft soil. Adding an appropriate quantity
of recycled aggregates to soft soil can improve the particle gradation of the soil. During
cement hydration and the nano-MgO pozzolan reaction, a large amount of cement is
produced, which effectively bonds soft soil with recycled aggregate. This provides the
skeleton force for the soft soil, thereby further improving the bearing capacity of the cement
soil. However, when an excessive amount of recycled aggregate is added to cement soil,
the contact area between the recycled aggregate and soft soil increases greatly, and the
quantitative cement and nano-MgO cannot fully contact the recycled aggregate. Thus,
the provided cementing force is too low, resulting in a low level of cohesion between the
soil bodies and a downward trend in the strength of the cement soil. Therefore, in actual
construction projects, it is necessary to strictly control the recycled aggregate content in
cement soil to achieve the optimal application effect.

By comparing the unconfined compressive strength of samples under three particle
gradations, it was found that the unconfined compressive strength of SRA samples was
highest at 7 and 28 d, followed by that of the TRA samples and, finally, that of the RA
samples. By analyzing the law of unconfined compressive strength of SRA, TRA and RA
samples, it was found that, at the same curing age and with the same recycled aggregate
content, the unconfined compressive strength of SRA samples was stable, and between



Crystals 2022, 12, 428 9 of 17

20% and 30% higher than that of TRA samples, and between 30% and 40% higher than
that of RA samples. With the same recycled aggregate content, SRA samples contain more
coarse particles, among which, the brick and concrete particles having larger sizes can
provide a good skeleton force in the soil structure, thus enhancing the rigidity of the cement
soil so as to maximize the soil’s bearing capacity. TRA samples contain a large number of
fine particles. In addition to the skeleton force provided by a small quantity of recycled
aggregates having a large particle size, the fine particles can fill a large number of large
pores between the coarse particles, making the soil structure more compact. Therefore,
the strength of cement soil under this particle gradation was second only to that of SRA
samples. Finally, the recycled aggregate content under different particle gradations in RA
samples was close to the average level, and the boundary between the coarse and fine
particles was less obvious, and thus had a limited effect. Therefore, compared with SRA
and TRA samples, RA samples had a poor effect on the increase in the compressive strength
of cement soil.

3.3. Residual Strength

Residual strength is one of the important physical and mechanical properties, and
refers to the residual ability of soil to resist external loads after macroscopic failure; it can
be obtained from the stress–strain curve throughout the whole process. [26,27]. According
to the “Standards for Geotechnical Test Methods” (GBT 50123-2019) [23], the maximum
strain of the unconfined compressive strength test is generally taken as the peak strain plus
3%–5%, and the peak strain of this test is kept between 1%–2%, so the maximum strain
range of the test is 4%–7%. The residual strength in this study was defined as the stress
value corresponding to the strain of 6% on the stress–strain curve, as plotted in Figure 6.
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Figure 6 shows that the residual strength of samples with different recycled aggregate
contents under three particle gradations is higher at 7 d than that at 28 d. When the recycled
aggregate content is 20%, the residual strength of the SRA-7d sample is the largest, reaching
101 kPa, which is 48.5% higher than that of the SRA-28d sample. Comparing the variation
law of the residual strength of samples with different recycled aggregate contents under
three particle gradations, the residual strengths of RA and SRA samples first increase
and then decrease with the increase in recycled aggregate content. When the recycled
aggregate content is 20%, the maximum value is reached. Compared with 10% content,
the residual strength of RA-7d, RA-28d, SRA-7d, and SRA-28d samples is increased by
196.4%, 40%, 94.2%, and 518.2%, respectively, when the recycled aggregate content is 20%.
The residual strength of TRA samples increases gradually with the increase in recycled
aggregate content, and reaches the maximum value with 30% content. Compared with 10%
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content, the residual strength of TRA-7d and TRA-28d samples is increased by 438.9% and
600.0%, respectively. Compared with 20% content, the residual strength of TRA-7d and
TRA-28d samples is increased by 32.9% and 61.5%, respectively.

3.4. Peak Strain

The strain values corresponding to the peak stress in the stress–strain curve in Figure 2
were sorted, and the strain under the peak stress of samples with different recycled aggre-
gate contents under the corresponding particle gradations (hereinafter referred to as the
peak strain) is shown in Table 6.

Table 6. Peak strain of samples with different content of recycled aggregate/%.

Curing
Age

Sample

RA-10 RA-20 RA-30 SRA-10 SRA-20 SRA-30 TRA-10 TRA-20 TRA-30

7 d 1.29 1.34 1.26 1.25 1.33 1.21 1.24 1.28 1.24
28 d 1.20 1.24 1.16 1.21 1.26 1.19 1.09 1.23 1.07

It can be seen from Table 6 that the peak strains of samples with different recycled
aggregate contents under three particle gradations were kept between 1% and 2%. There-
fore, it can be considered that the effect of recycled aggregate content on the peak strain is
relatively small. Comparing the peak strains of samples with different curing ages, it can be
found that the peak strains of RA-28d, SRA-28d, and TRA-28d samples are all smaller than
those of SRA-7d, TRA-7d, and RA-7d samples. As the curing age increases, the cement
hydration reaction and pozzolanic reaction of nano-MgO are more complete, which reduces
the ductility of samples during loading and makes the samples more prone to brittle failure.
Furthermore, it was found that at 7 and 28 d, with the increase in the recycled aggregate
content, the peak strain of samples first increased and then decreased, and reached the
maximum when the recycled aggregate content was 20%, followed by 10% content, and
decreased to the minimum value when the content was 30%. This finding is consistent with
the variation law of the peak strength of samples.

3.5. Brittleness Index

According to the above analysis, the variation law of the peak strain of samples was
obtained, which can indicate the ductility of samples during the loading process. In order to
further determine the brittleness degree of samples when they are damaged, the brittleness
index based on the full stress–strain curve [28,29] was introduced, as calculated using
Equation (1). The closer the brittleness index to 1, the worse the plasticity of the material.

I = 1 − qr

qu
(1)

where I represents the brittleness index; qu represents the peak strength, kPa; qr represents
the residual strength, kPa.

The brittleness index of samples calculated by the above formula is shown in Table 7.

Table 7. Brittleness index of samples with different contents of recycled aggregate.

Curing
Age

Sample

RA-10 RA-20 RA-30 SRA-10 SRA-20 SRA-30 TRA-10 TRA-20 TRA-30

7 d 0.987 0.969 0.986 0.983 0.972 0.997 0.992 0.975 0.957
28 d 0.996 0.995 0.995 0.997 0.984 0.998 0.996 0.985 0.970

Table 7 shows that with the increase in curing age, the brittleness index of samples
under three particle gradations increases, indicating that the longer the curing age, the
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easier the brittle failure of samples occurs. The brittleness index of RA and SRA samples
first decreased and then increased with the increase in the recycled aggregate content,
and reached the minimum with 20% content. By comparison, the brittleness index of
TRA samples decreased with the increase in recycled aggregate content and reached the
minimum with 30% content. It is observed that the degree of brittle failure of samples under
three particle gradations is highly consistent with the variation law of residual strength,
which shows that, to a certain extent, the brittleness index can also represent the ability of
samples to resist external loads after failure.

3.6. Initial Elastic Modulus

The initial elastic modulus, E0, is one of the important parameters used to describe the
deformation of samples. The initial elastic modulus was calculated by formula (2), and the
specific numerical change in the initial elastic modulus of samples was obtained as shown
in Figure 7. In Equation (2), E0 represents the initial elastic modulus; σ(ε) represents the
stress value under a certain strain, kPa; ε represents the strain, %.

E0 =
dσ(ε)

dσ(ε)
(ε = 0) (2)
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Figure 7. Variation curve of initial elastic modulus of samples with different particle grading recy-
cled aggregate contents. 
Figure 7. Variation curve of initial elastic modulus of samples with different particle grading recycled
aggregate contents.

Figure 7 shows that the initial elastic modulus of RA-28d, SRA-28d, and TRA-28d
samples are all higher than those of RA-7d, SRA-7d, and TRA-7d samples with three
recycled aggregate contents, indicating that the increase in curing age can improve the
ability of samples to resist deformation to a certain extent. At 7 and 28 d, the initial elastic
modulus values of RA, SRA, and TRA samples first increased and then decreased with the
increase in recycled aggregate content. When the recycled aggregate content was 20%, the
initial elastic modulus reached the maximum value, indicating that the sample had the best
ability to resist deformation and the highest stiffness. Furthermore, the comparison of the
initial elastic modulus of the three particle graded samples shows that at 7 and 28 d, SRA
samples show the best resistance to deformation, followed by TRA and, finally, RA.

3.7. Porosity

The recycled aggregate particle gradation mainly affects the pore filling of samples.
In order to further determine the compactness of the three particle graded samples of RA,
SRA, and TRA, SEM tests were conducted with 20% recycled aggregate content at 7 and
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28 d. SEM images under the magnification of 500 times and 2000 times were obtained.
Figure 8 shows the SEM images of RA samples magnified 500 times and 2000 times.
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(c) RA-20-28d at 500 times; (d) RA-20-28d at 2000 times.

Through the four SEM images in Figure 8, the microstructure changes of RA samples
at two ages can be further analyzed. At 500 times magnification, it can be clearly seen in
Figure 8a that there are a large number of pores in the sample, and the shape of recycled
aggregate particles is very obvious. There is a certain interval between particles and the
connection is not tight, and the number of pores of the sample in Figure 8c is relatively
low compared with that in Figure 8a. The arrangement of recycled aggregate particles
is dense and the connection between particles is strengthened. The overall structure is
improved. Under the 2000 times magnification, Figure 8b shows the hydration products
C-S-H and Mg(OH)2 of cement and nano-MgO in the RA sample. The hydration products
wrap the recycled aggregate particles together, which enhances the bonding between the
loose recycled aggregate particles and makes the overall structure of the sample more
complete. However, the larger pores in the sample can still be seen. In Figure 8d, the
hydration products C-S-H and Mg(OH)2 are widely dispersed. There are only small pores
in the sample, and the overall structure is relatively compact. To summarize, the overall
structure of RA samples at the age of 28 d is more compact than that at the age of 7d,
and the number and size of pores are reduced. It can thus be proved that the unconfined
compressive strength of samples increases with the increase in age.

In order to better analyze the pore structure of the samples, further binarization
processing was carried out to convert the SEM images into black and white binarized
images by threshold segmentation, as shown in Figure 9. The microscopic image of the soil
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is composed of soil particles and pores. It is generally considered that the light-colored areas
are soil particles and the dark-colored areas are pores. Therefore, in the binarization process,
the soil particles are recorded as white, and the pores are recorded as black, according to
which the porosity of samples is calculated [30,31]. The porosity was calculated according
to the percentage of the area of the black part in the black and white binarized image to the
entire image area, and the specific calculation formula can be expressed as in Equation (3):

p =
Ap

At
× 100% (3)

where p represents the porosity, Ap represents the total area of pores in the black and white
binarized image (µm2), and At represents the total area of the black and white binarized
image (µm2). The porosity of the particle gradation samples was calculated as shown in
Table 8.

Table 8. Porosity of RA, SRA, and TRA samples/%.

Sample
7d 28d

×500 ×2000 Weighted
Average ×500 ×2000 Weighted

Average

RA 12.1 13.3 12.3 9.3 10.5 9.5
SRA 4.2 5.5 4.5 3.4 3.5 3.4
TRA 8.1 9.2 8.3 6.6 7.2 6.7

It can be seen from Figure 9 that RA, SRA, and TRA samples at 7 d have more
pores than those at 28 d. Furthermore, in the black and white binarized image magnified
2000 times, it can be seen that the pores of samples at 7 d are denser and there are a large
number of pores having larger diameters, whereas the pores of samples at the 28 d are
relatively small and more widely distributed. In addition, SRA samples have the smallest
porosity, followed by TRA samples, and RA samples have the largest porosity.

It can be analyzed from Table 6 that the porosity of the three particle graded samples
decreases with the increase in curing age. This is mainly due to the hydration reaction of
cement and the pozzolanic reaction of nano-MgO at 28 d, in which more reaction products
fill the pores, resulting in a decrease in the porosity of samples. In descending order, the
porosity of the three particle graded samples is ranked: SRA, TRA, RA. The results were
compared with the compressive strength in the above mechanical tests. It was found that
the smaller the porosity, the higher the compressive strength, indicating that the fewer
pores in the sample, the tighter the sample structure, and the stronger the bearing capacity
of the sample.
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SRA-20-28d at 500 times; (j) SRA-20-28d at 2000 times; (k) TRA-20-28d at 500 times; (l) TRA-20-28d 
at 2000 times. 

Table 8. Porosity of RA, SRA, and TRA samples/%. 

Sample 
7d 28d 

×500 ×2000 Weighted Average ×500 ×2000 Weighted Average 
RA 12.1 13.3 12.3 9.3 10.5 9.5 

SRA 4.2 5.5 4.5 3.4 3.5 3.4 
TRA 8.1 9.2 8.3 6.6 7.2 6.7 
It can be seen from Figure 9 that RA, SRA, and TRA samples at 7 d have more pores 

than those at 28 d. Furthermore, in the black and white binarized image magnified 2000 
times, it can be seen that the pores of samples at 7 d are denser and there are a large 
number of pores having larger diameters, whereas the pores of samples at the 28 d are 
relatively small and more widely distributed. In addition, SRA samples have the smallest 
porosity, followed by TRA samples, and RA samples have the largest porosity. 

It can be analyzed from Table 6 that the porosity of the three particle graded samples 
decreases with the increase in curing age. This is mainly due to the hydration reaction of 
cement and the pozzolanic reaction of nano-MgO at 28 d, in which more reaction prod-
ucts fill the pores, resulting in a decrease in the porosity of samples. In descending order, 
the porosity of the three particle graded samples is ranked: SRA, TRA, RA. The results 
were compared with the compressive strength in the above mechanical tests. It was 
found that the smaller the porosity, the higher the compressive strength, indicating that 
the fewer pores in the sample, the tighter the sample structure, and the stronger the 
bearing capacity of the sample. 

The porosity of samples when magnified 500 times is lower than that when magni-
fied 2000 times. This is because the sample range involved in SEM images magnified 500 
times is larger than that for images magnified 2000 times, and the corresponding porosity 
decreases. Therefore, the weighted porosity of WPRA samples can be calculated from 
this. The weight number of porosity for 500 times magnification was set to 4, and that for 
2000 times magnification was set to 1, and the final calculation results are listed in Table 
8. In order to further study the relationship between the compressive strength and the 
porosity of RA, SRA, and TRA samples, linear fitting was carried out to obtain their 
mathematical relationship, as shown in Equation (4), and the fitting curve is drawn as 
shown Figure 10. It can be seen from the fitting results that the unconfined compressive 
strength of the samples has a negative exponential power function relationship with 
porosity. 6084 .  (4)

Figure 9. Black and white binary images of RA, SRA, and TRA samples: (a) RA-20-7d at 500 times;
(b) RA-20-7d at 2000 times; (c) SRA-20-7d at 500 times; (d) SRA-20-7d at 2000 times; (e) TRA-20-7d
at 500 times; (f)TRA-20-7d at 2000 times; (g) RA-20-28d at 500 times; (h)RA-20-28d at 2000 times;
(i) SRA-20-28d at 500 times; (j) SRA-20-28d at 2000 times; (k) TRA-20-28d at 500 times; (l) TRA-20-28d
at 2000 times.

The porosity of samples when magnified 500 times is lower than that when magnified
2000 times. This is because the sample range involved in SEM images magnified 500 times is
larger than that for images magnified 2000 times, and the corresponding porosity decreases.
Therefore, the weighted porosity of WPRA samples can be calculated from this. The
weight number of porosity for 500 times magnification was set to 4, and that for 2000 times
magnification was set to 1, and the final calculation results are listed in Table 8. In order
to further study the relationship between the compressive strength and the porosity of
RA, SRA, and TRA samples, linear fitting was carried out to obtain their mathematical
relationship, as shown in Equation (4), and the fitting curve is drawn as shown Figure 10. It
can be seen from the fitting results that the unconfined compressive strength of the samples
has a negative exponential power function relationship with porosity.

qu = 6084p−0.322 (4)
Crystals 2022, 11, x FOR PEER REVIEW 16 of 18 
 

 

2 4 6 8 10 12 14
2600

2800

3000

3200

3400

3600

3800

4000

4200

4400
 Unconfined compressive strength
 Fitting curve 

U
nc

on
fin

ed
 c

om
pr

es
siv

e 
st

re
ng

th
 q

u/k
Pa

Porosity/%

qu=6084p-0.322

R2=0.93
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that of the residual strength. The initial elastic modulus of all samples first increases 
and then decreases with the increase in recycled aggregate content. The deformation 
resistance of the SRA samples is the highest, followed by that of TRA, and that of RA 
is the lowest. 
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4. Conclusions

1. The unconfined compressive strengths of RA, SRA, and TRA samples first increase
and then decrease with the increase in recycled aggregate content. The unconfined
compressive strengths reach the maximum value when the recycled aggregate content
is 20%. The unconfined compressive strengths of RA-7d, RA-28d, SRA-7d, SRA-28d,
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TRA-7d, and TRA-28d reach 2721, 3053, 3613, 4204, 2878, and 3421kPa, respectively.
Compared with the sample with 10% recycled aggregate content, the unconfined
compressive strength is improved by between 10% and 30%.

2. Under the three particle gradations, the unconfined compressive strength of SRA
samples is the highest, followed by that of TRA, and that of RA is the lowest. At
the same curing age and with the same recycled aggregate content, the unconfined
compressive strength of SRA samples is stable, and between 20% and 30% higher than
that of TRA samples, and between 30% and 40% higher than that of RA samples.

3. The residual strength of both RA and SRA samples reaches the maximum value when
the recycled aggregate content is 20%, whereas the residual strength of TRA samples
reaches the maximum value when the content is 30%. The variation laws of the peak
strain and peak strength of the three particle gradation samples are consistent, and the
variation law of the brittle failure degree is highly consistent with that of the residual
strength. The initial elastic modulus of all samples first increases and then decreases
with the increase in recycled aggregate content. The deformation resistance of the
SRA samples is the highest, followed by that of TRA, and that of RA is the lowest.

4. In descending order, the porosity of the three particle graded samples is ranked: SRA,
TRA, and RA. The smaller the porosity, the tighter the structure and the stronger the
bearing capacity. The compressive strength of the samples has a negative exponential
power function relationship with porosity.
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