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The strengthening application of brick concrete recycled coarse aggregate (BCRCA) has
become a “troublesome issue.” In this sense, an in-depth study on the strengthening
method of BCRCA is needed. In order to improve the strengthening effect of BCRCA and
perform the large-scale application of brick concrete waste, the strengthening method of
BCRCA was investigated. Briefly, the performance of BCRCA was initially analyzed. Then,
the pore characteristics of BCRCAwere tested by CT scanning technology. The evaluation
index of filling saturation was proposed. Finally, the BCRCA was strengthened by the
negative pressure, and the influences of key parameters such as negative pressure,
negative pressure time, negative pressure temperature, and stirring times on the
strengthening effect were investigated. The test results showed that the best
performance can be obtained by using the following parameters: negative pressure
from −55 kPa to −80 kPa, the negative pressure time from 6 to 14 min, the negative
pressure temperature from 40 to 80°C, and the stirring times from 1 to 4 times. Combined
with the influence of negative pressure strengthening process parameters on filling
saturation, it can be determined that a negative pressure of −75 kPa, a negative
pressure time of 12 min, and a negative pressure temperature of 70°C with two times
of stirring were the best negative pressure strengthening parameters. The unconfined
compressive strength and indirect tensile strength reached 4.9 and 0.55 MPa,
respectively, when the reinforced BCRCA was used for the cement-stabilized
macadam. Therefore, the negative pressure strengthening process parameters
determined in this study can achieve a good strengthening effect.

Keywords: brick concrete recycled coarse aggregate, negative pressure strengthening, process parameters,
micro-analysis, improve performance of aggregate

INTRODUCTION

At present, the concrete materials made of recycled aggregate in proportion to replace natural
aggregate have been widely used (Zaid et al., 2021; Ge et al., 2021; Meng et al., 2022; and Wei et al.,
2022). The utilization of brick concrete recycled coarse aggregate (BCRCA) can reduce the
production of natural aggregate and landfill disposals, and a variety of efforts have been made
on it (Ding, 2016; Kisku et al., 2017). However, the BCRCA produced by the current technology
usually presents defects such as lower apparent density, higher fracture index, and higher water
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absorption compared with natural coarse aggregate (Ferreira
et al., 2011; Soares et al., 2014; and Gao et al., 2020). In
addition, the application range of BCRCA is limited because
of its poor physical and mechanical properties. Therefore, an
effective strengthening method is needed to improve the
performance of BCRCA and realize the large-scale utilization
of BCRCA.

Currently, the reinforcement approaches of BCRCA are
mainly divided into physical shaping and chemical
strengthening. The main purpose of physical shaping is to
remove the cement mortar attached to the surface of recycled
aggregate by the mechanical strengthening method and the
heating grinding method (Hu and Sha, 2012; Xiao et al., 2017;
Hu et al., 2019; Wang R. J. et al., 2020; Liu et al., 2021). The
mechanical strengthening method is to use the friction
between the recycled aggregate particles or between the
particles and the external instruments under the action of
an applied load to remove the mortar from the surface of the
recycled aggregate. The heating and grinding methods take
advantage of the principle that the thermal expansion
coefficients of hardened cement mortar differ from those of
the aggregate. The hardened cement mortar wrapped around
the surface is dehydrated and becomes brittle by heating the
recycled aggregate, followed by striking and grounding it to
obtain high-quality recycled aggregate. However, the mortar
encapsulated inside the recycled aggregate is not completely
removed by the physical shaping methods. Therefore, it is not
sufficient and effective to improve the performance of BCRCA
using the method of stripping mortar (Bai et al., 2020; Wang X.
F. et al., 2020). The purpose of chemical reinforcement is to
strengthen the wrapped mortar and primary aggregate,
including chemical slurry or solution soaking, carbonation
treatment, osmotic crystallization modification, and
nanotechnology modification (Ding et al., 2016; Wang et al.,
2017; Huang et al., 2020; Liang et al., 2020). In the method of
carbonation treatment, calcium hydroxide and calcium silicate
in the mortar can react with CO2 to form CaCO3 and silica gel,
which can fill the pores and strengthen the aggregate (Ying
et al., 2017; Tam et al., 2016; Yang J. C., 2020; Li et al., 2021).
With water as the carrier, the permeation crystallization
material can quickly penetrate the micro-cracks of the
recycled aggregate and the mortar layer adhering to its
surface and performing a condensation reaction (Kumar
et al., 2019). At the same time, the products of the
polycondensation reaction can penetrate the internal voids
of the aggregate and react with it to produce a mesh-type
inorganic polymer, which can effectively fill the pores of the
aggregate. Cement-based diatomaceous earth and SiO2 are
representatives of the nanomaterials with advantages of
small size, high adsorption, high permeability, large specific
surface area, and various active atoms (Xu et al., 2019; Song
et al., 2021). It can improve the performance of recycled
aggregate and increase the strength of the mixture.
However, the reagents for these methods are expensive,
which increases the cost of intensification. In addition, CO2

needs to be collected and sequestered, which is tedious in the
process of carbonization, and there is no suitable

carbonization equipment at this stage. In addition to the
aforementioned reinforcement methods, Hu et al. (2019)
compared the strengthening effects of the secondary mixing
process with those of the conventional mixing process. The
compressive and tensile strengths of the recycled aggregate
concrete prepared by the secondary mixing process under the
same conditions all increased to some extent, and the interface
transition zone was denser. Therefore, the secondary stirring
can effectively improve the mechanical properties of recycled
concrete. Most of the previous studies are primarily focusing
on the reinforcement of recycled concrete under a single
condition, while little attention is paid to the strengthening
effect of recycled aggregate. Moreover, at the present stage,
there are limited reinforced treatment methods with properties
of significant efficiency, low cost, and simple control, which
restrict further development of reinforced recycled aggregate.

This article proposes a novel strengthening method under
negative pressure and with an evaluation index—filling
saturation. Through the basic performance test of aggregate
and the CT scanning technology, the process parameters of this
method are comprehensively determined, which is of great
significance to improve the engineering applications of
recycled aggregate and solve the problems of resource
utilization of construction waste. The research results of this
project will provide the theoretical and application foundation
for the studies of reinforcing materials, say recycled aggregate,
which will significantly promote the BCRCA recycling
technology.

RAW MATERIALS

Cement
At present, the application of recycled brick and concrete
coarse aggregate (BCRCA) is mostly limited to theoretical
feasibility and rarely used in practical engineering. To
realize the large-scale application of reinforced BCRCA in
engineering, it is believed that the reinforced material
should be economical and readily available. In this article,
cement slurry is selected as the reinforcement material.
Cement not only plays the main role of reinforcing
materials but also helps increase the strength of BCRCA in
the later stage.

In this article, the P.O 42.5 cement is supplied by China
Shanshui Cement Group Limited. The performance indicators
of the P.O 42.5 cement are shown in Table 1. After comparison
and verification, all the testing indicators meet the specification
requirements.

The BCRCA used in this study is provided by Shandong
Pulvxiang Environmental Protection Technology Co., Ltd. The
material yard is located at the demolition site in Jinan, Shandong.
The site is shown in Figure 1.

It can be seen from Table 2 that the crushing value, water
absorption, and the flat and elongated particle of BCRCA were
relatively high, while the apparent density was relatively low.
Therefore, BCRCA has the characteristics of low strength and
high porosity.
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NEGATIVE PRESSURE STRENGTHENING
TESTING
Negative Pressure Strengthening
Equipment
The negative pressure strengthening equipment for BCRCA was
independently developed based on previously reported studies
(Liu 2018; Zhao et al., 2019; Liu 2020; Yang Z. Y., 2020). The test
equipment is composed of three parts: test tank, pump, and air
pressure display meter, which are connected by a high-strength
hose with good sealing. This test equipment is shown in Figure 2.

Among them, the test tank is made of acrylic, rubber, and
stainless steel materials, which can bear more than 50 kg of
weight and ±5MPa of pressure. The air pump is a high-
pressure electric air pump produced by Guangdong Berson
with a maximum negative pressure state of 1 MPa approximately.

Negative Pressure Strengthening Test
Design
The negative pressure strengthening test is divided into the
immersion control group and the negative pressure

TABLE 1 | Test results of cement. Cement recycled brick concrete coarse aggregate.

Test item Unit Technical
quality requirements

Result Test method

Normal consistency % — 28.5 —

Setting time Initial setting time — min ≥45 131 JTG E30, 2005 T0505
Final setting time — min ≤600 193

Soundness mm ≤5 0
Cement mortar strength Flexural strength 3d MPa ≥3.5 4.7 JTG E30, 2005 T0506

28d MPa ≥6.5 7.3
Compressive strength 3d MPa ≥17.0 24.1

28d MPa ≥42.5 45.9

FIGURE 1 | Brick concrete recycled aggregate and crushing equipment.

TABLE 2 | Performance test of brick concrete recycled coarse aggregate.

Test item Unit Technical
quality requirements

Result Test method

Crushing value % ≤35 32.9 JTG E42, 2005 T0316
Flat and elongated particle in coarse aggregate 20–30 % ≤20 14.2 JTG E42, 2005 T0312

10–20 ≤20 13.8
5–10 ≤20 13.3

Apparent density 20–30 g/cm3
— 2.550 JTG E42, 2005 T0304

10–20 — 2.567
5–10 — 2.573

Water absorption 20–30 % — 8.9 JTG E42, 2005 T0304
10–20 — 9.8
5–10 — 9.2
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strengthening test group. The negative pressure strengthening
test is divided into the following 5 parts: 1) A number of BCRCA
and natural stones with particle sizes of 10–20 mm were selected.
It was ensured that the quality difference range of different
aggregate is less than 5% and that there is no specific
difference in shape. 2) According to the bonding status of the
cement slurry and recycled material, the water-to-cement ratio
was initially estimated to be from 0.5 to 2.5 and the approximate
water-to-cement ratio range was obtained as 1.4–2.2. The five
water-to-cement ratios for this test were determined based on
engineering experience: 1.4, 1.6, 1.8, 2.0, and 2.2. 3) The cement
and water were poured into the cement slurry mixer separately to
prepare the cement slurry. Then, the cement slurry was added
into the negative pressure strengthening equipment to cover one-
third of the aggregate. Meanwhile, the quantity of the cement
slurry was recorded to ensure that the amount of the cement
slurry added to the two experimental aggregate materials was

equal. 4) The air pump was turned on at different temperatures
after a period of time of performing the negative pressure, and the
number of stirrings was increased. It was allowed to stand for
20–30 min until the cement slurry does not fall off. The ranges of
negative pressure, negative pressure temperature, stirring time,
and stirring times are 0–100 kPa, 0–80°C, 0–15 min, and 1–4
times, respectively. 5) At the end of the test, the aggregate was left
outdoors for 24 h to obtain the reinforced BCRCA. The test
results were characterized by crushing value, water absorption,
and apparent density tests. The experimental results are shown in
Figure 3.

Micro-Test Analysis
First, the pore characteristics of BCRCA can be observed by the
microscopic analysis method of CT scanning, as shown in
Figure 4. Then, according to the depth of the cement slurry
immersed in the pores of different sections, the evaluation index
of filling saturation is proposed. Finally, the optimal strengthen
technology parameters can be determined by the crushing value,
water absorption, and apparent density. In this experiment, the
decrease in crushing value, water absorption, and increase in
apparent density is all due to the fact that in the process of filling
the pores of BCRCA, the cement slurry will clog the pores of
aggregate and increase the internal stress conduction. Therefore,
it is proposed that the filling saturation index can reflect the filling
degree of the slurry.

Filling saturation refers to the ratio of the depth of the cement
slurry entering the pores to the depth of the pores. Filling
saturation reflects the filling degree of the cement slurry. In
this experiment, one aggregate was selected for CT scanning.
As can be seen from Figure 5, the aggregate contains an opening
pore with a length of 87 um. After negative pressure
strengthening, a CT scan was performed on the same part of
the aggregate. The 87 um open pore of the aggregate was filled
with approximately 36 um of cement slurry. Therefore, when the

FIGURE 2 | Negative pressure strengthening equipment.

FIGURE 3 | Unreinforced and reinforced BCRCA. (A) Unreinforced BCRCA and (B) reinforced BCRCA
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pore length is 87 um and the filling depth is 36 um, the filling
saturation is calculated to be 41.4%.

TEST RESULTS AND ANALYSIS

Determining the Influence Scope of
Negative Pressure Strengthening Test
Negative pressure intensification equipment was used to conduct
the performance intensification test of the BCRCA, determining
the effects of five factors: water-to-cement ratio, negative
pressure, negative pressure time, negative pressure
temperature, and stirring times. The influence range of the five
factors can be determined by controlling the variables. The
initially proposed process parameters such as negative
pressure, time, temperature, and stirring times were taken as
the median values of each influencing factor, which were −50 kPa,
7.5 min, 45°C, and 3 times, respectively. The experiments were
conducted in accordance with the method of sequential control
variables and were able to obtain a range of parameters for each
factor.

It can be seen from Figure 6 that when the water-to-cement
ratio was 1.8, the crushing value reached the lowest value of
28.8%. In the range of the water-to-cement ratio from 1.5 to 1.8,
the declining tendency of the crushing value leveled off. When the
water-to-cement ratio was in the range of 2.2, the crushing value
fluctuated around 29%. The changing trend of the water
absorption rate was similar to the variation of the crushing
value. The lowest point appeared in the interval of 1.8. At this
time, the water absorption rate was 8.3%. In the interval of 2.2, the

water absorption rate rebounded. The apparent density reached
2,648 kg/m3 when the water-to-cement ratio was 1.8. When the
water-to-cement ratio was 1.8, the water absorption and crushing
value were in the best state and decreased slightly in the
subsequent interval. After the careful and comprehensive
comparative analysis, the performance index was better than
that of unreinforced BCRCA with the water-to-cement ratio of
1.8. Therefore, the optimal water-to-cement ratio for the
subsequent experiments is 1.8.

It can be seen from Figure 7 that with the increase in negative
pressure, the change of the crushing value generally showed a

FIGURE 4 | Scanning graph of the pore characteristics of recycled coarse aggregate at 100 times magnification. (A) Close pore, (B) open pore, and (C)
connect pore

FIGURE 5 | Schematic diagram of filling saturation at a 100 times magnification.

FIGURE 6 | Water-to-cement ratio parameter range determination.
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decreasing trend. When the negative pressure varied in the range
from −50 kPa to −70 kPa, the crushing value dropped from 30.8 to
28.3%. The overall change in the water absorption rate showed a
decreasing trend. Moreover, when the negative pressure changed in
the interval of −30 kPa~−70 kPa, the decreasing trend was the most
obvious. At this time, the water absorption rate decreased from 9.1 to
7.7%, with a total decrease of 15.4%. The overall change in the
apparent density showed an increasing trend. The rising trend was
themost obvious when the negative pressure varied in the interval of
−50 kPa to −70 kPa. At this time, the apparent density rose from
2,557 kg/m3 to 2,715 kg/m3, with a total increase of 6.2%. To ensure
the accuracy of the test and expand the test range, the final test range
of negative pressure should be locked between −55 kPa and −80 kPa.
Under the action of negative pressure in this range, the crushing
value, water absorption rate, and apparent density of BCRCA
changed more significantly.

It can be seen from Figure 8 that with the increase in negative
pressure time, the crushing value and water absorption showed
a decreasing trend, while the apparent density showed an
increasing trend. Within the variation of negative pressure
time, the apparent density reached 2,581 kg/m3 at 11 min and
the crushing value and water absorption presented the best
effects at 12 min. When the pressure was stabilized within
6–14 min, the impact of the strengthening effect was more
obvious with a significantly improved performance.
Therefore, the range of the negative pressure time is from
6 min to 14 min.

It can be seen from Figure 9 that the crushing value, water
absorption, and apparent density all improved significantly when
the temperature was increased. When the temperature was 60°C,
the water absorption rate dropped to 9.3%. When the
temperature increased to 70°C, the crushing value and
apparent density achieved the best strengthening effects, which
were 29.9% and 2,576 kg/m3, respectively. Therefore, the range of
the negative pressure temperature is considered to be from 40
to 80°C.

It can be seen from Table 3 that with the increase in stirring
times, the crushing value and water absorption rate showed a
trend of decreasing first and then increasing with the peak
appearing at the second stirring. Compared with a single
stirring, the crushing stone value and water absorption
decreased by 4.5 and 7.0%, respectively. The apparent
density increased with the increase in stirring times. The
change in apparent density slowed down after the third
stirring. Therefore, the performance with two times of
stirring is the best.

Filling Saturation Analysis
The best state of a single parameter was selected from Figures
7–9 and Table 3 as the initial process parameters for CT
scanning (negative pressure −70kPa, negative pressure
temperature 70°C, negative pressure time 11 min, stirring

FIGURE 7 | Negative pressure parameter range determination.

FIGURE 8 | Negative pressure time parameter range determination.

FIGURE 9 | Negative pressure temperature parameter range
determination.
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TABLE 3 | Stirring times parameter range determination.

Stirring times Crushing value (%) Water absorption (%) Apparent density (kg/m3)

1 30.8 8.6 2,611
2 29.4 8.0 2,690
3 29.6 8.1 2,689
4 29.7 8.1 2,688

FIGURE 10 | Influence of process parameters on filling saturation.

TABLE 4 | Filling saturation data.

Negative pressure
temperature
(°C)

Filling
saturation (%)

Negative
pressure
time (min)

Filling
saturation (%)

Negative
pressure (kPa)

Filling
saturation (%)

Stirring
times

Filling
saturation (%)

40 21.5 6 21.5 −55 33.8 1 23.1
44 21.9 7 22.3 −60 36.7 2 27.7
48 22.8 8 23.7 −65 38.5 3 28.1
52 23.1 9 24.6 −70 43.1 4 28.3
56 26.2 10 26.2 −75 44.6 Control

group
21.5

60 32.3 11 29.2 −80 41.5 — —

64 33.9 12 30.3 Control group 21.5 — —

68 35.8 13 29.7 — — — —

72 35.4 14 29 — — — —

76 33.8 Control group 21.5 — — — —

80 30.8 — — — — — —

Control group 21.5 — — — — — —

Frontiers in Materials | www.frontiersin.org May 2022 | Volume 9 | Article 8716897

Liu et al. Negative Pressure Strengthened Technological Parameters

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


twice). For example, when the negative pressure changes, the
negative pressure temperature is set to 70°C, and the negative
pressure time is set to 11 min with two times of stirring. The
optimal negative pressure is determined at the maximum filling
saturation. The negative pressure was used as a fixed parameter
for the subsequent experiments. The negative pressure
temperature, negative pressure time, and stirring times were

changed in turn to determine the optimal process parameters. In
total, 20 cross sections of the samples from the experimental
group and the control group were selected, and the average
filling saturation of each group was recorded. The data are
shown in Figure 10 and Table 4.

It can be seen from Table 4 and Figure 10 that with the
increase of negative pressure temperature, the filling saturation

FIGURE 11 | Grading curve.

FIGURE 12 | Compaction curve.

FIGURE 13 | Law of compressive strength.
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showed a trend of increasing and then decreasing. The maximum
value appeared when the negative pressure temperature was 68°C.
The increase in the filling saturation was 66.5% compared to the
negative pressure control group, and the change was 54.6%
compared to that at the negative pressure temperature of 56°C.
The change range gradually decreased after 70°C. Therefore, 70°C
should be set as the optimum negative pressure temperature.

With the extension of negative pressure time, the filling
saturation gradually increased. When the negative pressure
time was in the range from 10 to 12 min, the filling saturation
changed significantly and the maximum value appeared at
12 min. The increase in the filling saturation was 50.2% in
comparison with that of the negative pressure control group.
The increase in the filling saturation was 23.3% compared
with the value at a negative pressure time of 10 min. The
change range showed a downward trend after 12 min.
Therefore, 12 min should be set as the optimal negative
pressure time.

Compared with the negative pressure control group, the
increase in the filling saturation was 107.4% at the negative
pressure of −75 kPa, and the change in the filling saturation
was 3.5% compared with that at the negative pressure of −70 kPa.
There was a downward trend observed at −75 kPa. According to
the changing laws of crushing value, water absorption, and
apparent density in Figure 7, the value of −75 kPa can be set
as the optimal negative pressure. At the same time, compared
with the negative pressure control group, the filling saturation
during the second stirring increased by 28.8% and the filling
saturation did not change after the second stirring. Therefore, it
can be determined that two times of stirring should be used in the
negative pressure strengthening process.

In the negative pressure strengthening method, combined
with the effects of parameters on crushing value, water
absorption, and apparent density, the four types of
technological parameters can be determined. It can be
concluded that BCRCA presents the best negative pressure
reinforcement effect with the following processing
parameters: negative pressure of −75 kPa, negative pressure
time of 12 min, negative pressure temperature of 70°C, and two
times of stirring.

Evaluation of Mechanical Properties of
Cement Stabilized the BCRCA
Four grades of aggregate were used for the grading design with the
ratio of G1 (20–30 mm):G2 (10–20 mm):G3 (5–10 mm):G4
(0–5 mm) being 17:23:23:37. The grading curve is shown in
Figure 11.

The specimens with 8, 9, 10, 11, and 12% of moisture contents
were selected for the compacting experiments, and the curves of
moisture content–dry density were plotted to determine the
optimum moisture content and the maximum dry density.
The results of the compaction test are shown in Figure 12.

According to Figure 13 and Figure 14, the representative
value of the 7 days’ unconfined compressive strength was
2.3 MPa, and the indirect tensile strength of unreinforced
aggregate was 0.28 MPa. After 90 days, the hydration of the
cement gradually slowed down and the strength change of the
concrete became stabilized with the unconfined compressive
strength and indirect tensile strength reaching 3.5 MPa and
0.41 MP, respectively. After strengthening the performance
of BCRCA, the representative values of unconfined
compressive strength and indirect tensile strength after
7 days were 3.2 and 0.36 MPa, respectively, which were
39.1 and 28.6% higher than those without the
strengthening. Moreover, the representative values of
unconfined compressive strength and indirect tensile
strength after 90 days were 4.9 and 0.55 MPa, respectively,
which were 40.0 and 34.1% higher than those without the
strengthening. All the experimental results had a 95%
guarantee rate. As a result, the strengthening technology
parameters under negative pressure can effectively improve
the mechanical properties of the mixture.

SUMMARIES AND CONCLUSION

In this study, the performance of BCRCA was reinforced by the
negative pressure and its parameters were investigated by the
BCRCA performance and the filling saturation. The unconfined
compressive strength and indirect tensile strength of BCRCA

FIGURE 14 | Law of indirect tensile strength.
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before and after strengthening were evaluated, respectively. The
main conclusions are as follows.

1. When the water-to-cement ratio is 1.8, the range of the negative
pressure strengthening process parameters is determined as
follows: the negative pressure is from −55 kPa to −80 kPa. The
negative pressure time ranges from 6min to 14min. The negative
pressure temperature is in range of 40°C–80°C. The stirring times
are 1–4 times.

2. The effect of negative pressure on filling saturation is greater with
a 107.4% increase compared to the control group. The effect of
temperature and time under negative pressure on filling
saturation is similar. The experiments values are improved by
50.4 and 66.5%, respectively. The effect of the number of stirring
on the filling saturation is limited. The value after enhancement is
only 28.8%, and no longer increases after three times of stirring.

3. The variations of the BCRCA crushing value, water
absorption, apparent density, and filling saturation analysis
are analyzed by the strengthening process parameters under
negative pressure. The negative pressure of −75 kPa, negative
pressure time of 12 min, negative pressure temperature of
70°C, and stirring times of 2 times are verified to be the optimal
negative pressure strengthening parameters.

4. The unconfined compressive strength and indirect tensile strength
reach 4.9 and 0.55MPa, respectively, which increase by 40.0 and
34.1% compared with the unreinforced BCRCA. Therefore, the
strengthening procedure parameters under the negative pressure
determined in this study can achieve a good strengthening effect.
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