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As the main component of fiber-reinforced recycled aggregate concrete, the properties of
recycled aggregate determine whether recycled aggregate concrete can be used in
engineering applications. To study the compressive properties and environmental
impact of recycled aggregate, large-scale indoor compression tests were carried out
on recycled aggregate under different moisture contents, concrete aggregate ratios, dry-
wet cycles, and loads. The results showed that the crushing rate and settlement first
increased and then decreased upon increasing the moisture content. Upon increasing the
concrete aggregate ratio, the settlement continuously decreased, and the crushing rate
decreased from 157.2 to 82.5%. Upon increasing the number of dry-wet cycles, the
settlement continued to increase to an upper limit of about 17.5%, and the crushing rate
increased to 35%. Upon increasing the load, the settlement and crushing rate of the
aggregate increased. These results show that the effects of aggregate ratio, moisture
content, and dry-wet cycles on settlement were caused by crushing the aggregate. Based
on this, a formula was constructed to predict the final settlement of reclaimed aggregate.
The leaching amount of Cr in recycled aggregate was 0.0175–0.0375mg/L under normal
conditions, but under extreme conditions, the leaching amount of some sampling points
was greater than in the standard requirements. This means that recycled aggregate may
pose environmental risks that should be mitigated during use. Recycled aggregate can be
used to construct sponge city storage and reuse facilities, as well as fiber-reinforced
recycled aggregate concrete, but its sources need to be determined to ensure that it does
not pose environmental risks.
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INTRODUCTION

Infrastructure construction consumes natural resources and generates a great deal of waste,
which may lead to serious environmental and economic problems (Bendixen et al., 2019). In
2018, China produced 1.704 billion tons of construction waste, which accounted for
approximately 35.9% of all solid waste. Although construction waste can be processed into
recycled aggregate, its reuse rate in China is less than 10%. Recycled aggregate is widely used in
fiber-reinforced recycled aggregate concrete. Highly permeable water storage structures are the
main features of sponge cities (Kong et al., 2020), and such structures are built using natural
materials and fiber-reinforced composite materials. However, such structures are prone to
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damage due to their poor construction quality. Researchers
have shown that the mechanical properties of recycled
aggregate are affected by its source (Yang and Lee, 2017a;
Yang and Lee, 2017b), and the physical properties of recycled
aggregate are worse than those of natural aggregate (Hansen,
1992; Limbachiya et al., 2000; López-Gayarre et al., 2009; Ma
et al., 2019) The water absorption rate of recycled aggregate is
generally higher, but its abrasion resistance is worse than that
of natural aggregate (Lee et al., 2012; Ma et al., 2019). The unit
price per ton of recycled aggregate is about 40% lower than that
of natural aggregate. The use of recycled aggregate to build
water storage structures can reduce the consumption of
natural materials and provide a new method for the
application of recycled aggregate (Yuan et al., 2018; Chen
et al., 2020; Shen et al., 2020). Material settlement and
environmental pollution may occur when recycled aggregate
is used for water storage structures. Therefore, it is necessary to
study the material settlement characteristics and pollution of
construction waste in water storage structures (Saeed, 2008).

Many scholars have investigated the mechanical
properties and the potential reusability of recycled
aggregate in concrete and roadbeds (Yt et al., 2020; Tang
et al., 2021a; Tang et al., 2021b). Most studies have focused on
the wear value and gradation of recycled aggregate,
particularly fine aggregate (>5 mm) (Chen, 2004; Hong,
2016; Chang, 2017; Yang et al., 2017); However, a high
porosity is needed when recycled aggregate is used in
sponge cities, but few studies have focused on this.
Recycled aggregate may also pose certain environmental
risks that can affect human health. Galvin et al. (2012)
analyzed the residues of two recycling facilities in Spain.
Meza et al. analyzed the contamination of crushed
concrete and brick resulting from the demolition of a
university building in the United States (Lopez Meza et al.,
2008; López; Meza et al., 2009). Li et al. (2020) analyzed the
influence of the construction waste sample ratio, liquid-solid
ratio, pH, and other factors on the leaching of heavy metals.
Recycled aggregate can absorb certain pollutants in rainwater
(Wang et al., 2015). Coarse aggregate may undergo ion
exchange when kept in water for a long time, making it

necessary to study its mechanical properties and leaching
properties under these conditions.

In this paper, the mechanical properties and pollution of
recycled aggregate were studied, and a formula was established
to predict the settlement of recycled aggregate to guide the use of
recycled aggregate for the construction of sponge city water
storage structures. The following sections of this study are
structured as: Materials and Methods describes the
methodology of the research; Result presents the results of the
research; Conclusion concludes this study.

MATERIALS AND METHODS

Materials
The recycled aggregate used in this study was taken from Xi’an,
and its main components were concrete and bricks. The recycled
aggregate was mainly obtained from the demolition of old
buildings, and it was crushed by a machine. Its initial mix
ratio was 5:5 (mass ratio of concrete to brick aggregate).
Table 1 provides the gradation of the mixed aggregate, and
Table 2 provides the performance indicators of the recycled
aggregate.

Methods
Consolidation Experiment
Three different samples were designed for consolidation tests:

(1) Aggregate with different moisture contents: Control the
mixing ratio at 5:5 and change the moisture content of the
aggregate at 6, 9, 12, and 15%. Recycled aggregate with
different moisture contents was obtained by adding water
to dry aggregate, and then recycled aggregate was sealed for
18 h to make the moisture more uniform. We calculated the
mass of water to be added according to the mass of dry
recycled aggregate.

(2) Aggregate with different ratios: The proportion of concrete in
the mixed aggregate was 0, 20, 40, 60, 80, and 100%.

(3) Aggregate with different numbers of dry-wet cycles: The
number of dry-wet cycles was 0, 5, 10, 15, and 20. The
recycled aggregate was immersed in water until the aggregate
was saturated. Then, it was removed and put into a drying
oven for 18 h to reduce its moisture content to 0% as much as
possible. This process is constituted one dry-wet cycle. The
scheme of the test is shown in Table 3.

The experiment used a WAW-1000 electro-hydraulic servo
universal testing machine. The diameter of the specimen tube
was 500 mm, and its height was 250 mm. The specimens were
first loaded into a experimental facility, and the loading levels
were 250, 500, 750, 1,000, 1,250, and 1,500 kPa. Percentage

TABLE 1 | Grading of the recycled aggregate.

Particle size (mm) 37.5 31.5 26.5 19.0 16.0 13.2 9.5 4.75
Accumulative remainder (%) 100 80.62 63.25 50.00 25.00 12.55 6.32 0

TABLE 2 | Performance indicators of the recycled aggregate.

Particle size (mm) 4.75–37.5

Porosity (%) 41.3
Apparent density (kg/m3) 2,105
Bulk density (kg/m3) 1,235
Water absorption (%) 15.6
Optimum moisture content (%) 11.6
Crushing value (%) 22.7
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readings were recorded every 5, 10, 15, and 30 min for each
loading level (CN-GB, 2019). When the settlement was stable,
the next loading level was carried out. After the experiment,
the sample was dried and sieved, and the mass of each particle
size fraction was obtained. The particle fragmentation value
was calculated (Kong et al., 2017). Particle fragmentation
indicates that the material broke into smaller particles
under a load, which caused particle-level recombination and

affected the properties of materials. It can be calculated by
Equation 1.

Bg � ∑
n

1

|Pi0−Pi1| (1)

where n is the grade of the material, %; Pi0 is the proportion of the
particle size before compression, %; Pi1 is the proportion of the
particle size after compression, %.

The test process is shown in Figure 1.

Environmental Impact Experiment
The environmental risk of recycled aggregate was experimentally
studied in this paper using the following scheme.

The diffusion solution used in the experiment was a mixed
solution of concentrated sulfuric acid and concentrated nitric
acid, with a mass ratio of 2:1. Two different gradient diffusion
solutions with pH 5.0 and 7.0 were configured (concentrated
sulfuric acid and concentrated nitric acid were purchased from
Sinopharm Group, both of analytical grade). The recycled
aggregate used in the experiment was taken from three
sampling sites: Xi’an tap water district, Xiying Road, and
Xinghuo Railway.

The leaching experiment followed ASTM C1308-08 and
EANEN7371. The enhanced leaching test involved monitoring
the pH of the solution during the test, and the pHwas corrected in
time to ensure it was constant during the test; however, in the
standard leaching test, the pH was not controlled, and it changed
over time. In the experiment, the ratio of the volume of the
diffusion leaching solution to the surface area of the recycled
aggregate was set to 10:1 (ml/cm2). The concentration of heavy
metal pollutants was determined by atomic absorption
spectrophotometry, and the pH of the diffusion solution was
measured by a pH meter. The test steps are as follows:

(1) The prepared diffusion leaching solution was injected into a
2 L beaker.

(2) The recycled aggregate was wrapped by a nylon polyethylene
fishing line and transferred to the beaker. This allowed the
recycled aggregate to be completely immersed in the
diffusion solution, and the bottom was about 5 cm from
the bottom of the beaker. After 2 h, the recycled aggregate
was removed from the diffusion leaching solution to analyze
the concentration of heavy metals in the beaker solution.

(3) The recycled aggregate was placed in another beaker
containing the same diffusion extraction solution, and it
was removed after 5 h to determine the concentration of
heavy metals in the solution.

(4) The recycled aggregate was placed in another beaker
containing the same diffusion extraction solution and then
removed after 17 h to determine the concentration of heavy
metals in the solution.

(5) The recycled aggregate was placed in another beaker
containing the same extraction solution and removed after
24 h to determine the concentration of heavy metals in the
solution.

(6) Step 5 was repeated until heavy metal ions could not be
detected in the solution.

TABLE 3 | The scheme of the consolidation test.

Serial
number

Number
of dry-wet
cycles

The proportion of
concrete (%)

The moisture
content w (%)

A1 0 50 6
A2 9
A3 12
A4 15
B1 0 9
B2 20
B3 40
B4 60
B5 80
B6 100
C1 0 50
C2 5
C3 10
C4 15
C5 20

FIGURE 1 | Test process.
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After the experiment, the cumulative mass of pollutants
diffused from recycled aggregate was calculated by Equation 3.

Amax � ∑Ci × VL,i (2)

where Amax is the mass of accumulated pollutants, mg; Ci is the
concentration of pollutants in the ith diffusion solution, mg/L;
VL,i is the volume of the diffusion solution, L.

RESULTS

Crushing Characteristics of Recycled
Aggregate
Effect of Moisture Content on the Crushing Rate
As shown in Figure 2, the crushing rate first increased and then
decreased upon increasing the moisture content. When the
moisture content increased from 6 to 12%, the crushing rate
increased from 122.52 to 132.64%. When the moisture content
increased from 12 to 15%, the crushing rate decreased from
132.64 to 127.60%. The relationship between the moisture
content and the crushing rate was established as:

Bg � −0.37w2 + 8.21w + 86.298,R2 � 0.99 (3)

where w is the moisture content of recycled aggregate, %; Bg is the
absolute value of recycled aggregate, %.

As shown in Equation 3, the crushing rate reached the
maximum when the moisture content of the aggregate was
11.09%, which is close to the optimal moisture content of the
recycled aggregate. This may indicate that when the moisture
content was low, water mainly existed in the particle interior,
which softened the particles and increased the particle breakage
rate at higher moisture contents. When the moisture content
exceeded the optimal value, water mainly acted as a lubricant, so
the particle breakage rate decreased upon increasing the moisture

content. Changes in the crushing rate of recycled aggregate with
water content were the same as changes in the maximum dry
density of gravel soil with water content (Nakaoka et al., 1994).

Effect of Aggregate Proportion on the Crushing Rate
As shown in Figure 3, upon increasing the proportion of
concrete, the crushing rate decreased gradually. When the
concrete aggregate increased from 0 to 100%, the crushing rate
decreased from 157.2 to 82.5%, which shows that increasing the
proportion of concrete linearly decreased the crushing rate. This
means that the strength of concrete aggregate was much greater
than that of brick aggregate; therefore, the strength of a structure
can be improved by increasing the proportion of concrete
aggregate.

Effect of the Dry-Wet Cycle on the Crushing Rate
As shown in Figure 4, the number of dry-wet cycles had a
nonlinear relationship with the crushing rate. Upon increasing
the number of dry-wet cycles, the crushing rate decreased
continuously, which means that the particle crushing
eventually stabilized. The dry-wet cycles may have destroyed
the particle structure, which increased the crushing rate. This also
indicates that there is a certain limit for particle crushing under
certain conditions (Hardin, 1985; Einav, 2007), and the crushing
rate may increase by about 35%.

Settling Characteristics of Recycled
Aggregate
Effect of Moisture Content on Settlement
As shown in Figure 5, upon increasing the water content, the
settlement under the same load increased first and then
decreased. The variation in the settlement with moisture
content was consistent with that of the crushing rate with
water content, indicating that the moisture content affected
the settlement of recycled aggregate by affecting the crushing rate.

FIGURE 2 | Moisture content vs crushing rate.

FIGURE 3 | The proportion of concrete vs crushing rate.
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Effect of Aggregate Proportion on Settlement
Figure 6 shows the relationship between concrete aggregate
proportion and compressive settlement under different loads. Upon
increasing the proportion of concrete aggregate, the settlement of
aggregate decreased, which is consistent with the aggregate crushing
trend; therefore, the aggregate proportion also affects the compression
settlement by affecting the aggregate crushing rate.

Effect of the Dry-Wet Cycles on Settlement
Figure 7 shows the relationship between the number of dry-wet
cycles and settlement under different loads. Upon increasing the
number of dry-wet cycles, the settlement gradually increased, but
the slope of the curve decreased. That is, the compressive

settlement of recycled aggregate under long-term dry-wet
cycles may have an upper limit, which is about 14.9–17.5%.

Establishment of the Settlement Prediction
Formula
In applications, layered backfill is the most commonly used
structural filling method. Settlement prediction is mainly
carried out via post-construction monitoring. If settlement can
be controlled during backfilling, the workload of post-
construction settlement observation may be reduced, which
can help ensure construction quality.

Based on a large number of indoor test results, we tried to establish
a predictive relationship between the settlement of recycled aggregate
filler and aggregate moisture content, proportion, dry-wet cycles, and

FIGURE 4 | Dry-wet cycles vs crushing rate.

FIGURE 5 | Moisture content vs settlement.

FIGURE 6 | The proportion of concrete vs settlement.

FIGURE 7 | Dry-wet cycles vs settlement.
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load. As shown in Figure 8, there is a good relationship between
settlement, moisture content, and load.

First, according to the relationship curves of settlement and
loads under different moisture contents, the formula describing
the relationship between moisture content, load, and settlement
of mixed aggregate was established as follows:

s � −0.068w2 + 1.501w + 0.035P − 5.559,R2 � 0.99 (4)

where w is the moisture content of recycled aggregate, %; p is the
load on the recycled aggregate, kPa; s is the settlement of recycled
aggregate, mm.

To reduce the number of equation parameters, the compression
settlement of 5:5 recycled aggregate (mass ratio of concrete to brick
aggregate is 5:5) was taken as the benchmark, and the equation was
established according to this proportion to describe the compression
settlement of aggregate with different compositions. For this reason,
the parameterKwas introduced as a coefficient of the settlement ratio.
Then, the relationship between the aggregate proportion, load, and K
was obtained (Figure 9).

Similarly, the formula to predict the compressive settlement of
recycled aggregate with different proportions was obtained by
considering the effect of load as follows:

K � 0.00239 × a + 0.8804 R2 � 0.97 (5)

where a is the proportion of recycled aggregate, %; K is the
proportional coefficient of settlement, dimensionless.

It can be seen from Equation 5 that the value of K is only
related to the mix proportion and not the load because the ratio of
the settlement inherently contains the load.

By combining Equations 4, 5, the prediction formulas for the
settlement of recycled aggregate with different proportions under
different moisture contents and different loads can be obtained as
follows:

s � K( − 0.068w2 + 1.501w + 0.035P − 5.559)
K � 0.0239 × a + 0.8804

(6)

where a is the proportion of recycled aggregate, %; K is a
proportional coefficient of settlement, dimensionless; w is the
moisture content of recycled aggregate, %; p is the load on the
recycled aggregate, kPa; s is the settlement of recycled
aggregate, mm.

Finally, the influence of the number of dry-wet cycles on
the settlement of recycled aggregate was considered. When

FIGURE 8 | Settlement vs moisture content and load.

FIGURE 9 | Parameter K vs aggregate proportion.

FIGURE 10 | Standard leaching results of Cr from recycled aggregate.
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recycled aggregate is used in storage and recycling facilities,
the number of dry-wet cycles of aggregate is a long-term
factor that may affect the final settlement of a structure. As
mentioned earlier, the compressive settlement of recycled
aggregate may increase by 14.9–17.5% during long-term dry-
wet cycles. This means that aggregate settlement will increase
during long-term cycles, but it will not exceed 20%; therefore,
based on Equation 6, a safety reserve parameter F was added
to characterize the influence of the number of dry-wet cycles
on aggregate compression settlement. Its value is 1.20, and
Equation 7 was obtained to predict the final settlement of
recycled aggregate with different proportions under different
moisture contents, loads, and dry-wet cycles.

s � 1.2 × K( − 0.068w2 + 1.501w + 0.035P − 5.559)
K � 0.0239 × a + 0.8804

(7)

Environmental Impact of Recycled
Aggregate
Cr is the only pollutant in recycled aggregate obtained from
the three selected sites. The standard leaching test results
showed that the pollutant concentrations at the three
locations were all lower than the standard requirements (Li
et al., 2020).

The enhanced leaching test results showed that the pollutant
concentration of recycled aggregate obtained from Xinghuo Road
was higher than the standard value, which shows that the source
of recycled aggregate should be investigated to avoid possible
environmental risks.

CONCLUSION

In this paper, the feasibility of using the recycled aggregate from
construction waste as a filling material for sponge city storage and
recycling facilities was discussed using large-scale indoor compression
tests and leaching tests. The main conclusions are as follows:

(1) The influence of moisture content, ratio, and the dry-wet
cycles of the recycled aggregate of construction waste on its
compression settlement was analyzed. Upon increasing the
aggregate moisture content, settlement first increased and
then decreased, and an extreme point was reached near the
optimal moisture content. Upon increasing the load,
aggregate settlement increased but at an increasingly
slower rate. Upon increasing the brick aggregate
proportion, the settlement of mixed aggregate increased.
Upon increasing the number of dry-wet cycles, aggregate
settlement increased, but at an increasingly slower rate.

(2) The crushing characteristics of recycled aggregate were consistent
with the settlement variation characteristics. It shows that
aggregate crushing was the main reason for the settlement
deformation of structures built from recycled aggregate.

(3) Recycled aggregate may have certain environmental risks due
to Cr leaching. When applying recycled aggregate, the
sources of such contaminants should be investigated to
prevent environmental pollution.

(4) The results of indoor compression test results were used to
establish a formula to predict the settlement of recycled
aggregate used for filling storage and recycling facilities in
a sponge city. This formula was only based on the
experimental results of this paper, and its broader
applicability needs to be tested in practice.
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