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ABSTRACT

Taking an industrial sludge and its preparation of sludge wrap shell aggregates (WSAs) instead of sand to prepare
baking-free brick as the research object, the development law of mechanical properties and the influence mechan-
ism of macro and micro characteristic parameters of the bricks under different sludge and WSAs replacement
rates were studied through the macroscopic mechanical properties test, with the help of nuclear magnetic reso-
nance (NMR), transmission electron microscopy-energy spectrum and other testing technology and pores and
cracks analysis system (PCAS) software. The results showed that the compressive strength of each sample
decreased with the increase of sludge content. When the sludge content was less than 30%, it was mainly affected
by the water-binder ratio. When the sludge content was more than 30%, it was mainly affected by the sludge con-
tent. At the age of 7 days, with the increase in replacement rate of WSAs, the compressive strength of the S10 and
S30 groups was higher than that of the control group. The compressive strength of the S50 experimental group
was 30.38 MPa, and the loss of compressive strength was slight compared with the control group. The water
absorption rate of the 28 days S100 experimental group increased by 10.71% compared with the control group.
When the content of WSAs was less than 50%, the holes above 0.1 μm in the brick can be reduced and trans-
formed into smaller holes, with a decreasing trend of the plane porosity of the brick. The microscopic results
of the baking-free brick showed that the three-phase system of WSAs-interface transition area-mortar was poorly
bonded and delaminated compared with the gravel aggregate-interface transition area-mortar system, and
damage was more likely to occur in the WSAs and interface transition area. The above results show that it is fea-
sible to use sludge and WSAs instead of sand for the preparation of baking-free bricks. This technology not only
solves the problem of sludge disposal, but also protects the over-exploitation of mineral resources, and the tech-
nology has a broad application prospect and market value.
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1 Introduction

With the development of China’s economic construction, sand and stone aggregate used for building
materials production is up to 10 billion tons every year, and the massive exploitation of natural aggregate
is bound to cause serious resource shortage and ecological destruction [1]. The outline of China’s
Thirteenth Five-Year Plan proposes that renewable building materials should be widely used and the
proportion of green buildings should be significantly increased [2].

Sludge is a kind of heterogeneous solid precipitation composed of organic debris, bacteria, inorganic
particles, and colloid generated in the sewage treatment process, with high water content, large volume,
perishability, smelly, and a lot of heavy metals and other substances harmful to the environment [3]. At
present, more than 80% of sludge produced in China has not been effectively treated. Untreated or
improperly treated sludge can cause serious environmental pollution such as soil pollution and water
pollution. In order to effectively solve the problem of industrial sludge, in line with the principle of green
development and sustainable development, it is particularly urgent and important to carry out research on
the effective utilization of industrial sludge.

Some scholars have tried to apply sludge to the construction industry for a long time. Kaosol [4] studied
the mechanical properties and economic effects of preparing hollow concrete blocks by replacing fine
aggregate with sludge. The results showed that concrete blocks with 10% and 20% replacement rates met
various standards and had good economic benefits. Liu et al. [5] studied the effects of drinking water
sludge instead of sand and stone on compressive strength, porosity, wear-resistance, and heavy metal
leaching properties of concrete paving bricks. Francisco et al. [6] analyzed the feasibility of using sewage
sludge ash in concrete as raw material for making concrete blocks, experimented with sewage sludge ash
instead of sand, and carried out physical and mechanical tests. Hameed et al. [7] used broken rock dust
and marble sludge powder as fine aggregate for self-compacting concrete. The results showed that the
compressive strength increased with the replacement rate of marble sludge powder and the chloride ion
permeability decreased. The studies showed that sludge could be utilized to prepare building materials. Ni
et al. selected silt to prepare sintered bricks, obtained the optimal process conditions through variable tests,
and investigated the heavy metal leaching of the sintered bricks prepared under the conditions to determine
their environmental safety [8]. Although the sintering method can improve the partial performance of brick,
it produces greenhouse gases such as carbon dioxide, which is not in line with the development concept of
green environmental protection [9,10]. Based on environmental protection and sustainable resources, the
technology of using solid waste as a raw material to prepare building materials by the non-burning method
was prospective. Guo et al. [11] prepared baking-free bricks in slag and sludge as raw material with
excellent performance. Baking-free bricks met the performance requirements of solid concrete bricks
(MU40). Although the no-burning method can effectively reduce the consumption of resources and reduce
the pollution of the environment, there are still some defects in previous studies. Miqueleiz et al. [12]
utilized Al2O3 as the raw material to prepare baking-free bricks, the maximum water absorption rate of the
brick reached 24%, and the compressive strength was lower than 28 MPa. It can be seen from recent
reports that brick prepared by the non-burning method could not ensure excellent properties.

Sludge could prepare into aggregate by the shell-wrapped technology, and the baking-free bricks were
then prepared for the aggregates from sludge. In this paper, the sludge and WSAs prepared by the shell-
wrapped process are used in the field of baking-free brick materials. According to the particle size of
sludge fine particles and WSAs, it can be divided into two particle sizes < 5 mm and 5–10 mm. Sand and

454 JRM, 2023, vol.11, no.1



gravel aggregate are replaced with different aggregate replacement rates respectively. The macroscopic
properties and microscopic phase tests were carried out to study the mechanical properties of the bricks
under different aggregate replacement rates and the influence mechanism of macro-micro characteristic
parameters, which provides a new way to utilize sludge in building materials.

2 Experiment

2.1 Raw Materials
The main mechanical properties of P•O42.5 ordinary Portland cement used in the test are shown in

Table 1. The slag was purchased from Henan Yulian Power Plant, with a grayish-white appearance. The
main oxide components of raw materials are shown in Table 2, and the microscopic morphology is
shown in Fig. 1. The alkaline stimulator is granular CaO, purchased from Tianjin Zhiyuan Chemical
Reagent Co., Ltd. (China). The water glass Na2SiO3 was purchased from Bengbu Jingcheng Chemical
Co., Ltd. (China) and was diluted twice when used, which was a milky white transparent liquid.

Coarse aggregate gravel was selected with a particle size of 5∼10 mm and a bulk density of
1541.3 kg/m3. Medium coarse sand was purchased from Xinmiao Sand and Stone Co., Ltd. (China), with
a bulk density of 1625.0 kg/m3, fineness modulus of 3.0 and mud content of 1.5%. The test water was
tap water with a pH value of 8.2.

Table 1: Physical and mechanical properties of cement

Specific
surface area/
(m2⋅kg−1)

Density/
(kg⋅m−3)

Setting time/
min

Compressive strength/MPa Flexural strength/MPa

Initial Final Three days Twenty-eight days Three days Twenty-eight days

348.7 303.5 176 244 35.9 49.6 5.9 8.6

Table 2: Chemical constituents of raw material

Chemical constituents/% CaO Fe2O3 SO3 Al2O3 MgO SiO2 K2O Na2O LOI Gr2O3

Cement 51.27 3.65 2.46 9.25 4.98 24.13 0.79 1.95 3.55 -

Slag 0.57 1.94 - 24 1.22 47.6 7.43 - 2.43 -

Sludge 33.6 10.74 15.83 11.76 2.34 10.16 - 1.68 - 6.17

Figure 1: Microstructure of cementitious materials
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Sludge was taken from a leather factory in Zhumadian City, Henan Province, with high moisture content
(up to 99% or more), high organic content, perishable and odorous, containing trace amounts of heavy metal
chromium, which was processed as the raw material for the test through the processes of mechanized
dewatering, chemical curing, crushing and debris removal. The physical properties of the sludge are
shown in Table 3. In this paper, sludge with a particle size of 0.6–4.75 mm is used as fine aggregate
instead of sand, and the sludge with a particle size of less than 0.6 mm is prepared into WSAs of
5–10 mm by shell-wrapped process, which is used to replace gravel as coarse aggregate. The aggregate
properties prepared by the optimized shell-wrapped process are shown in Table 4.

Sludge baking-free brick with self-made mold is shown in Fig. 2, with molding specifications of
240 mm × 115 mm × 53 mm, as shown in Fig. 3. By replacing fine aggregate with sludge, the replacement
rates were 10%, 30%, and 50%. Sludge WSAs replaced coarse aggregate with replacement rates of 30%,
50%, 70%, 90%, and 100%. The baking-free brick test was designed, and the test mix ratio was shown in
Tables 5 and 6. The molding process refers to the existing test [13–15] and adopts vibration and molding
mode to imitate the outdoor molding process. The pressure source is the self-made counterweight, and
the counterweight is 20 kg. After demolding, the formed specimens were moved to the standard curing
room (23 ± 2°C, 95%), and the performance test was conducted after curing for 7, 14, and 28 days.

Table 3: Physical properties of sludge

Particle shape Bulk density/(kg/m³) Fineness modulus Water absorption/% Cohesiveness

10 min 20 min 1 h 24 h

Polygon 688 3.63 22.08 35.21 37.76 38.27 No

Table 4: Physical properties of sludge WSAs

Particle form factor Bulk density/(kg/m³) Water absorption/% Cylinder pressure strength/MPa

1 h 24 h

1.34 730 12.87 17.04 3.16

Figure 2: Home mould
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Figure 3: Baking-free brick specimen

Table 5: Test mix ratio of sludge fine aggregate

Test
team

Coarse
aggregate/
(kg/m3)

Sand/
(kg/m3)

Sludge/(kg/m3)
(replacement
rate/%)

Cement/
(kg/m3)

Water

Water-binder
ratio

Quality/
(kg/m3)

DZ 900 950 0 320.0 0.42 134.4

S10w0.42 900 855.0 95.0 (10) 320.0 0.42 134.4

S30w0.42 900 665.0 285.0 (30) 320.0 0.42 134.4

S50w0.42 900 475.0 475.0 (50) 320.0 0.42 134.4

S10w0.48 900 855.0 95.0 (10) 320.0 0.48 153.6

S30w0.48 900 665.0 285.0 (30) 320.0 0.48 153.6

S50w0.48 900 475.0 475.0 (50) 320.0 0.48 153.6

S10w0.54 900 855.0 95.0 (10) 320.0 0.54 172.8

S30w0.54 900 665.0 285.0 (30) 320.0 0.54 172.8

S50w0.54 900 475.0 475.0 (50) 320.0 0.54 172.8

Table 6: Test mix ratio of sludge WSAs

Test
team

Sand/
(kg/m3)

Coarse
aggregate/
(kg/m3)

WSAs/(kg/m3)
(replacement
rate%)

Cement/
(kg/m3)

Water Additional water

Water-
binder ratio

Quality/
(kg/m3)

Proportion
/%

Quality/
(kg/m3)

S0 950.0 900.0 0 320.0 0.42 134.4 0 0.0

S10 950.0 810.0 90.0 (10) 320.0 0.42 134.4 10.0 9.0

S30 950.0 630.0 270.0 (30) 320.0 0.42 134.4 10.0 27.0

S50 950.0 450.0 450.0 (50) 320.0 0.42 134.4 10.0 45.0

S70 950.0 270.0 630.0 (70) 320.0 0.42 134.4 10.0 63.0

S90 950.0 90.0 810.0 (90) 320.0 0.42 134.4 10.0 81.0

S100 950.0 0.0 900.0 (100) 320.0 0.42 134.4 10.0 90.0
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2.2 Test Ratio
The additional water is the amount of pre-water absorption before mixing the WSAs, that is, the WSAs

are pre-soaked before the test, the additional water is 10% of the mass of the WSAs, and the aggregate is kept
dry during mixing.

2.3 Test Method

2.3.1 Macroscopic Performance Test
The compressive strength and water absorption of baking-free brick were determined in accordance

with “Solid Concrete Bricks” GB/T 21144-2007 and “Test Methods for Concrete Blocks and Bricks”
GB/T 4111-2013 [16,17], and the calculation formulas were as follows:

Compressive strength:

RP ¼ P

LB
(1)

where P is the maximum failure load, L is the length of the compression surface, and B is the width of the
compression surface.

Water absorption:

x ¼ m1 � m

m
(2)

where m1 is the quality of 24 h water absorption of baking-free brick, and m is the drying quality of baking-
free brick.

2.3.2 Pore Structure Analysis
In this paper, image processing technology and the NMR pore-measuring method are used to study the

pore structure of baking-free brick. The pore size range of NMR is 0.1–200 μm, and the image processing
technology can extract the pore size larger than 200 μm. The image processing technology was to slice the
baking-free brick test block with a rock cutting machine. After slicing, an industrial camera was used to
extract the sliced image. The PCAS software was used to extract the plane porosity and fractal dimension
of pores with a diameter of more than 200 μm. The fractal dimension represents the regularity of
the pores. The larger the fractal dimension, the more irregular the pore structure [18,19]. The NMR test
hole was vacuum saturated by a vacuum pressure saturation device. After the vacuum saturation, the
specimen was put into the coil of the NMR instrument, and the NMR relaxation was measured by the
EDUMR20-015V-I nuclear magnetic resonance analysis system. After the CPMG sequence attenuation
signal data was collected, the T2 spectrum was obtained by data inversion. Subsequently, it was
transformed into a pore size distribution map [20,21].

2.3.3 Phase Structure Analysis
Take the sample of baking-free brick, retain the original shape, and take a small number of residual

pieces with tweezers, with the section facing upward, and fix them on the conductive adhesive of the
sample base. After spraying gold coating, the sample is ready for analysis and detection. The instrument
is QUANTA 650 environmental Scanning electron microscope (ESEM) from FEI Company (China) and
Apollo-X energy spectrometer from EDAX Company (USA). The working voltage is 25 kV, the working
distance is 10 mm, and the scanning time is 30 s.
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3 Results Analysis

3.1 Influence of Sludge Content on Properties of Baking-Free Brick

3.1.1 Compressive Strength
Fig. 4 shows the sample pictures of baking-free bricks with different sludge contents. It can be found that

the molding quality and appearance of baking-free brick are significantly different with different sludge
content. The appearance color of the baking-free brick sample gradually deepens with more sludge
content and more defects in specimen appearance.

Fig. 5 shows the influence of different sludge content and water-binder ratio on the compressive strength
of baking-free brick at 7 and 14 days. It can be seen from the figure that the compressive strength at the age of
14 days increases significantly compared with that at the age of 7 days. The maximum strength growth rate is
108.3%, and the average strength growth rate is 34%, indicating that the compressive strength of sludge
baking-free brick is significantly affected by age. The growth of compressive strength mainly occurs after
the age of 7 days. The incorporation of sludge particles affects the hydration rate of cement and delays
the strength growth of the baking-free brick [22].

Figure 4: Baking-free brick sample

Figure 5: Effect of different sludge content and water-binder ratio on the compressive strength of baking-
free bricks at 7 and 14 days
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With the increase of sludge content, the compressive strength of each sample showed a decreasing trend.
With the gradual increase of the water-binder ratio, the compressive strength of the experimental group with
sludge content of 10% increased linearly. In the experimental group with a sludge content of 30%, the
compressive strength increased first and then decreased. The increase of compressive strength was not
apparent in the experimental group with a sludge content of 50%. It shows that when sludge particles are
directly added as fine aggregate, the compressive strength of baking-free brick is obviously affected by
the amount of mixing water, so a reasonable water-binder ratio should be adjusted or compensatory water
should be added.

The 7d compressive strength of the DZ group is 31.26 MPa, which is much higher than that of the sludge
baking-free brick samples at the same age. Among them, the strength loss rate of the sludge baking-free brick
is 32.6%, the sludge particle content is 10%, the maximum strength loss rate is 91.8%, and the strength
deterioration is apparent. It is also higher than the compressive strength at the age of 14 days. It is
necessary to maintain the design strength of the brick by controlling the sludge content.

3.1.2 Microscopic Phase Analysis
Fig. 6 shows the microscopic morphology of samples with different sludge content. SEM images of

sample series with the water-binder ratio of 0.48 and 3000 times were selected for analysis. It can be
found that there are apparent differences in the mortar phase morphology of the S10W0.48 group, S30W0.48

group, and S50W0.48 group, and the development degree of hydration products is different. The hydration
products were analyzed by EDS. The main elements were Ca, Si and O, and the hydration products were
speculated to be C-S-H gel and Ca(OH)2 crystal by diffraction peaks of elements. The S10W0.48 group of
C-S-H gel interlaced with each other, covered the surface of the matrix, filled the void between cement
particles, and had a relatively compact structure. The amount of C-S-H gel in the S30W0.48 group was
less and accumulated on Ca(OH)2 crystal, with some pores in the middle and the overall compactness is
poor. The hydration products in the S50W0.48 group were less and there were pores among hydration
products, with poor overall connectivity. At the same time, it can be seen from the energy spectrum that
the peak value of the Ca-Si spectrum decreases gradually with the increase of sludge dosage, indicating
that the generated C-S-H gradually decreases. The sludge content affects the degree of cement hydration,
which leads to a decrease in the macroscopic mechanical properties of baking-free bricks.

Fig. 7 shows the microscopic morphology of baking-free brick samples with different water-binder
ratios. Sample series with sludge content of 30% and electron microscope images of 3000 times were
selected for analysis.

Compared with the microscopic morphology of S10W0.48, S30W0.48, and S50W0.48 samples, the number
of C-S-H gel and Ca(OH)2 crystals decreased with the increase or decrease of the water-gel ratio, and the
overall connectivity decreased. Compared with the S30W0.48 group, the Ca-Si spectrum peaks of the
S30W0.42 and S30W0.54 groups decreased, indicating that the water-binder ratio also affected the hydration
reaction of cement. It can be found that the hydration products are affected by the sludge content and
water-binder ratio, which is consistent with the change law of macroscopic compressive strength. It
shows that there is an optimal ratio between sludge content and water-binder ratio.

In summary, it is further concluded that the compressive strength of the brick is mainly affected by the
water-binder ratio when the sludge content is less than 30%. Furthermore, when the sludge content is more
than 30%, it is mainly affected by the sludge content, followed by the water-binder ratio.
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3.2 Influence of Sludge WSAs Content on Properties of Baking-Free Brick

3.2.1 Compressive Strength
According to the preliminary experimental study of our research group, the proportion of aggregate core

components was sludge:cement:slag = 50%:25%:25%. The aggregate prepared with a molding time of
20 min and curing age of 28 days has the best performance. According to the requirements of artificial
light aggregate in the specification “Light Aggregates and Test Methods” (GB/T L7431.1-2010) [23], the
artificial aggregate prepared can be determined to be grade 700, as shown in Table 7.

Figs. 8 and 9 show the influence of different sludge WSAs contents on the compressive strength of the
bricks at 7 and 28 days.

Figure 6: Microscopic morphology of baking-free brick samples with different sludge content (water-binder
ratio 0.48, ×3000)
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Figure 7: Microscopic morphology of baking-free brick samples with different water-binder ratios (30%
sludge content, ×3000)
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For 7 days age, the compressive strength of experimental group S0 is 31.26 MPa, and the compressive
strength of S10 and S30 groups are 36.57 and 31.48 MPa, respectively, which are higher than that of the
S0 group. The compressive strength of experimental group S50 is 30.38 MPa, and the loss of
compressive strength is lower than that of the S0 experimental group. At the age of 28 days, the
compressive strength of experimental groups S10–S100 showed a step-down trend as the replacement
rate of WSAs increased, and the strength of experimental groups S100 decreased by 24.5% compared
with that of S0 experimental groups. It shows that in the ages of 7 days are added as wrap shell replace
gravel aggregate, in the case of guarantee replacement rate is reasonable, not only can effectively
guarantee the early strength of baking-free brick, but also improve baking-free brick early strength effect,
which can shorten the maintenance cycle and improve the product turnover rate for baking-free brick
products, and at the same time effectively guarantee the quality of products.

Table 7: Reference standard requirements

Artificial light
aggregate

Density
grade

Density
range/
kg•m−3

Cylinder
pressure
strength/MPa

Water
absorption
of 1 h/%

Average grain
shape
coefficient

600 >500, ≤600 2.0 ≤10% ≤2.0

700 >600, ≤700 3.0 ≤10% ≤2.0

Figure 8: The influence of differentWSAs contents on the compressive strength of baking-free brick at 7 days

Figure 9: The influence of different WSAs contents on the compressive strength of baking-free brick at 28 days
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For 28 days age, the compressive strength of the S0 experimental group is 43.7 MPa, and the strength
growth rate is close to 40%, while the strength growth rate of the S10–S100 experimental group is 15%–30%.
The maximum strength of the S10 experimental group is 43.6 MPa, which is almost close to S0 experimental
group and the strength of the S30 experimental group is 41.4 MPa. The strength loss rate is about 5%, which
still maintains the ideal compressive strength. With the increase of WSAs replacement rate, the compressive
strength trend of the baking-free brick is consistent with that of the 7 days age, showing a decreasing change
law. The compressive strength of the S50 experimental group is 35.5 MPa, which can also meet the
application requirements of baking-free bricks.

Fig. 10 shows the destructive patterns of baking-free brick in different experimental groups. It can be
found that the damaged surface of all experimental groups showed a residual fracture of WSAs, which
became more obvious with the increase in replacement rate, indicating that the strength of WSAs was
significantly different from that of gravel after the addition of WSAs, resulting in a weak strength zone.
In the case of compression, the damage first occurs around the weak area, and then cracks are formed
along the damaged surface, leading to the damage to the baking-free brick.

3.2.2 Water Bibulous Rate
Fig. 11 shows the curve of the maximumwater absorption rate of 28 days age baking-free brick. It can be

seen from the figure that the water absorption rate of experimental groups S0∼S100 showed a trend of step
increase. The S10 group was the closest to the S0 group, with a water absorption rate of 5%–6%. The water
absorption rate of the S30 and S50 experimental groups increased, by around 7%–8%. The water absorption
rates of the S70∼S100 experimental groups were all greater than 11%. According to the test results of the
water absorption rate of WSAs, compared with natural gravel, the water absorption rate of WSAs itself is
higher, and the 1 h water absorption rate is between 10% and 15%. Therefore, with the increase of
replacement rate, the baking-free brick water bibulous rate is gradually increased, and the reason for the
step-up may be due to the WSAs and gravel system making the internal dense degree of baking-free
brick is different.

Figure 10: Failure mode of baking-free brick sample
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3.2.3 Pore Structure
NMR Pore Structure Analysis

Figs. 12 and 13 show the NMR pore size distribution and pore throat distribution of the baking-free
brick, respectively.

From the pore size distribution diagram in Fig. 12, it can be seen that there are two stages of changes in
the pore size distribution pattern from S10 to S100 relative to the S0 experimental group. In the first stage,
from S10 to S50 experimental groups, the pore size distribution curve above 0.1 μm gradually decreased, and
the pore size distribution curve below 0.1 μm gradually increased, indicating that when the content of WSAs
was less than 50%, the holes above 0.1 μm in the brick were reduced and transformed into smaller holes. In
the second stage, from S70 to S100 experimental groups, the pore size distribution curve changed from
3 main peaks to 2 main peaks, and the pore size distribution mainly ranged from 0.1 to 2.5 μm.

Figure 11: Maximum water absorption rate of baking-free bricks at 28 days age

Figure 12: NMR pore size distribution of baking-free brick (0∼200 μm)
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Pore throat refers to the narrow interconnecting channels between pores in rock mass or soil. As can be
seen from the NMR pore throat distribution diagram in Fig. 13, the variation of pore throat distribution in all
experimental groups is mainly concentrated below 0.1 μm, which shows a significant increasing trend, while
the pore throat distribution in other pore throat regions gradually decreases, and the overall change is not
apparent. According to the model proposed by Bute [24], the pores are divided into gel pores (<10 nm),
transition pores (10–100 nm), capillary pores (100–1000 nm), and macropores (>1000 nm). After the
addition of WSAs, the capillary pores and macropores of baking-free bricks decrease, while transition
pores and gel pores increase.

PCAS Flat Face Results Analysis
Fig. 14 shows the variation of porosity and fractal dimension of the flat face of the baking-free brick.

From the results, the plane porosity of the bricks also shows a decreasing trend, and the decrease is more
obvious than that of the S0 experimental group. At the same time, the fractal dimension is also relatively
reduced, indicating that the hole shape of the flat face is also optimized, which is because of the spherical
WSAs. When the gravel aggregate is replaced, there will be an optimal aggregate space. At the same
time, the spherical aggregate has a morphological effect, which can improve the workability of the
baking-free brick and make the baking-free brick denser.

Figure 13: NMR pore throat distribution map of baking-free brick (0∼25 μm)

Figure 14: Plane porosity and fractal dimension of baking-free brick

466 JRM, 2023, vol.11, no.1



In summary, the results show that the addition of WSAs is beneficial to improving the internal pore
structure of the bricks and reducing the porosity of specimens. The porosity and pore structure
distribution inside the specimen are important factors affecting the mechanical properties of cement-based
materials. Therefore, the gradually optimized pore structure can enhance the mechanical properties of the
specimen under the condition that the content of WSAs is designed reasonably.

Under the condition of a reasonable replacement rate, sludge WSAs can not only improve the early
strength of brick, improve the turnover rate of brick building materials, but also improve the pore
structure and optimize the pore characteristics of the brick body. It can be seen that sludge WSAs instead
of natural aggregate can not only solve the problems of sludge deposition, reduce environmental
pollution, alleviate the serious exploitation of natural aggregate resources, but also be used as building
materials products in the field of building materials.

4 Mechanism of the Effect of Sludge WSAs on Baking-Free Bricks

The method of extracting flat face structure with the help of PCAS software [25] is used to extract the
section possession map of WSAs on the cutting surface of the baking-free brick, as shown in Fig. 15.

Figure 15: Calculation process of the occupancy rate of the WSAs section

Fig. 16 shows the fitting curve of the relationship betweenWSAs replacement rate and occupancy rate of
the cut surface. If the replacement rate of WSAs is used as the design index of the three-dimensional sample
ratio, the cut surface occupancy rate ofWSAs can be used as the design index of the two-dimensional section.
The linear fitting results were good, and R2 was 0.996, indicating that the fitting results of trend lines were
reliable. Conversion of three and two dimensional design indexes based on the linear model could provide a
theoretical basis for numerical simulation research.

Fig. 17 shows the fitting results of cut section occupancy rate of WSAs and compressive strength of
baking-free bricks. The results of linear fitting are ideal for both ages. The linear model is shown in the
following equation:

y7 ¼ 36:87 � 0:355x

y28 ¼ 45:65 � 0:473x

where, y is the compressive strength of the baking-free brick, MPa. x is the cut section occupancy rate of
WSAs, %.
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The content of WSAs is the main factor affecting the compressive strength of brick, while the strength
prediction and test ratio design can be initially carried out according to the linear model. Fig. 18 shows the cut
surface morphology of the baking-free brick. It can be observed in the figure that the location of damage
occurring after the destruction of the baking-free brick specimen is mainly concentrated around the
WSAs, with cracks through the WSAs and cracks around the WSAs interface, which can further illustrate
the mechanism of the influence of the cut surface occupancy rate on the compressive strength of the
baking-free brick, the larger the cut surface occupancy rate, the more possible damage locations appear
and the cracks accumulate to eventually cause damage [26,27].

Fig. 19 shows the microscopic morphology of WSAs baking-free brick. It can be seen from the figure
that WSAs-interface transition zone-mortar form obvious morphological characteristics. The internal
microstructure of WSAs is loose, with the obvious distribution of cracks and pores and the degree of
hydration is low. There are also multiple systems of “aggregate core-shell-mortar” in the interface
transition zone. There are still gaps in the interface binding position, with the low binding degree and
stratified state. The mortar matrix is dense and highly hydrated [28,29]. This is completely consistent

Figure 16: The relationship between the replacement rate of WSAs and the cut surface occupancy rate

Figure 17: The relationship between the cut surface occupancy rate of the WSAs and the compressive
strength of the baking-free brick
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with the prediction conclusion of the sectional damage mode of the baking-free brick in Fig. 19. For WSAs
baking-free brick, the damage is more likely to occur in WSAs and interface transition zone.

In order to clarify the microstructure of WSAs baking-free brick, the microstructure of WSAs baking-
free brick was compared with that of gravel aggregate baking-free brick. Fig. 20 shows the topography of
gravel aggregate baking-free brick. As shown in Fig. 20, the gravel aggregate-interface transition zone-
mortar three-phase system is also formed, with the difference of dense and complete gravel body. The
interface transition zone between the gravel and the mortar phase is relatively close, which is not very
different from the mortar body, so it has good strength. When gravel aggregate is replaced, the
compressive capacity of baking-free brick is relatively weakened.

To sum up, in order to make better application of WSAs, the internal compact-degree of WSAs should
be improved. In addition, the combination degree between the aggregate core-shell, and shell-mortar should

Figure 18: Destruction pattern of baking-free brick cut surface

Figure 19: Micro morphology of WSAs baking-free brick

Figure 20: Morphology of crushed stone aggregate baking-free brick
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be improved, and the elimination of the strength difference between WSAs and gravel aggregate is more
conducive to the wide use of WSAs.

5 Conclusion

In this study, leather industrial sludge was used as raw material to prepare WSAs with ideal properties.
The application of sludge and its WSAs instead of sand in baking-free brick was studied. Additionally, the
influence of the different amounts of aggregate replacement on the properties of baking-free brick was
investigated. According to the research data, the following conclusions are drawn:

(1) There is an optimal replacement amount of sludge and WSAs. When the sludge content is less than
30%, it is mainly affected by the water-binder ratio. When the sludge content is more than 30%, it is
mainly affected by the sludge content.

(2) When the replacement amount of WSAs is less than 30%, the early strength of the baking-free brick can
be improved, the curing cycle can be shortened, and the product turnover can be improved. A reasonable
aggregate replacement rate can refine the porosity and reduce the plane porosity of the bricks.

(3) The three-phase system of WSAs-interface transition zone-mortar is poorly bonded compared with
the gravel aggregate-interface transition zone-mortar system. The WSAs and interface transition
zone-mortar system are more prone to damage.

(4) For the better application of WSAs, the internal compactness of WSAs should be improved on the
one hand, and the bonding degree between the core-shell and shell-mortar should be improved on
the other hand. It has broad application prospects and market value to prepare baking-free brick with
reasonable replacement of sludge and WSAs.

Data Availability Satement: All data, models, and code generated or used during the study appear in the
submitted article.
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