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With the rapid development of rail transit in China, the number and scale of underground engineering construction have
increased significantly, and a large amount of shield muck has been generated, which has brought great challenges to the urban
environment. The reuse of shield muck has become an important research direction in underground engineering construction. In
this paper, a nonsintered brick is prepared with shield muck soil as the matrix. The influence of different doping amounts of lime,
fly ash, cement, and polyvinyl alcohol on porosity, density, water absorption, saturation coefficient, compressive strength, and
other properties was explored to realize the resource utilization of shield dregs and at the same time obtain excellent performance
nonsintered bricks. Through research, it is found that when the lime doping amount is 10% and the cement doping amount is 5%,
with the increase of the fly ash doping amount, the overall compressive strength increases significantly, and the maximum
compressive strength can reach 13.69 MPa. Although the doping of trace amounts of polyvinyl alcohol reduces the compressive

strength, it can significantly reduce the compressive strength and mass loss rate after 15 freeze-thaw cycles.

1. Introduction

The rail transit construction of China is developing rapidly,
and shield machines have been widely used as the main
equipment for rail transit construction. At present, the
amount of Shield muck in my country is more than 119
million tons per year, but the actual resource utilization rate
is less than 1%. The traditional methods of open-air stacking
or landfilling are mainly used for treatment, which not only
invades the land and pollutes the soil and groundwater, but
also slags. In the process of soil transportation, it pollutes
roads and destroys the appearance of the city. Shield muck
has become the most major urban construction waste, which
has brought great challenges to the urban environment
[1-3].

In recent years, many scholars have successively begun to
study the reuse technology of shield muck, which has sig-
nificantly improved the application value of shield muck.

Shield muck can be used as building materials to prepare
building materials including synchronous grouting mate-
rials, high-performance ceramsites, and functional bricks
(permeable bricks, pavement bricks, and sintered bricks)
[4-26]. In terms of synchronous grouting research, Qian
et al. [9] carried out a proportioning test by a uniform test
method and performed linear regression and single-factor
analysis on the test results. It is found that all parameters of
the prepared synchronous grouting material meet the re-
quirements, which provides a basis for the feasibility of
preparing the synchronous grouting material from the shield
muck. At the same time, Cui and Tan [10] studied high-
performance synchronous grouting materials prepared with
clay. High-performance synchronous grouting material was
studied by taking red clay as an example, modified by epoxy
resin. In terms of high-performance ceramsite research,
Zhang et al. [11-13] studied the effects of fly ash, sludge, and
straw on the density grade of muck ceramsite. According to
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the optimization of raw material formula and process pa-
rameters, the muck ceramsite with a density grade of
700-900 was fabricated, and their macroscopic performance
and microstructure were analyzed. Liu et al. [14-16] pro-
cessed a novel method for preparing ultra-lightweight
ceramsite with fly ash. A ceramsite with bulk density of
340kg/m, particle density of 0.68g/cm’, and cylinder
compressive strength of 1.02 MPa were obtained. In the
research of functional bricks [17-26], relevant scholars used
river mud, industrial manganese slag, foundation pit slag,
and engineering slag as aggregates, supplemented by inor-
ganic cementing materials, such as cement and fly ash, and
successfully prepared nonburning powder mud bricks,
nonburning manganese slag bricks, and nonburning clay
brick. It indirectly proves that the slag can be used as
nonsintered brick aggregate, but there are still major limi-
tations, and more theoretical support and experimental
research are needed. Gencel et al. [27] studied the recycling
of industrial slags in the production of fired clay bricks. In
summary, although the shield tunnel muck has been studied
in grouting materials and high-performance ceramsite, it is
more advantageous to prepare functional bricks from shield
tunnel muck in terms of utilization rate and utilization effect.
At present, most of the researches on the preparation of
functional bricks from shield muck are focused on adding a
small amount of muck, which fails to well stimulate the
activity of silico-alumina minerals in the slag. At the same
time, organic doping can improve the overall performance
of the material. Therefore, this article researched non-
sintered bricks with shield muck as the matrix, inorganic
cementing materials as auxiliary materials, and trace organic
doping.

2. Preparation Test and Test Method

2.1. Raw Material. Shield muck comes from Jinan shield
tunnel muck. After the sample is crushed by a jaw crusher, it
is passed through a 32-mesh sieve to ensure that the particle
size of the sample material is less than 0.5 mm. The XRD
diagram of the shield muck is shown in Figure 1. The lime is
quicklime, which is produced by Zhucheng Yangchun Ce-
ment Co., Ltd., with a CaO content of 87% and a fineness of
320 m’/kg. The lime slurry formed after quicklime slaked
can significantly improve workability. The cement is pro-
duced by Zhucheng Yangchun Cement Co., Ltd., and its
performance indicators meet the requirements of GB
175-1999 and GB/T 2542-2012 [28]. “Portland Cement,
Ordinary Portland Cement.” Fly ash: the nonfired bricks
mainly exist as cementing components and microaggregate
components. Polyvinyl alcohol is analytically pure and has a
molecular weight of 20000. The chemical composition of the
main raw materials is shown in Table 1.

2.2. Test Plan. 'This test explores the influence of the ratio of
waste soil to lime, cement, fly ash, and polyvinyl alcohol
(15% water-to-binder ratio) on density, water absorption,
saturation coeflicient, porosity, microstructure, and me-
chanical properties. The test plan is shown in Table 2.
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FI1GURE 1: XRD diagram of shield muck.

2.3. Preparation of Nonfired Bricks. After the shield muck is
crushed by a jaw crusher, it is passed through a 32-mesh
standard sieve. The powder is dried in a drying box at 100°C
for 2 hours and then naturally cooled to room temperature.
According to the test plan, weigh the shield dregs, lime,
cement, fly ash, and polyvinyl alcohol and mix them evenly
(water-binder ratio 15%). A 30 t hydraulic press was used to
press and shape the abovementioned uniformly mixed raw
materials in a 50 mm mold with a molding pressure of
10 MPa. The resulting slag brick sample size was a cube of
50 mm x 50 mm x 50 mm. The obtained sample was sealed
with a plastic film, then placed in the curing room, and cured
for 28 days under standard conditions [temperature (20 +2)
°C and relative humidity 90%-95%, to obtain the corre-
sponding sample. Related test equipment and test samples
are shown in Figure 2.

2.4. Characterization Method of Nonfired Brick. Density,
water absorption, and saturation coeflicient are tested
following GB/T 2542—2012 “Test Method for Wall
Bricks”; TDR-10 automatic freezing-thawing box pro-
duced by Zhongke Company was used in freeze-thaw
cycles. The microstructure characterization method uses
the AXS D8 X-ray diffractometer of German Bruker
Company to perform XRD phase analysis on the nonfired
bricks. JSM-6490LV scanning electron microscope (SEM)
of Japan JEOL company is used to characterize the
morphology, structure, morphology, and distribution of
nonfired bricks. The mechanical performance character-
ization method adopts the MTS electronic universal
testing machine to test the compressive strength and
mechanical properties of the nonfired brick samples. The
porosity test uses the nuclear magnetic resonance nano-
porosity analyzer NMRC12-010V produced by Suzhou
Newmai Co., Ltd. to reduce the test error and ensure the
repeatability of the test. Each test was carried out three
times.
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TaBLE 1: Chemical composition of main raw materials (%).
Name Loss on ignition SiO, Al,O3 Fe, O3 CaO MgO R,0 SO; Total
Shield muck 10.4 53.4 13.5 6.4 10.0 1.8 4.5 — 100
Cement 1.76 21.8 5.5 3.81 61.85 1.69 1.05 2.54 100
Fly ash 8.1 50.6 28.4 6.1 3.8 1.1 1.9 — 100
TaBLE 2: Experimental program.
Serial number Muck (%) Lime (%) Cement (%) Fly ash (%) Polyvinyl alcohol (%)
Test 1 80 20 0 0 0
Test 2 70 30 0 0 0
Test 3 60 40 0 0 0
Test 4 50 50 0 0 0
Test 5 60 30 0 10 0
Test 6 50 30 0 20 0
Test 7 40 30 0 30 0
Test 8 30 30 0 40 0
Test 9 65 30 5 0 0
Test 10 60 30 10 0 0
Test 11 55 30 15 0 0
Test 12 50 30 20 0 0
Test 13 60 10 5 25 0
Test 14 55 10 5 30 0
Test 15 50 10 5 35 0
Test 16 45 10 5 40 0
Test 17 45 10 5 40 0.5
Test 18 45 10 5 40 0.75
Test 19 45 10 5 40 1
Test 20 45 10 5 40 1.25
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FIGURE 2: Related test equipment and test samples.
3. Results and Ana]ysis content is 40%, the compressive strength reaches the lowest

3.1. Mechanical Properties. Figure 3(a) shows the influence
of different contents of lime, fly ash, and cement on tensile
strength. From the figure, the compressive strength de-
creases with the increase of lime content. When the lime

value of 3.19 MPa and then increases. The reason is that
when the lime content increases, the reaction releases a lot of
heat and generates more CaCOj;, which causes volume
expansion, resulting in a large number of pores, even
microcracks, and the strength decreases. When the lime
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FiGure 3: The influence of lime, fly ash, cement (a), and polyvinyl alcohol (muck 45%, lime 10%, cement 5%, and fly ash 40%) (b) on tensile

strength.

content reaches 40%, the volume expansion and microcracks
cause the strength to decrease. The factor tends to be flat;
with the continuous increase of CaCOs;, the compressive
strength has increased, and there is influence of fly ash
content on compressive strength (lime 30%); when the lime
content is 30%, with the increase of fly ash content, the
compressive strength shows an upward trend, and the fly ash
content is 40%; the compressive strength reaches the
maximum value of 6.54 MPa, but the lime content is too
high, resulting in lower overall compressive strength; there
was an effect of cement content on the compressive strength
(lime 30%). With the increase of cement content, the
compressive strength gradually increases, and the maximum
compressive strength is 13.3 MPa. The reason is that the high
activity of cement will promote the hydration reaction of
C2S and C3S and generate a large number of hydrated
silicate (C-S-H) gels, thereby improving the strength, and a
large amount of hydrate silicate (C-S-H) gel is formed to
form high strength. On the other hand, the hydrated
Ca(OH), generates hydraulic cementitious materials to
increase strength. The increase in compressive strength value
is more obvious. There is influence of fly ash content on
strength; when the lime content is 10% and the cement
content is 5%, as the proportion of fly ash increases, the
compressive strength gradually increases, and the maximum
value reaches 13.69 MPa. The reason is that due to the glass
bead eftect of fly ash, the glass beaded fly ash can make the
slag particles easier to accumulate and compact under
pressure. At the same time, the fly ash has higher activity and
is easy to interact with shield slag. Hydration generates C-S-
H gel to improve compressive strength. As shown in
Figure 3(b), the content of polyvinyl alcohol can significantly
reduce the compressive strength. When the content of
polyvinyl alcohol is 0.5%, the compressive strength reaches
the lowest value of 5.36 MPa. The compressive strength
gradually increases with the increase of the amount of

quicklime. The reason is that the quicklime reaction releases
a large amount of heat so that a small amount of polyvinyl
alcohol is carbonized and exists in the collective, reducing
the density, and the porosity increases significantly, which
promotes the decrease of the strength. The remaining part of
the polyvinyl alcohol has a binding effect, and the com-
pressive strength is slightly increased.

3.2. Water Absorption and Saturation Coefficient. Water
absorption and saturation coefficient are important per-
formance indicators that reflect the stability and durability of
nonburning slag bricks. Figure 4(a) shows the influence of
lime content on water absorption; with the increase of lime
content, the water absorption of samples immersed in room
temperature water for 24 hours and boiled for 3 hours
gradually increases. With the increase of lime content, the
porosity increases and the water absorption rate gradually
increases. In addition, CaO has strong hygroscopicity. With
the increase of CaO, the water absorption of the sample
increases. As shown in Figure 4(b), with the increase of the
fly ash content, the water absorption of the samples im-
mersed in room temperature water for 24 hours and the
samples boiled for 3 hours gradually decreased. As shown in
Figure 4(c), with the increase of cement content, the water
absorption of samples immersed in room temperature water
for 24 h and samples boiled for 3 h gradually decreased. The
reason is that the particle size of the slag particles is smaller
and the specific surface area is larger, resulting in strong
water absorption of the muck. In addition, with the increase
of muck, the proportion of hydrated gel products decreases,
and the porosity increases, resulting in greater water ab-
sorption. Figure 4(d) shows the influence of fly ash content
on water absorption. As the proportion of fly ash increases,
the water absorption of samples immersed in room tem-
perature water for 24 hours and samples boiled for 3 hours
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FIGURE 4: The influence of lime, fly ash (lime 30%), cement (lime 30%), fly ash (lime 10%, cement 5%), and polyvinyl alcohol (lime 10%,
cement 5%, and fly ash 40%) dosage on water absorption.



gradually increases. When the lime content is 10% and the
cement content is 5%, the porosity is small, and the increase
in fly ash content has little effect on its porosity. Fly ash has a
microaggregate effect, is spherical, has a large specific surface
area, and has strong water absorption. Therefore, with the
increase of fly ash, the water absorption rate of the sample
gradually increases. Figure 4(e) shows the influence of
polyvinyl alcohol dosage on water absorption. The content of
polyvinyl alcohol can significantly increase the water ab-
sorption rate of samples immersed in room temperature
water for 24 h and boiling for 3 h. With the increase of the
content, the water absorption rate of samples immersed in
room temperature water for 24h and boiling for 3h first
increases and then decreases. Because the addition of pol-
yacrylic alcohol forms a hydrophobic layer, but the content
is less, the hydrophobic effect is less than the influence of
porosity and specific surface area on the water absorption
rate. It shows an increase in water absorption. When the
polyvinyl alcohol content reaches 1%, the increase in po-
rosity has less influence on the water absorption than the
hydrophobic layer, and the water absorption decreases.

Figure 5(a) shows the influence of different contents of
lime, fly ash, and content on the saturation coefficient. With
the increase of lime content, the saturation coeflicient
gradually increases. The reason is that with the increase of
lime content, the porosity increases significantly and the
water absorption increases, which is beneficial to the rapid
test. Water absorption is saturated, so the saturation coef-
ficient increases; with the increase of the fly ash content, the
saturation coeflicient gradually decreases. The reason is that
with the increase of the fly ash content, the ability to improve
the pore structure increases, and the large pores are grad-
ually smaller. This causes the porosity to decrease, which is
not conducive to the water saturation of the sample, so the
saturation coeflicient gradually decreases; as the cement
content increases, the saturation coeflicient gradually de-
creases. The reason is that the increase in cement content
generates a large amount of C-S-H gel to wrap the sludge
particles to fill the voids and make them denser, which is not
conducive to testing. The sample is saturated with water, so
the saturation coefficient increases. As shown in Figure 5(b),
as the content of polyvinyl alcohol increases, the saturation
coefficient increases slowly. When the content exceeds 1%, it
decreases significantly. The reason is that when the content
of polyvinyl alcohol is low, fewer hydrophobic layers are
formed. It has little effect on 5h and 24 h boiling samples.
When the content exceeds 1%, the hydrophobic layer in-
creases, and long-term boiling destroys the hydrophobic
layer, and the water absorption increases, which significantly
reduces the saturation coefficient.

3.3. Frost Resistance. Figure 6 shows the effect of different
contents of polyvinyl alcohol on the compressive strength
loss rate and mass loss rate of the sample after 15 freeze-thaw
cycles. It can be seen from the figure that as the content of
polyvinyl alcohol increases, the compressive strength loss
rate and mass loss rate gradually decrease. When the
polyvinyl alcohol content reaches 1%, the compressive
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strength loss rate and mass loss rate tend to be flat. Therefore,
the addition of an appropriate amount of polyvinyl alcohol
can improve frost resistance. When the content exceeds 1%,
with the increase of polyvinyl alcohol, the frost resistance
does not change significantly.

Figure 7 shows the appearance quality of the bricks
before and after the freeze-thaw cycle. It can be seen from
Figure 7(a) that before the freeze-thaw cycle, the surface of
the brick is flat and smooth. However, it can be seen from
Figure 7(b) that cracks and matrix flaking appear on the
surface after the freeze-thaw cycle, which reduces the me-
chanical properties of the brick.

3.4. Porosity and Density. Figure 8(a) shows the influence of
lime content on the pore size distribution and porosity. As
the lime content increases, the porosity increases and the
pore size gradually increases. The reason is that due to the
increase of lime content, the reaction releases a lot of heat,
and the generation of more CaCOj; causes volume expan-
sion, resulting in a large number of pores, even microcracks,
and increasing porosity. As shown in Figures 8(b) and 8(d),
with the increase of fly ash content, the porosity decreases,
and the number of pores also decreases. The reason is that fly
ash has a microaggregate effect. Due to the increase in fly ash
content, the pore size is refined, the pore structure is im-
proved, and the large pores are gradually smaller, resulting
in a decrease in porosity. As shown in Figure 8(c), with the
increase of cement content, the pore size, quantity, and
porosity decreased, mainly due to the increase in cement
content, which produced a large amount of C-S-H gel to
wrap the sludge particles to fill the voids and make it denser.
As shown in Figure 8(e), the pore size, number, and porosity
increase significantly when polyvinyl alcohol is just added,
and subsequently with the increase of polyvinyl alcohol, the
pore size, number, and porosity increase slowly, because
polyvinyl alcohol is a macromolecule. The presence of
polymer blocks the link of C-S-H, and after polyvinyl alcohol
is squeezed by the growing C-S-H, it is easy to form wrinkles,
thereby increasing the porosity of the material. In addition,
polyvinyl alcohol can adsorb Ca(OH),. As its content in-
creases, the adsorptivity also increases, thereby filling part of
the pores, and finally making the pores stable. Although the
increase of polyvinyl alcohol increases the porosity, it refines
the pore size and makes the pore size distribution more
uniform.

Figure 9(a) shows the influence of different content of
lime, fly ash, and cement on sample density. As the lime
content increases, the density of the nonsintered sample
gradually decreases. The reason is that with the increase of
lime content, the porosity of the nonsintered brick increases,
resulting in a decrease in density; when the lime content is
30%, as the proportion of fly ash increases, the density of the
nonsintered brick sample gradually decreases. Although the
porosity decreases, the decrease is small. The bulk density
(approximately 0.8 g/cm’) is much lower than that of the
muck soil (approximately 1.4 g/cm?). The influence of low fly
ash density is much greater than the influence of porosity on
density. Therefore, as the content of fly ash increases, density
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is reduced; when the lime content is 30%, as the cement
content increases, the porosity of the nonsintered brick
sample decreases and the density increases; when the lime
content is 10% and the cement content is 5%; as the fly ash
content increases, the density also shows a downward trend.
As shown in Figure 9(b), when the lime content is 10% and
the cement content is 5%, the doping of polyvinyl alcohol
can significantly reduce the density of the nonsintered brick
samples. With the increase of the doping amount, the
density gradually decreases. The reason is that the addition
of polyvinyl alcohol instantly increases the porosity of the

nonsintered bricks, resulting in a significant decrease in
density. With the increase in the amount of addition, the
porosity of the nonsintered bricks increases gently, resulting
in a gentle decrease in density.

3.5. Microstructure. Figure 10 shows SEM images of non-
sintered bricks with different lime contents. With the in-
crease of lime content, the morphology of nonsintered bricks
gradually changes from compactness to looseness, and the
bulk silicate and tabular Ca(OH), gradually increase, and the
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FiGure 12: SEM images of nonsintered bricks with different cement content.

porosity increases. When the calcium oxide content is too
high, the hydrated silicate minerals are filled and connected
by nonbonding Ca(OH), through the pores between them,
so that the overall structure becomes loose. This explains that
in the absence of cement and fly ash, the strength of the
specimen decreases with the increase of the amount of lime,
indicating that in the preparation of slag soil fired brick,
adding a small amount of lime to make the whole gel system
in an alkaline environment can stimulate the activity of clay

minerals, and the increase of CaO will adversely affect the
integrity of the system, thus reducing the strength of the
system.

Figure 11 shows SEM images of nonsintered bricks with
different fly ash doping contents (lime 30%). Due to the
addition of lime, the system is a strong alkali system, and the
activity of fly ash is quickly activated to form a large amount
of C-S-H, thus ensuring the integrity of the system. The
activity of fly ash is much higher than that of unsintered slag
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FIGURE 13: SEM images of nonsintered bricks with different polyvinyl alcohol doping levels (muck 45%, lime 10%, cement 5%, and fly ash

40%).

soil. The content of C-S-H increases continuously, and the
compactness of the system increases continuously, thus
increasing the strength of the system.

Figure 12 shows SEM images of nonsintered bricks with
different cement content. The addition of cement will sig-
nificantly enhance the activity of the whole system, C-S-H
will significantly increase, and the integrity of the system will
be stronger. With the increase of cement content, the surface
particles will gradually decrease, and the overall compact-
ness will be better, and the strength of the specimen will be
significantly enhanced.

Figure 13 shows SEM images of nonsintered bricks with
different polyvinyl alcohol content. The addition of polyvinyl
alcohol makes the three-dimensional network structure
formed between the cementitious materials. With the increase
of polyvinyl alcohol, the alcoholysis ratio decreases, and the
unalcoholized polyvinyl alcohol forms spherical particles,
which are distributed in the cementitious materials; as a result,
the compactness of the gel was reduced, and polyvinyl alcohol
particles filled the pores of the system and reduced the po-
rosity of the system. However, polyvinyl alcohol did not have
gelation, resulting in the increase of polyvinyl alcohol in the
pores and the decrease in the strength of the system. In
addition, when polyvinyl alcohol was added, the C-S-H
surface was smoother, the water resistance was enhanced, and
the elastic effect of spherical vinyl alcohol would increase the
toughness and frost resistance of the material.

4. Conclusion

Based on shield slag, the fire-free bricks were successfully
prepared. By mixing different proportions of lime, fly ash,
cement, and polyvinyl alcohol, the effects of porosity,

density, water absorption, saturation coefficient, micro-
scopic morphology, and mechanical properties were ex-
plored. The law of influence is as follows:

(1) With the increase of lime content, the porosity in-
creases, the density decreases, the water absorption
and saturation coeflicient increase, and the com-
pressive strength first decreases. Therefore, lime is
not suitable for being added in large quantities
during the preparation process of nonsintered
bricks.

(2) When the lime content is 30%, with the increase of
the fly ash and cement content, the porosity, density,
water absorption, and saturation coefficient will
decrease at the same time, and the compressive
strength will increase. But the effect of fly ash on the
properties of test blocks is not as obvious as cement.
After cement and fly ash are mixed, porosity and a
density decrease, water absorption increases, satu-
ration coeflicient decreases, and compressive
strength increase significantly with the increase of fly
ash doping amount.

(3) With the increase of the doping amount of polyvinyl
alcohol, porosity increases, density decreases, water
absorption, and saturation coefficient increase first
and then decrease, and the strength of the specimen
decreases significantly, but the pure toughness of
polyvinyl alcohol significantly enhances the freezing
resistance of the specimen.

(4) The research in this paper provides a new way for the
reuse of shield tunnel muck. When the muck is
mixed with 45%, lime 10%, cement 5%, and fly ash
40%, the strength can reach 13.69 MPa, reaching the
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standard strength level. MU10 meets engineering
applications, such as non-load-bearing walls and
roadbed pavement paving. The resource utilization
of shield dregs is realized, the ecological environ-
ment is protected, and the amount of cement is
reduced at the same time, which has significant
economic benefits.
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