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Waste sediment (WS) is a solid waste produced from subway construction. In the present work, high-volume WS was upcycled to
prepare grouting material. The results showed that the working performances (consistency, fluidity, setting time, bleeding ratio,
and stone ratio)of WS-based grouting material were significantly affected by the mass concentration of solid components, binder
to WS ratio, and steel slag addition. This material can meet the engineering requirement by adjusting these parameters. The WS-
based grouting material exhibited superior performance compared to traditional grouting materials. It achieved self-leveling
(160 mm fluidity) and wassuitable for grouting (consistency within 100-130 mm, 95.0% stone ratio). Amorphous phases were
formed in the hardened sample. The addition of a suitable amount of steel slag (10%) can reduce the total porosity, and also
promote the hydration degree and increase the mechanical properties of cement matrix.The strength development can be at-

tributed to the formation of hydration products and the cementation between hydrates and sediment particles.

1. Introduction

The shield method is commonly applied in current subway
construction. As an urban underground transportation
project, shield subway tunnels should be durable and safe
[1, 2]. When the shield machine works, the surrounding soil is
disturbed. A 90~140 mm annular gap is formed between the
segment and the soil when the segment is about to be re-
moved from the shield [3]. In order to prevent settlement and
segment offset, the gap must be filled by grouting material so
that the surrounding rock can be supported in time to control
formation deformation, ensure the stability of the segment,
and prevent floating [4, 5]. Synchronous grouting closely
adheres the stratum to the segment, and the surrounding
stratum produces uniform pressure on the segment through
the early strength of the grouting layer, which improves the
safety of the segment in shield subway tunnels [6, 7].
Nowadays, the demand for high-fluidity synchronous
grouting materials is becoming increasingly urgent. The
grouting material needs to have good fluidity, suitable

setting time, excellent stability, and small shrinkage rate
[8, 9]. It must have sufficient strength to support the stratum,
prevent settlement deformation, and control the rise of the
segment. Moreover, the grouting material also requires
excellent anti-seepage ability, which can reduce water
seepage problems, control ground settlement, and ensure
construction safety [10, 11]. However, the currently used
grouting materials in shield engineering have some short-
comings. Development of grouting materials that can adapt
to specific engineering needs has become a research hotspot
(12, 13].

Waste sediment is produced during the excavation of
subway construction. It is a kind of solid waste, which has
caused massive pressure on the urban environment [14, 15].
At present, the waste sediment is mainly transported to the
designated landfill area. The transportation volume is large,
and it is easy to cause environmental pollution [16]. Besides,
the cost of processing waste sediment accounts for about
10% of the cost of the subway construction [17, 18]. Thus, the
utilization of the waste sediment is an important task.
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In recent years, some researchers have explored ways to
reuse the waste sediment [19, 20]. A mud separation
treatment technology has been applied to separate the mud
into soil and water, and reuse the soil [21, 22]. The existing
mud water treatment equipment has been modified
according to different stratum conditions, and suitable
measures such as a filter press system and centrifuge system
have been added to solve the problem of environmental
pollution caused by the waste mud generated by the mud
water shield construction [23, 24]. The solid-liquid sepa-
ration method can slightly reduce the discharge of waste
sediment, but the amount of sediment absorption is still
limited [25]. Hence, some researchers have tried to use the
waste sediment for shield grouting tests [26]. Waste sedi-
ment has been used instead of water and bentonite to
prepare the grouting material. It was found that the layering
degree and bleeding rate of the synchronous grouting slurry
prepared with waste sediment were significantly reduced,
which solved the pumping problem occurring during
grouting [27, 28]. The initial fluidity of the grouting material
is about 230 mm, and the 28-day compressive strength is
greater than 2.5 MPa, meeting the property requirement in
the grouting field [29, 30].

The preparation of synchronous grouting materials is a
feasible way to utilize the waste sediment, which can reduce
environmental pollution, manpower waste, and material
resources [26, 31]. At present, researchers have carried out
some exploratory experiments on the preparation of
grouting materials from waste sediment and carried out
specific engineering applications. However, the preparation
of grouting materials from the waste sediment of subway
projects is closely related to the quality of the ground and the
performance requirements of the grouting materials in
shield engineering. Besides, some researchers have dried and
ground waste sediment before preparing the cement brick,
which is a low-efficiency method with high energy con-
sumption [29]. At present, few studies have been conducted
on the preparation of grouting materials using the untreated
waste sediment produced from the subway constructionin
Jinan city, Shandong province.

Hence, in the current research, the waste sediment
produced from the subway construction in Jinan city,
Shandong province, was directly utilized to prepare the
grouting material. Steel slag, which is a solid waste
produced in the power generation industry, was also used
to partially replace cement, aiming to reduce the cost and
protect the environment. The consistency, fluidity, set-
ting time, bleeding ratio, and stone ratio of the fresh
slurry were analyzed. For the hardened sample, the
compressive strength and pH value were tested. Analysis
methods such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), and mercury intrusion
porosimetry (MIP) was used to observe the micro-
structureand analyze the hydrate formation. The current
research results would be helpful to prepare suitable
grouting materials from the waste sediment in an eco-
friendly way, to solve the water inrush problem in subway
constructions and significantly reduce environmental
pollution caused by waste sediment.
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2. Materials and methods

2.1. Raw Materials. Ordinary Portland cement (OPC, 42.5
grade) was produced by Huaxin cement plant in Hubei
province, which had a specific surface area of 412 m*/kg.
Steel slag (SL) was obtained from a power plant in Jinan city,
with specific surface area of 435 m*/kg. The waste sediment
(WS) was produced during the subway construction in Jinan
city. It was sorted and utilized by the centrifugal dehydration
method. The chemical compositions of these three raw
materialsare listed in Table 1. As seen fromthe SEM images
in Figure 1, OPC and SL mainly consisted of small square-
shaped particles, while WS particles had an irregular shape.
The flocculated small particles in WS are responsible forits
high water absorption ratio.

Table 2 presents the basic physical properties of the waste
sediment. It contained 25.1% water and 41.5% sand. The
liquid limit and plastic limit were 42.3 and 24.6, respectively.
The plasticity index was 17.7. The pH value of the waste
sediment was 6.91. After drying, the particle size distribution
of the waste sediment was analyzed, and the results are listed
in Table 3.

2.2. Sample preparation. Table 4 lists the mix proportions of
the waste sediment-based grouting material. When using
waste sediment to prepare the grouting material, the water
contained in waste sediment should be considered. This part
of the water should be included when calculating the mass
concentration of solid components (binder and waste sed-
iment) in the slurry. Insamples S1 to S5, different mass
concentrations(69%, 67%, 65%, 63%, and 61%) of solid
components were applied to prepare the slurry, in order to
study the effect of mass concentration on the performance of
waste sediment-based grouting material and determine the
optimal mass concentration. In samples S3, S6, S7, S8, S9,
S10, and S11, the binder to waste sediment (WS) mass ratio
was changed from 2/1 to 1/6, aiming to explore the effect of
binder to waste sediment ratio and determine the suitable
proportion in the waste sediment-based grouting material.
Finally, in samples S9, S12, S13, S14, S15, and S16, the
addition amount of steel slag (SL) was increased from 0% to
50%, in order to study the effect of steel slag.

In this study, the weighed raw materials were added to
the mixer and mixed for 3 min. Then, water was added and
mixed evenly for 4 min. The consistency, fluidity, setting
time, bleeding ratio, and stone ratio of the fresh slurry were
tested immediately after mixing. The fresh slurry was poured
into a mold and cast under standard conditions (temper-
ature of 20+2 °C and relative humidity of 95+2%).

2.3. Testing methods. The consistency and setting time were
tested based on JGJ/T 70. The penetration resistance method
was used to determine the setting time, and the ZKS-100
mortar consistency meter was applied to test the consistency.
The fluidity was measured according to GB/T 50448. The
bleeding ratio and stone ratio of the fresh slurry were an-
alyzed according to T/CECS 563-2018. The photos of flu-
idity, consistency, and bleeding ratio tests are displayed in
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TaBLE 1: Chemical compositions of raw materials.
. Chemical composition (%)

Raw material .

CaO SiO, ALO; Fe,0; MgO K,0 Na,O SO, LOI
OPC 63.47 21.71 4.32 4.61 1.12 0.41 0.12 1.24 1.84
SL 46.11 15.36 2.12 18.02 9.91 0.21 0.11 0.65 1.78
WS 3.02 64.11 16.01 2.34 2.15 2.16 1.87 1.82 2.56

20.0[KV] SP=8.0 WD=14.4  x500

20.0(KV] SP=9.0 _WD=12.6 x520

20.0[KV] SP=8.0 WD=9.5 _ x450

100[um] WV SEI

‘100[um] WV Se1

FiGure 1: SEM observation of raw materials: (a) OPC; (b) SL; and (c) WS.

TaBLE 2: Basic physical properties of the waste sediment.

Property Value
Initial water content (wt%) 25.1
Sand content (%) 41.5
Liquid limit (%) 42.3
Plastic limit (%) 24.6
pH value 6.91

TABLE 3: Particle size distribution of the waste sediment.

Particle <0.001 0.001-0.01 0.01-0.10 0.10-0.50 >0.50
size (mm)
Percentage (%) 1.6 34 54.5 36.7 3.8

Figure 2. Parallel experiments were carried out for each
group to ensure the accuracy of the test data.

The compressive strength of the hardened sample was
measured according to GB/T 17671-2005. The size of the

TaBLE 4: Mix proportions of the waste sediment-based grouting
material (wt%).

Group Mass concentration Binder/WS SL/binder
S1 69% 1/1 0%
S2 67% 1/1 0%
S3 65% 1/1 0%
S4 63% 1/1 0%
S5 61% 1/1 0%
S6 65% 2/1 0%
S7 65% 1/2 0%
S8 65% 1/3 0%
S9 65% 1/4 0%
S10 65% 1/5 0%
S11 65% 1/6 0%
S12 65% 1/4 10%
S13 65% 1/4 20%
S14 65% 1/4 30%
S15 65% 1/4 40%
S16 65% 1/4 50%

Note. mass concentration: mass ratio of solid component (binder and WS);
binder: mass of OPC and SL.
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FIGURE 2: Tests on fresh grouting materials: (a) fluidity; (b) consistency; and (c) bleeding ratio.

sample was 40 mmx40 mmx160 mm. The sample was split
into two sections through the flexural test, and then the
compressive strength test was conducted. The pH value of
the hardened sample after curing for 28 days was tested
according to GB/T 50123-1999. During this test, 10 g powder
sample passed through a 2mm sieve after grinding was
placed in a jar, and 50 mL distilled water was added. An
Orion DUAL STAR pH meter was used to measure the pH
value of the clear liquid [31].

For XRD, SEM, and MIP analyses, the broken samples
after the measurement of 28-day compressive strength were
collected. The samples were immersed in isopropyl alcohol
for 7 days to terminate the hydration process [32]. Then, they
were dried in a vacuum desiccator. XRD analysis was carried
out on a diffractometer (Germany Bruker D8 Advance) with
Cu-Ka radiation (k = 0.154 nm) at 40 kV and 40 mA over the
20 range of 5°-75° with a step size of 0.01°. Before SEM
observation, the samples were gold coated. The micro-
structures of the specimens were revealed by high resolution
scanning electron microscope (HRSEM, Thermo APREO S
A5-112). MIP was performed to test the porosity and pore
structure distribution of samples (particle size of 2~3 mm),
using an Auto Pore IV9500 mercury injection machine.

3. Experimental results

3.1. Properties of the fresh grouting material. Figure 3 presents
the results of consistency and fluidity of the waste sediment-
based grouting material with different mass concentrations
of solid components. A decreased mass concentration led to
continuously increased consistency and fluidity. In S1 (mass
concentration of 69%), the consistency and fluidity were
91 mm and 145 mm, respectively, which significantly in-
creased to 140 mm and 199 mm after decreasing the mass
concentration to 61% (S5). When the mass concentration
decreased, the water film thickness on the surface of the raw
material particles increased, resulting in improved consis-
tency and fluidity of the freshly mixed grouting material
[9, 33]. In the construction field, the fluidity needs to be
higher than 160 mm, and the consistency is suggested to be
in the range of 100-130 mm [34]. Based on the results, the
working performance of the fresh grouting material can
meet the requirements when the mass concentration is
within 63% to 67%.
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F1GURE 3: The consistency and fluidity of the waste sediment-based
grouting material with different mass concentrations of solid
components.

Based on sample S3 (mass concentration of 65%), the
influence of binder to WS ratio on the consistency and
fluidity of the waste sediment-based grouting material was
analyzed, and the results are displayed in Figure 4. When the
binder to WS ratio decreased, the consistency and fluidity of
the grouting material also decreased. For sample S6 (binder
to WS ratio of 2/1), the consistency and fluidity were
126 mm and 185 mm, respectively, which significantly
changed to 97 mm and 159 mm at a binder to WS ratio of 1/6
(S11). Compared with cement particles, waste sediment
particles are finer and have a high water absorption rate,
increasing the water demand of the fresh slurry. An in-
creased waste sediment amount causes the water film
thickness on the surface of the raw material particles to
decrease, leading to decreased consistency and fluidity
[35, 36]. Considering both working property and price, the
suitable binder to WS ratio is suggested to be in the range of
1/3-1/5.

Among the differentsamples, S9 (mass concentration of
65% and binder to WS ratio of 1/4) had a consistency of
106 mm and a fluidity of 165 mm, which was suitable for



Advances in Materials Science and Engineering

130 190
<)

1250 & 1185

120 | h
— &\ {180
E s 4 el e
< \ 1175 §
g 110t LN B
z \\ . 1170 2
£ 105 ¢ " .. =
Q 100 \4}\‘&\ 1165

QK\\\;:® 1 160
95 | "
90 155

2/1 1/1 1/2 1/3 1/4 1/5 1/6
Binder to WS ratio

-®- Consistency (mm)
—4#— Fluidity (mm)

FIGURE 4: The consistency and fluidity of the waste sediment-based
grouting material with different binders to WS ratios.

grouting engineering. Based on S9, the industrial waste-steel
slag was utilized in the waste sediment-based grouting
material. Figure 5 presents the consistency and fluidity of the
waste sediment-based grouting material with different ad-
dition amounts of steel slag. The consistency of the fresh
slurry continuously decreased with increase in the dosage of
steel slag from 0% to 50%. The fluidity increased first from
165 mm (S9- 0% SL) to 171 mm (S13- 20% SL), and further
additions of steel slag resulted in a slightly decreased fluidity.
In fresh cement-based material, the fluidity is related to the
particle shape and particle surface, while the consistency is
related to the force between the particles [33]. Hence, steel
slag has a different effect on the fluidity and consistency. The
particle size distribution of steel slag is different from that of
OPC. Adding an appropriate amount of steel slag can im-
prove the particle gradation of raw materials and increase
the fluidity [37, 38]. When the addition amount of steel slag
was excessive, the fluidity was further reduced. The viscosity
between the steel slag particles is larger than that of the OPC
particles. The partial replacement of OPC by steel slag
thickens the slurry and decreases the consistency value
[39, 40].

Table 5 lists the setting time of the waste sediment-based
grouting material. For the fresh slurry, decrease in mass
concentration led to continuous increase in setting time. The
setting time changed from 780 min (S1- mass concentration
of 69%) to 870 min (S5- mass concentration of 61%). De-
creased mass concentration results in a cumulatively re-
duced cementitious component and a prolonged hardening
period[17]. When the binder to WS ratio changed from 2/1
to 1/6, the setting time significantly increased from 750 min
(S6- binder to WS ratio of 2/1) to 1020 min (S11- binder to
WS ratio of 1/6). In cement-based material, an increased
sand-to-binder ratio is related to a decreased proportion of
cementitious component, which leads to an increased setting
time [10]. As shown in Table 5, successive additions of steel
slag led to a slightly prolonged setting time. For S9 (0% SL),
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F1GURE 5: The consistency and fluidity of the waste sediment-based
grouting material with different addition amounts of steel slag.

TaBLE 5: The setting time of the waste sediment-based grouting
material.

Group S1 82 S3 S&4 S5 S6  S7 S8

Setting time
(min)

780 810 840 860 870 750 900 940
§9 S§10 S11 S12 S13  S14  S15  S16

Setting ime o7 1500 1020 980 1000 1020 1050 1080

(min)

the setting time was 970 min, which increased to 1080 min
after adding 50% SL (S16). Since the reactivity of steel slag is
lower than that of OPC in cement-based material, the in-
corporation of steel slag decreased the hydration rate in the
waste sediment-based grouting material, resulting in a
prolonged setting time [41].

Figure 6 presents the bleeding ratio and stone ratio of the
waste sediment-based grouting material with different mass
concentrations of solid components. A decrease in mass
concentration led to a continuous increase in bleeding ratio
and decrease in stone ratio. For S1 (mass concentration of
69%), the bleeding and stone ratios were 0.4% and 99.2%,
respectively, which significantly changed to 1.9% and 95.4%
at 61% mass concentration (S5). When the mass concen-
tration decreased, the amount of cementitious components
was reduced, and the setting time was prolonged [42, 43].
For the hardening slurry, the bleeding ratio was increased,
and the stone ratio was decreased. The stone ratio needs to be
higher than 95.0% for the construction field, and these five
sample groups from S1 to S5 all meet this engineering
requirement.

Based on S3, the influence of binder to WS ratio on the
bleeding ratio and stone ratio of the waste sediment-based
grouting material was analyzed, and the results are displayed
in Figure 7. A decrease in binder to WS ratio led to a
continuous increase in bleeding ratio and decrease in stone
ratio. For S6 (binder to WS ratio of 2/1), the bleeding and
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F1GURE 7: The bleeding ratio and stone ratio of the waste sediment-
based grouting material with different binders to WS ratios.

stone ratios were 0.4% and 99.5%, respectively, which sig-
nificantly changed to 2.4% and 94.5% at a 1/6 binder to WS
ratio (S11). For cement-based grouts, the increased sand to
binder ratio is associated with reduced binding performance
and prolonged setting time, resulting in an increased
bleeding ratio and decreased stone ratio [12, 44].

Based on S9, the effect of steel slag addition on the
bleeding ratio and stone ratio of the waste sediment-based
grouting material was analyzed, and the results are displayed
in Figure 8. The bleeding ratio of the fresh slurry decreased
first from 2.0% (S9- 0% SL) to 1.6% (S13- 20% SL), and
turther addition of steel slag resulted in a slightly increased
bleeding ratio. For the fresh slurry, a lower bleeding ratio
during hardening was associated with a higher stone ratio
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after hardening. S13 (20% SL) had a stone ratio of 96.2%,
which was the highest among the five groups. Although the
alkalinity of steel slag is lower than that of OPC, adding an
appropriate amount of steel slag can improve the cemen-
titious property of the fresh slurry, resulting in decreased
bleeding ratio and increased stone ratio [45, 46]. However,
when the addition amount of steel slag is excessive, the
binding property is further reduced.

Unlike the traditional cement and water glass-based
grouting material, the waste sediment-based grouting ma-
terial contains a high percentage of waste sediment and steel
slag, which is eco-friendly. Besides, the waste sediment-
based grouting material can achieve self-leveling and has a
stone ratio over 95.0%, meeting the engineering requirement
in subway construction.

3.2. Compressive strength of the waste sediment-based grouting
material. Figure 9 presents the compressive strength of the
waste sediment-based grouting material with different mass
concentrations of solid components. At 3 days, the com-
pressive strengths from S1 (mass concentration of 69%) to S5
(mass concentration of 61%) were 12.1 MPa, 10.5 MPa, 8.9
MPa, 7.5 MPa, and 6.6 MPa, respectively. At 28 days, the
compressive strengths of these five sample groups were 21.5
MPa, 18.7 MPa, 16.5 MPa, 15.1 MPa, and 13.5 MPa, re-
spectively. Decrease in mass concentration is associated with
increased water content and decreased binder dosage,
resulting in a continuousreduction in compressive strength
[8, 47].

Figure 10 displays the effect of the binder to WS ratio on
the compressive strength of the waste sediment-based
grouting material. With the decrease in the binder to WS
ratio, the utilization rate of the solid waste increases [48].
Besides, due to the decreased amount of OPC, the price and
the performance of the synchronous grouting material re-
duces [29, 49]. As seen in Figure 10, for S6 (binder to WS
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ratio of 2/1), the 3-day and 28-day compressive strengths
were 13.5 MPa and 23.6 MPa, respectively. When the binder
to WS ratio decreased to 1/6 (S11), the 3-day and 28-day
compressive strengths changed to 4.5 MPa and 10.3 MPa,
respectively. At 28 days, the compressive strengths for
samples S6 to S11 were 23.6 MPa, 15.5 MPa, 14.7 MPa, 13.8
MPa, 11.6 MPa, and 10.3 MPa, respectively. Considering
both compressive strength and price, the optimal binder to
WS ratio is in the range of 1/3-1/5.

Figure 11 presents the effects of SL content on the
compressive strength of the waste sediment-based grouting
material. Steel slag had a noticeable influence on com-
pressive strength. With the increase in content of steel slag,
the 3-day compressive strength decreased slightly. The 3-day
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F1Gure 11: The compressive strength of the waste sediment-based
grouting material with different addition amounts of steel slag.

strength values for the samples from S9 (0% SL) to S16 (50%
SL) were 6.5 MPa, 6.3 MPa, 6.1 MPa, 5.9 MPa, 5.6 MPa, and
5.3 MPa, respectively. After curing for 28 days, the strength
values from S9 (0% SL) to S16 (50% SL) were 13.8 MPa, 14.5
MPa, 13.5 MPa, 13.0 MPa, 12.4 MPa, and 12.0 MPa, re-
spectively. S12 (10% SL) had the highest compressive
strength among these groups at 28 days. This result showed
that incorporating steel slag decreased the 3-day compres-
sive strength, while a small amount of steel slag (around
10%) improved the 28-day compressive strength. In the
current research, steel slag has a lower reactivity than OPC.
Thus, the early strength (3-day) was reduced after incor-
porating steel slag. The active phases in steel slag can
gradually hydrate and improve the cementitious property of
the hardened matrix, leading to a slightly increased 28-day
compressive strength [46, 50]. Besides, steel slag has a
smaller particle size than OPC and achieves a pore-filling
effect in the hardened grouting material [49]. Thus, the
sample containing 10% steel slag possessed higher strength
than other samples. However, the excessive addition of steel
slag reduced the formation of main hydration phases and
weakened the overall gelling properties. Thus, the com-
pressive strength decreased again.

3.3. The pH value of the waste sediment-based grouting
material. Table 6 lists the pH values of the waste sediment-
based grouting material. The pH value of the hardened
grouting material reduced slightly with the decrease in mass
concentration of solid components, from 11.0 (S1- mass
concentration of 69%) to 10.7 (S5- mass concentration of
61%). An alkaline environment is vital for the strength
development of cement-based grouting material. Com-
monly, a higher pH value corresponds to a higher com-
pressive strength [31]. In this research, the pH wvalue
development of the waste sediment-based grouting material
with different mass concentrations was correlated with the



TaBLE 6: The pH value of the waste sediment-based grouting
material.

Group S1 S2 S3 S4 S5 S6 S7 S8
pH value 11.0 109 108 108 10.7 114 105 10.3

S9 S10 S11 S12 S13  S14  SI15 Sl6
pH value 102 101 101 100 99 97 9.6 95

strength value. Based on S3, when the binder to WS ratio was
varied from 2/1 tol/6, the pH value of the fresh slurry
significantly decreased from 11.4 (S6- binder to WS ratio of
2/1) to 10.1 (S11- binder to WS ratio of 1/6). As shown in
Table 2, the waste sediment had a near-neutral pH value
(6.91). Thus, the partial replacement of OPC by waste
sediment decreased the pH value of the hardened grouting
material [51, 52]. As shown inTable 1, steel slag contains
46.11% CaO, 15.36% SiO,, 18.02% Fe, 03, and 9.91% MgO. It
is less alkaline than OPC [53]. Hence, adding steel slag
resulted in a decreased pH value. When the dosage of steel
slag was increased from 0% to 50%, the pH value of the
hardened grouting material slightly changed from 10.2 (S9-
0% SL) to 9.5 (S16- 50% SL).

4. Mechanism discussion

4.1. XRD analysis. Figure 12 presents the XRD patterns of
waste sediment and hardened waste sediment-based
grouting material after curing for 28 days. In the untreated
waste sediment, the diffraction peaks of crystal minerals
such as quartz, kaolinite, and illite were clearly observed in
the range of 19-35°. For the hardened waste sediment-based
grouting material shown in Figure 12(b)-12(d), a relatively
broad diffraction peak of amorphous minerals was observed
in the range of 22~32°, indicating the formation of amor-
phous gel phases in the grouting material [54].

Comparedwith the XRD pattern of waste sediment, the
diffraction peak intensity of kaolinite, illite, and quartz
decreased significantly, while the peak intensity of zeolite
and ettringite increased correspondingly in the XRD pattern
of waste sediment-based grouting material. Moreover, the
diffraction peak of quartz crystal in hardened sample also
decreased slightly in intensity. These resultsindicated that
some active minerals in waste sediment were consumed by
chemical reaction (pozzolanic reaction), which generated a
small amount of cementitious hydrates together with the
reaction of cement and steel slag, thus enhancing the
compressive strength of the grouting material. However, no
diffraction peaks of calcium hydroxide crystal were detected
for the hardened sample.

The reaction between OPC and steel slag is based on
breaking Si-O, Al-O, and Ca-O bonds inside vitreous steel
slag by OH- ions, which leads to the formation of CSH-like
products [25]. When calcium hydroxide is consumed in this
reaction, the durability and compressive strength of hard-
ened sample are enhanced [28, 55]. This is the mechanism by
which steel slag improves the mechanical properties in the
OPC-steel slag-waste sediment system. Herein, the strength
development of hardened waste sediment-based grouting
material can be attributed to the formation of hydration
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FiGure 12: XRD patterns of hardened waste sediment-based
grouting material after curing for 28 days: (a) S1; (b) S3; (c) S9; and
(d) S14. (q) quartz, (e) ettringite, (z) zeolite, (g) gismondine, (k)
kaolinite)

products and the cementation between hydrates and sedi-
ment particles.

4.2. SEM analysis. Figure 13 displays the SEM images of
hardened waste sediment-based grouting material after
curing for 28 days. As shown in Figure 1(c), the waste
sediment presented a wide particle size distribution. There
were many irregular particles of different sizes, with a
diverse particle morphology and rough surface. Thus, the
waste sediment exhibited a high-water absorption ratio
when preparing the grouting material [19, 29]. This can
explain the results of decreased consistency and fluidity
with decrease in the binder to WS ratio. Compared with
Figure 13(b), there were more needle-like and flocculated
C-S-H gels in the hardened sample prepared by a 1/1
binder to WS ratio (S3), as shown in Figure 13(a). The
needle-shaped gels were also observed among the waste
sediment particles, leading to a denser interlocked
structure. As the binder to WS ratio decreased, the ge-
latinous phases and flocculent products reduced, and the
amount of unreacted waste sediment particles increased.
Due to the decrease in OPC content, the amount of ce-
mentitious products was reduced. This led to weaker
adhesion between the particles in the microstructure,
resulting in decreased compressive strength [40].

Figure 13(c) shows that adding 10% steel slag can im-
prove the cementitious property in the waste sediment-
based grouting material. Compared with S9, the particles
were bonded more tightly in S12. Yang et al. [37] found that
adding a suitable amount of steel slag can improve the
compressive strength by promoting the hydration rate in
cement-based material. Adding 10% steel slag improved the
particle size distribution of the grains. Besides, steel slag
reacted with the calcium hydroxide produced by OPC,
which promoted the hydration degree and increased the
property of cement matrix. This created a synergistic
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FIGURE 13: SEM images of hardened waste sediment-based grouting material after curing for 28 days: (a) S3; (b) S9; (c) S12; and (d) S14.

promotion effect between steel slag and cement, resulting
in better mechanical properties. As shown in Figure 13(d),
more honeycomb gel phases were formed in the sample
containing 30% steel slag (S14). Steel slag has a lower
reactivity than OPC. At 3 days, the compressive strength
of the hardened sample containing steel slag decreased.
However, steel slag can react slowly. At 28 days, many
hydrates can be formed by steel slag [40, 54]. The hy-
dration product of OPC and steel slag tightly connected
the inert waste sediment particles, leading to a 28-day
compressive strength of 13.0 MPa. This strength canmeet
the performance requirements of synchronous grouting
materials in shield tunnel construction [56]. These results
indicate that the steel slag incorporated with OPC binder
was superior to OPC in stabilizing high-water content
waste sediment, especially in the long-term property
development.

4.3. MIP analysis. Figure 14 displays the MIP results of
hardened waste sediment-based grouting material after
curing for 28 days. It can be seen that the total porosity
values of S1, S3, S9, S12, and S14 were 16.30%, 17.12%,
18.21%, 17.49%, and 17.79%, respectively. The decreased
mass concentration was related to increased water addition.
Hence, the porosity increased from 16.30% (S1-69% mass
concentration) to 18.21% (S3-65% mass concentration). Ma
etal. [32] pointed out that the compressive strength of OPC-
based materials is inversely proportional to the total po-
rosity. Changing the binder to WS ratio from 1:1 to 1:4

18 . ..
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FIGURE 14: MIP results of hardened waste sediment-based grouting
material after curing for 28 days.

caused a looser microstructure and lower compressive
strength. Moreover, the porosity slightly increased from
17.12% to 18.21%.

The porosity values of the sample after adding 0%, 10%,
and 30% steel slag were 18.21%, 17.49%, and 17.79%, re-
spectively. As shown in Figure 1, steel slag has a smaller
particle size than OPC. Adding a suitable amount of fine
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steel slag particles modified the microstructure of waste
sediment-based grouting material by the pore-filling effect,
leading to increased strength [43]. However, steel slag has a
lower reactivity than OPC. Excessive addition of steel slag
could reduce the amount of cementitious hydration prod-
ucts formed in the matrix, causing a decrease in the bonding
force [57]. Compared with S12 (10% steel slag), the strength
of S14 (30% steel slag) was reduced. Thus, the MIP results
were consistent with the above analysis.

5. Conclusion

In this work, waste sediment was upcycled to prepared
grouting material. The main properties of the waste sedi-
ment-based grouting material were studied by varying the
mass concentration of solid components, binder to WS ratio,
and steel slag addition. The main conclusions of this work
are as follows:

(1) The decrease in mass concentration of solid com-
ponents from 69% (S1) to 61% (S5) led to improved
working performances (consistency, fluidity, setting
time, bleeding ratio), while decrease in binder to WS
ratio from 2/1 (S6) to 1/6 (S11) caused poorer
working performances. Both decreased mass con-
centration and binder to WS ratio led to reduced
compressive strength and lower pH value of the
hardened sample.

(2) Steel slag has a smaller particle size and lower re-
activity than OPC. Successive additions of steel slag
from 0% (S9) to 50% (S16) resulted in decreased
consistency and increased setting time. The fluidity
and stone ratio increased first and then decreased,
reaching the maximum when the dosage was 20%
(S13). The 28-day compressive strength of the
hardened sample also increased first and then de-
creased, reaching the maximum at 10% addition
amount of steel slag (S12).

(3) The waste sediment-based grouting material
exhibited superior performance to traditional
grouting materials. It achieved self-leveling (160 mm
fluidity), and was suitable for grouting (consistency
within 100-130 mm, 95.0% stone ratio). The 1-day
and 28-day compressive strength reached 6.5 MPa
and 13.5 MPa, respectively. High-volume waste
sediment was upcycled to prepare the grouting
material, which is beneficial to the environment.

(4) Some amorphous phases were formed in the waste
sediment-based grouting material. The strength
development of the grouting material can be at-
tributed to the formation of hydration products and
the cementation between hydrates and sediment
particles. The addition of a suitable amount of steel
slag (10%) can reduce the total porosity of the
hardened sample. Steel slag reacted with the calcium
hydroxide produced by OPC, which promoted the
hydration degree and increased the mechanical
properties of cement matrix.
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