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Abstract: During shield construction in underground spaces, synchronous grouting slurry is poured
between the surrounding rock and tunnel lining to ensure stability. For synchronous grouting slurries,
few studies have investigated the relationship between the rheological parameters and physical
properties, grout-segregation mechanism, and anti-segregation performance. Therefore, we explored
the relationships between the slurry rheological parameters, segregation rate, and bleeding rate.
Cement, sand, fly ash, and bentonite were used to prepare the slurry, and the effects of different
polycarboxylate water-reducing agents and dispersible latex powder dosages were studied. The
rheological parameters of 16 groups of uniformly designed slurries were tested, and the data were fit
using the Herschel–Bulkley model. The optimal mix ratio lowered the slurry segregation rate, and its
rheological behaviour was consistent with the Herschel–Bulkley fluid characteristics. High-yield-
shear-stress synchronous grouting slurries with high and low viscosity coefficients were less likely to
bleed and segregate, respectively. The optimised slurry fluidity, 3 h bleeding rate, 24 h bleeding rate,
segregation rate, coagulation time, and 28 days compressive strength were 257.5 mm, 0.71%, 0.36%,
3.1%, 6.7 h, and 2.61 MPa, respectively, which meet the requirements of a synchronous grouting slurry
of shield tunnels for sufficiently preventing soil disturbance and deformation in areas surrounding
underground construction sites.

Keywords: shield tunnel; rheological properties; synchronous grouting; segregation rate; uniform
design; mix proportion

1. Introduction

To alleviate urban traffic, it is necessary to further develop and utilise underground
spaces. Shield tunnel construction is a core technology in the development of urban under-
ground public spaces. During the shield construction process, to prevent soil disturbance
or deformation in the surrounding area of the construction site [1], the waterproof and anti-
seepage performance of the segment lining structure must be enhanced. This requires shield
synchronous grouting to be poured between the surrounding rock and tunnel lining [2–4].
In actual projects, grouting slurry is usually required to have good fluidity and stability to
avoid problems such as segregation, stratification, and bleeding. Therefore, the relation-
ship between the grout components and physical properties has been studied worldwide.
Additionally, the flow and deformation properties of grout have been studied based on
the rheology theory, and the relationship between material characteristic parameters and
engineering properties has been established [5–7].

Research on slurry mix ratios has mainly focused on the influence of slurry components
and their contents on slurry properties. By studying the effects of the dosage of bentonite,
water-reducing agents, and fly ash [8–10] on the volume shrinkage deformation [8,10], time
loss of fluidity [9], bleeding rate, setting time [10], mechanical properties [11], and the water
retention rate of slurry [12], it was found that as the cement dosage increases, the slurry
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setting time and bleeding rate decrease, and the compressive strength increases. As the fly
ash dosage increases, the slurry workability improves. As the bentonite dosage increases,
the water retention and slurry viscosity increase. Based on these findings, the proportion of
slurry components was optimised, and an admixture suitable for synchronous grouting
slurry was developed [13]. In addition, by using styrene–acrylic emulsion, pure acrylic
emulsion, and emulsified asphalt [14] to modify the synchronous grouting fluid, the effects
of these three components on the performance of mortar were analysed in detail and
it was found that for highly permeable aquifers, turbidity and system pH must also be
considered [15].

Several related studies have been conducted on the rheological properties of slurries,
and the addition of rice husk ash has been shown to affect the rheological properties of
mortar. As the amount of rice husk ash increases, the yield stress and plastic viscosity
of repair mortar increase. Rice husk ash does not change the rheological type of cement
slurries [16]. The addition of a thickener reduces mortar fluidity but increases the yield
stress and plastic viscosity [17,18]. Although anionic viscosity modifiers can increase the
yield stress of slurries, the improvement effect weakens as the dosage increases, and a
super absorbent resin viscosity regulator can increase the yield stress and plastic viscosity
of slurries [18]. Shear-resistant synchronous grouting mortar differs from conventional
grout because its properties are similar to toothpaste and retain high fluidity after a long
interval [19].

Studies on the rheological properties of slurries have been performed using numerical
simulations. Abramian et al. [20] used numerical simulation methods to simulate the rheol-
ogy of granular materials in the Navier–Stokes solver program. Liu [21] used the plastic
analysis method to calculate the critical yield stress and performed a bounded analysis on
it. Cui [22] used the generalised moving object method to simulate the movement and static
segregation of coarse aggregates and studied the effects of mortar yield stress and viscosity
on the movement process of aggregates. Liu et al. [17] established a method that considered
flocculation, hydration, and particle aggregation. The novel yield stress evolution model
was jointly affected by the interaction between the cement paste and the three factors.
These results show that the rheological model of the grouting material conforms to the
Herschel–Bulkley (H–B) model and that the yield stress increases with time.

Although researchers have conducted many related studies on the effects of the mix
ratio or addition of new components on the rheological parameters and physical properties
of slurries, there are few studies on the relationship between the rheological parameters
and physical properties of slurries. Simultaneously, the grout segregation mechanism of the
synchronous grouting slurry of shield tunnels and the anti-segregation performance have
been rarely discussed [8–18]. Therefore, the effects of each slurry component on the fluidity,
free bleeding rate, and segregation rate of a mortar-truncated cone were investigated in
this study. The relationships between the bleeding rate, segregation rate, and rheological
properties of the slurry, and easy delamination, segregation, bleeding, and tube blocking of
the slurry in practical engineering were established. The rheological index was obtained
based on nonlinear fitting of the obtained rheological parameter data by investigating the
rheological properties of the grouting slurry. A three-dimensional scatter plot was used to
explore the relationship between the rheological parameters of the slurry, bleeding rate, and
segregation rate. Combined with MATLAB, the mix proportion was optimised to produce
a high-performance synchronous grouting slurry that can maintain stability over long
distances and transportation times and prevent easy stratification, segregation, bleeding,
and pipe blocking in a newly mixed grouting slurry of shield tunnels.

2. Materials and Methods
2.1. Raw Materials

The cement selected was a P.O 42.5 grade ordinary Portland cement (Yangchun Hailuo
Cement Co., Ltd., Canton, China), because Portland cement possesses good frost resistance,
wear resistance [23], and corrosion resistance [24], and this grade of silicate concrete can
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guarantee a certain level of strength. The fly ash (Guangzhou Yueyu Concrete Building
Materials Co., Ltd., Canton, China) used was grade II with a fineness, sieve residue, water
demand ratio, loss on ignition, water content, sulphur trioxide content, and stability of
45 µm, 23%, 102%, 3.47%, 0.6%, 1.6%, and 4.3 mm, respectively. Material fluidity, early
strength, and elastic modulus should be ensured [25], and type II fly ash should be selected
to improve the performance of grouting slurry at a lower cost [26]. The bentonite used
was composed of sodium, which can enhance the impermeability and crack resistance
of the slurry [27]. The chemical compositions of the three materials are listed in Table 1.
A polycarboxylate high-efficiency water-reducing agent was used, with a water-reducing
rate of 40–50%. A redispersible latex powder (herein latex powder) was used. River sand is
commonly used in engineering projects, and river sand with a fineness modulus of 2.1 was
selected as the aggregate.

Table 1. Chemical composition of cementitious material.

Title
SiO2 Al2O3 CaO MgO SO3 Fe2O3 Na2O K2O Loss

[%] [%] [%] [%] [%] [%] [%] [%] [%]

Cement 21.44 5.85 61.28 1.25 2.01 2.75 — — 5.42
Fly ash 58.12 27.93 2.72 0.64 0.83 4.85 0.13 1.31 3.47

Bentonite 72.15 13.42 2.69 2.36 — 1.59 0.55 0.36 6.88

2.2. Single Factor Test

Single-factor multilevel experiments were conducted using the water-reducing agent
and latex powder as variables to determine their optimal dosages. The mixing ratios for a
single addition of the water-reducing agent are listed in Table 2. After a single addition of
the water-reducing agent, the optimal water-reducing agent dosage was 1.46 kg/m3, and a
composite admixture test was conducted with the latex powder. The test mix proportions
are presented in Table 3.

Table 2. The test mix proportion for single admixtures.

No. Test
Cement Fly Ash Sand Bentonite Water Reducing Agent

[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

A1 95 270 570 65 0.00
A2 95 270 570 65 0.37
A3 95 270 570 65 0.73
A4 95 270 570 65 1.10
A5 95 270 570 65 1.46
A6 95 270 570 65 1.83

Table 3. The test mix proportion for compound admixtures.

No. Test
Cement Fly Ash Sand Bentonite Water Reducing Agent Latex Powder

[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

B1 95 270 570 65 1.46 0.00
B2 95 270 570 65 1.46 0.18
B3 95 270 570 65 1.46 0.27
B4 95 270 570 65 1.46 0.37
B5 95 270 570 65 1.46 0.46
B6 95 270 570 65 1.46 0.55

2.3. Uniform Test

According to the single-factor test, the fly ash–cement content was 2.84. The water
–cement, bentonite–water, cement–sand, water reducer–cement, and latex powder–cement
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ratios were 0.73–0.88, 0.20–0.35, 0.64–0.79, 0.1–0.4%, and 0.05–0.125%, respectively. Based
on the above five factors, a uniform test was designed, and the number of tests was set
to four times the number of test factors to improve the test accuracy. Sixteen groups of
experiments were arranged using a uniform design table [28], as listed in Table 4.

Table 4. Uniform experimental design mix proportion for synchronous grouting slurry in shield tunnels.

No. Test

Ratio of Water to
Cementitious

Material Content

Ratio of Bentonite
to Water Content

Ratio of
Cementitious

Material to
Sand Content

Ratio of Water
Reducer to

Cementitious
Material Content

Ratio of Latex
Powder to

Cementitious
Material Content

[%] [%] [%] [%] [%]

1 88 20 64 0.30 0.100
2 73 20 69 0.20 0.075
3 73 25 64 0.10 0.125
4 73 30 74 0.30 0.050
5 88 35 74 0.10 0.075
6 78 35 64 0.20 0.050
7 73 35 69 0.40 0.100
8 88 25 79 0.40 0.050
9 83 25 74 0.20 0.100

10 83 30 64 0.40 0.075
11 78 25 69 0.30 0.075
12 78 30 79 0.10 0.100
13 78 20 74 0.40 0.125
14 83 20 69 0.10 0.050
15 83 35 79 0.30 0.125
16 88 30 69 0.20 0.125

2.4. Performance Testing

(1) Fluidity, bleeding, and segregation rates

Referring to the cementitious grout (JC/T 986-2018) [29], grouting materials for pre-
stressed structure in highway engineering (JT/T 946-2022) [30], and technical specification
for application of self-compacting concrete (JGJT 283-2012) [31] standards, we conducted
truncated cone fluidity, cement slurry free-bleeding rate, and a mixture of anti-segregation
jumping table tests to analyse the fluidity, free-bleeding rate, and segregation rate of the
mortar, respectively.

(2) Rheological properties test

An R/SP-SST soft solid testing rheometer (AMETEK Brookfield, Inc., Middleboro, MA,
USA) was used with a V40-20 rotor to simulate the shear flow state, test the rheological
parameters of the shield tunnel synchronous grouting slurry, and establish a rheological
curve. RHEO2000 was used to collect and analyse the experimental data.

The test followed the following process: (1) pre-shearing process: the slurry was
stirred at a shear rate of 100 s−1 for 60 s, dropped to 0 s−1, and then stopped for 30 s;
(2) data collection process: the shear rate increased from 0 to 100 s−1, and a total of 60 data
points were measured. A high shear rate was applied at the beginning of the pre-shearing
to break the static structure of the freshly mixed slurry and then left to stand for 30 s to
dissipate the residual stress caused by the pre-shearing process [32].

2.5. Mix Proportion Optimisation and Verification

Based on the theoretical model, the rheological test results of the slurry were nonlin-
early fit to obtain the rheological index. Using IBM SPSS Statistics 25, a multiple linear
regression analysis was performed with the yield shear stress and viscosity coefficient
as dependent variables to analyse the influence of the five experimental factors on the
yield shear stress and viscosity coefficient of the slurry. IBM SPSS Statistics 25 was used to
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analyse the test results and obtain the regression equation. The regression equation under
specific constraints was optimised using the MATLAB R2018a optimisation toolbox, and
the fmincon function was adopted from the nonlinear constraint optimisation methods
to obtain the optimal mix proportion [33,34] and conduct experimental verification. This
function, which is based on the principles of the Sequential Quadratic Programming (SQP)
algorithm, is a highly efficient computational method for solving nonlinearly constrained
optimisation problems [35].

3. Results and Discussion
3.1. Single Factor Test

Figure 1 shows the effect of the water-reducing agent dosage on slurry fluidity, segrega-
tion rate, and bleeding rate. As shown in Figure 1a, the water-reducing agent significantly
affected the fluidity of the slurry. As the water-reducing agent dosage increased, the flu-
idity of the grouting slurry increased significantly. This is because the water-reducing
agent can destroy the floc structure formed by cement hydration, release the free water
in the mortar [36], and reduce the friction between the slurry particles [37]. As shown in
Figure 1b,c, the addition of a water-reducing agent causes the segregation rate and bleeding
rate of the slurry to decrease first and then increase with the increase in dosage. This is
because the addition of a water-reducing agent can release the free water in the mortar and
allow it to further participate in the hydration reaction [36], improving the water retention
of the slurry [12], which subsequently reduces both the segregation rate and bleeding rate of
the slurry. However, as the dosage of the water-reducing agent continues to increase, more
and more flocculation structures are destroyed [38], and it can also inhibit the hydration
reaction [39], thereby reducing the stability of the mortar [40]. This ultimately leads to an
increase in the segregation rate and bleeding rate of the slurry.
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When the water-reducing agent dosage was 1.46 kg/m3, the segregation rate was low
and the fluidity was 255 mm, which meets the performance index requirements of Type
2 mortar as stipulated in the gelatin-type dry-mixed mortar for shield-driving grouting
(Q/ZTJHN1-2019) [41]. Therefore, the water-reducing agent dosage was determined to be
1.46 kg/m3.

As shown in Figure 2a, with the increase in latex powder content, the fluidity of
the slurry first increases and then decreases. This is because the water-soluble protec-
tive colloidal coating of redispersible latex powder particles can prevent aggregation
between particles, and latex powder has air entrainment properties, which can introduce a
large number of tiny bubbles, allowing polymer particles and tiny bubbles to produce a
“ball-bearing effect” in the cement slurry [42,43]. Therefore, the addition of latex powder
increases the fluidity of the slurry [44,45]. However, as the latex powder content further
increases, the fluidity of the slurry decreases. This is because the dissolved latex powder
becomes more viscous, increasing the viscosity of the mortar [46] and the internal friction
of the slurry [47], resulting in a decrease in slurry fluidity. As shown in Figure 2b, with
the increase in latex powder content, the segregation rate of the slurry generally shows a
downward trend. This is because the incorporation of latex powder can increase the water
retention of the slurry [48], enhance the hydration within the slurry, as well as cohesion
and adhesion [49,50], thereby improving mortar stability [40] and reducing the segregation
rate. However, when the content exceeds 0.37 kg/m3, the segregation rate increases slightly.
This is because when the latex powder content is too high, it can adhere to the surface
of cement particles, impeding the contact between cement and water and weakening the
hydration reaction [51], which in turn increases the slurry segregation rate.
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3.2. Uniform Test
3.2.1. Effects of Water–Cement, Bentonite–Water, Cement–Sand, Water Reducer–Cement,
and Latex Powder–Cement Ratios on Fluidity, Segregation Rate, and Bleeding Rate

The effects of the water–cement, bentonite–water, cement–sand, water reducer–cement,
and latex powder–cement ratios on the fluidity, segregation rate, and bleeding rate of the
slurry are shown in Tables 5–7, respectively.

Table 5. Test results of truncated cone fluidity for synchronous grouting slurry in shield tunnels.

No. Test
Diffusion Diameter Vertical Diffusion Diameter Fluidity

[mm] [mm] [mm]

1 230 235 232.5
2 100 100 100.0
3 95 95 95.0
4 170 170 170.0
5 95 95 95.0
6 90 90 90.0
7 95 100 97.5
8 255 260 257.5
9 235 235 235
10 105 110 107.5
11 110 120 115.0
12 105 110 107.5
13 190 195 192.5
14 165 165 165.0
15 100 100 100.0
16 115 115 115.0

Table 6. Test results of anti-segregation jumping table for synchronous grouting slurry in shield tunnels.

No. Test
Dry Weight of

Upper Aggregate
Dry Weight of

Middle Aggregate
Dry Weight of

Lower Aggregate
Layered Segregation

Rate

[g] [g] [g] [%]

1 840.6 850.4 886.3 1.1
2 848.7 912.6 920.7 7.1
3 834.0 945.6 941.7 12.3
4 786.3 853.7 854.4 8.1
5 763.4 769.1 779.9 0.7
6 849.1 901.0 893.4 5.9
7 853.4 868.0 879.9 1.7
8 730.5 749.6 749.5 2.6
9 804.2 811.9 819.2 0.9
10 884.0 886.6 875.4 0.3
11 865.1 861.4 888.1 −0.4
12 799.6 798.6 802.9 −0.1
13 815.1 822.4 845.9 0.9
14 864.3 848.0 858.1 −1.9
15 702.7 807.5 759.7 13.9
16 817.5 813.0 795.3 −0.6

Because the rheological curve trends of each test group were roughly the same and the
slurry in group 16 had better anti-segregation and anti-bleeding properties, the rheological
curve of the group 16 slurry was selected for analysis. The shear stress τ, shear rate γ,
and apparent viscosity η–shear rate γ characteristic curves of the rheological test of the
group 16 samples are shown in Figure 3a,b. The rheology of synchronous grouting slurry
can reflect its flow and deformation patterns under different shear rates and express the
corresponding relationship between the shear stress and rate [52]. Therefore, the rheological
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parameters—yield shear stress τ0 and viscosity coefficient K—can quantitatively describe
the flow state of the synchronous grouting slurry. When the shear rate was lower than
10 s−1, the shear stress decreased, and the apparent viscosity decreased rapidly as the shear
rate increased. When the shear rate reached 10 s−1, the shear stress of the grouting slurry
increased linearly with increasing shear rate, and the viscosity was stable.

Table 7. Test results of free bleeding rate for synchronous grouting slurry in shield tunnels.

No. Test
Initial Pulp

Surface
3 h Bleeding

Surface
3 h Expansion

Surface
24 h Bleeding

Surface
24 h Expansion

Surface
3 h Bleeding

Rate
24 h Bleeding

Rate

[mm] [mm] [mm] [mm] [mm] [%] [%]

1 284 286 282 286 276 280 278
2 282 296 284 296 282 294 282
3 296 298 298 298 296 298 296
4 284 292 284 292 284 292 284
5 290 292 288 294 286 292 288
6 280 280 280 280 280 280 280
7 294 332 294 332 292 332 294
8 276 282 276 280 274 278 276
9 280 290 280 290 280 288 280
10 288 304 290 304 288 304 288
11 282 296 282 296 280 294 280
12 296 300 296 300 296 300 296
13 284 290 286 292 284 290 284
14 282 282 282 282 280 280 280
15 292 302 292 302 292 300 292
16 286 302 286 302 286 302 286
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To quantify the rheological parameters of a fresh slurry, a suitable mathematical
model must be selected to characterise its rheological properties. Research has shown that
the Newtonian fluid, according to Bingham [53], improved Bingham (M–B) [54] and H–B
models [55] can be used for rheological performance analyses, as shown in Equations (1)–(4),
respectively. However, the synchronous grouting slurry in shield tunnels possesses a yield
stress, which makes the Newtonian fluid model unsuitable for describing its rheological
properties. Therefore, the three other models are used in the article to mathematically
fit the test points of 16 experimental groups, and the results show that the R2 of the H-B
model is better than the other two models in 11 groups. In addition, it can be seen from
Figure 3a,b that the changing trends of the shear stress and viscosity of the slurry are
consistent with the H–B law. For materials such as fresh concrete, mortar, and cement paste,
the relationship between the shear rate and viscosity coefficient changes nonlinearly, which
is consistent with the H–B model [17]. Therefore, this study used the H–B model to fit and
analyse the relationship curve between the shear stress and rate. The τ–γ curve fitting
results are shown in Figure 3c, where the rheological index is 1.73.

Newtonian fluid model:
τ = ηγ (1)

Bingham model:
τ = τ0 + η0γ (2)

M–B model:
τ = τ0 + η0γ + cγ2 (3)

H–B model:
τ = τ0 + Kγn (4)

The rheological test results of the remaining 15 groups of slurries were fitted non-
linearly according to the H–B model, and the rheological indices of each test group are
summarised in Table 8.

Table 8. Fitting results of different rheological models.

No. Test

Bingham M–B H–B

τ0 η0 R2 τ0 η0 c R2 τ0 K n R2

[Pa] [×10−4 Pa·s] [Pa] [×10−4 Pa·s] [×10−5] [Pa] [×10−4 Pa·s]

1 4.18 155.30 0.97163 4.11 197.40 −4.14 0.97589 4.11 287.10 0.87 0.97331
2 8.20 388.50 0.97377 8.07 464.40 −7.36 0.97557 8.10 622.40 0.90 0.97450
3 15.07 475.40 0.96384 15.21 394.00 8.00 0.96508 15.32 190.50 1.19 0.96751
4 17.58 530.30 0.98770 17.61 510.90 1.91 0.98757 17.67 393.30 1.06 0.98812
5 15.81 337.60 0.95364 15.91 281.50 5.52 0.95457 16.00 139.10 1.19 0.95679
6 21.16 604.20 0.92924 21.56 368.70 23.16 0.93740 21.71 110.00 1.36 0.94267
7 23.50 838.10 0.97218 23.86 628.60 20.60 0.97574 24.08 257.00 1.25 0.97767
8 3.31 210.30 0.96393 3.28 230.60 −2.00 0.96388 3.41 239.80 0.93 0.96366
9 8.29 204.30 0.98397 8.26 221.10 −1.66 0.98413 7.34 315.40 0.98 0.98382
10 13.25 553.10 0.98300 13.27 542.60 1.03 0.98272 13.36 408.80 1.06 0.98318
11 11.18 442.70 0.98103 11.08 504.20 −6.05 0.98195 11.13 530.10 0.95 0.98094
12 18.28 258.20 0.97408 18.41 182.10 7.48 0.97926 17.54 92.40 1.28 0.98196
13 3.02 229.30 0.97944 2.84 334.40 −10.34 0.99281 2.59 1264.80 0.66 0.99424
14 6.97 188.60 0.97535 7.04 145.50 4.24 0.97831 7.09 67.10 1.22 0.98006
15 21.96 347.80 0.88915 22.29 157.20 18.75 0.90503 22.34 38.70 1.47 0.91153
16 15.45 218.70 0.85224 15.79 18.70 19.67 0.89730 15.76 7.47 1.73 0.90098

The coefficients of determination (R2) for the yield shear stress and viscosity coefficient
were 0.943 and 0.633, respectively. The regression model equations are as follows:

τ0 = −38.134x1 + 109.046x2 − 14.142x3 − 8.444x4 + 24.284x5 + 23.691, (5)
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K = −1859.13x1 − 2822.7x2 + 605.901x3 + 1294.31x4 + 1264.72x5 + 1719.418 (6)

where τ0 is the yield shear stress (Pa); K is the viscosity coefficient; and x1, x2, x3, x4, and
x5 are the water–cement, bentonite–water, cement–sand, water reducer–cement, and latex
powder–cement ratios, respectively.

Equations (5) and (6) show that the yield shear stress of the prepared shield tunnel
synchronous grouting slurry was affected by the five test factors from large to small:
bentonite–water ratio > water–cement ratio > water reducer–cement ratio > cement–sand
ratio > latex powder–cement ratio; among them, the bentonite–water ratio has the greatest
impact on the yield shear stress. The viscosity coefficient of the prepared shield tunnel
synchronous grouting slurry was affected by the five test factors from large to small:
bentonite–water ratio > water reducer–cement ratio > water–cement ratio > latex powder
–cement ratio > cement–sand ratio; among them, the bentonite–water ratio has the greatest
impact on the viscosity coefficient. The yield shear stress of the slurry increases linearly
as the bentonite–water and latex powder–cement ratios increase and decreases linearly as
the water–cement, cement–sand, and water reducer–cement ratios increase. The viscosity
coefficient of the slurry increases linearly as the cement–sand, water reducer–cement,
and latex powder–cement ratios increase and decreases linearly as the water–cement and
bentonite–water ratios increase.

3.2.2. Effect of Slurry Rheology on Bleeding and Segregation Rates

The slurry bleeding rate was selected to explore the influence of rheology on the
bleeding phenomenon, and a three-dimensional scatter plot of the yield shear stress,
viscosity coefficient, and bleeding rate was generated.

As shown in Figure 4, the synchronous grouting slurry of a shield tunnel with a low
yield shear stress and viscosity coefficient is more likely to cause bleeding. However, a
synchronous grouting slurry with a high yield shear stress and high viscosity coefficient
is less likely to bleed. According to the mechanic analysis of aggregate particles in the
suspension state, when slurry aggregate particles are in the suspension state and the settling
velocity is 0 m/s, the formula of medium resistance subjected to the slurry is F = π2a2τ0/4;
that is, the greater the yield shear stress of the slurry, and the greater the medium resistance
it can provide [56]. The high viscosity coefficient provides greater internal friction force
within the slurry [47]. Studies have shown that the slurry viscosity coefficient is positively
correlated with consistency [57], and at this time, the slurry has a low moisture content [58],
thus making it less prone to bleeding.
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When the yield shear stress τ0 of the synchronous grouting slurry is 15 Pa ≤ τ0 < 20 Pa
and the viscosity coefficient K is 0 Pa·s ≤ K < 400 × 10−4 Pa·s, the bleeding rate is zero,
and the slurry did not bleed. When the yield shear stress τ0 is 5 Pa ≤ τ0 < 17.5 Pa and the
viscosity coefficient K is 0 Pa·s ≤ K < 600 × 10−4 Pa·s, the bleeding rate is controlled within
the range of 0.2637–0.5275%. When the yield shear stress τ0 is 0 Pa ≤ τ0 < 17.5 Pa and
the viscosity coefficient K is 600 × 10−4 Pa·s ≤ K < 1400 × 10−4 Pa·s, the bleeding rate is
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controlled in the range of 0.5275–1.055%. When the yield shear stress τ0 is 0 Pa ≤ τ0 < 5 Pa
and the viscosity coefficient K is 200 × 10−4 Pa·s ≤ K < 400 × 10−4 Pa·s, the bleeding rate
is controlled in the range of 1.846–2.11%.

Considering the segregation rate to explore the influence of rheology on the segregation
phenomenon, a three-dimensional scatter plot of the yield shear stress, viscosity coefficient,
and segregation rate was generated.

As shown in Figure 5, the synchronous grouting slurry of a shield tunnel with a
low yield shear stress and high viscosity coefficient is more likely to produce segregation,
whereas synchronous grouting slurry with a high yield shear stress and low viscosity
coefficient is less likely to produce segregation. The segregation of mortar depends on the
stress state of the mortar aggregate; that is, the segregation of mortar is determined by
its viscous resistance [59]. According to the mechanical analysis of suspended aggregate
particles [56], it can be seen that when the yield shear stress of the slurry is higher, the
viscous resistance of the aggregates in the slurry is also higher, the acceleration of aggregate
sedimentation decreases [60], and the slurry is less likely to segregate at this time [59].
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When the yield shear stress τ0 of the synchronous grouting slurry is 5 Pa ≤ τ0 < 20 Pa
and the viscosity coefficient K is 0 Pa·s ≤ K < 200 × 10−4 Pa·s, the segregation rate is
less than 0.075%, and the slurry does not segregate. When the yield shear stress τ0 is
2.5 Pa ≤ τ0 < 15 Pa and the viscosity coefficient K is 200 × 10−4 Pa·s ≤ K < 400 × 10−4

Pa·s, the segregation rate is controlled within the range of 0.075–2.05%. When the yield
shear stress τ0 is 10 Pa ≤ τ0 < 20 Pa and the viscosity coefficient K is 400 × 10−4 Pa·s ≤
K < 1000 × 10−4 Pa·s, the segregation rate can be controlled in the range of 2.05–9.95%.
When the yield shear stress τ0 is 0 Pa ≤ τ0 < 5 Pa and 20 Pa ≤ τ0 < 25 Pa and the viscosity
coefficient K is 800 × 10−4 Pa·s ≤ K < 1000 × 10−4 Pa·s and 0 Pa·s ≤ K < 200 × 10−4 Pa·s,
the segregation rate can be controlled in the range of 11.92–13.9%.

4. Mix Ratio Optimisation

The optimal mix ratios [33,34] are listed in Table 9. The construction mix ratio of the
slurry when its performance was optimal is listed in Table 10. Because the calculated mix
ratio was not among the 16 sets of uniform tests, the optimised mix ratio was experimentally
verified. The test results are listed in Table 11.

Table 9. Optimal mix ratio.

Ratio of Water to
Cementitious Material

Content

Ratio of Bentonite to
Water Content

Ratio of Cementitious
Material to Sand

Content

Ratio of Water Reducer
to Cementitious

Material Content

Ratio of Latex Powder
to Cementitious
Material Content

[%] [%] [%] [%] [%]

75 18 63 0.30 0.05
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Table 10. Mixture ratio of high-performance grouting slurry behind shield tunnel wall.

Cement FLY ASH Sand Bentonite Water Water Reducing Agent Latex Powder

[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

143.490 407.510 874.610 74.390 413.250 1.653 0.276

Table 11. Verification of test results.

Fluidity 3 h Bleeding Rate 24 h Bleeding Rate Segregation Rate Setting Time 28 d Strength

[mm] [%] [%] [%] [h] [MPa]

257.50 0.71 0.36 3.1 6.70 2.61

The test results show that the slurry fluidity was 250–260 mm, the 3 h bleeding rate was
less than 0.79%, the initial setting time was more than 6 h, and the compressive strength was
more than 2.5 MPa after 28 d. Therefore, the optimised mortar meets all the requirements
for type II mortar as stipulated in the gelatin-type dry-mixed mortar for shield-driving
grouting (Q/ZTJHN1-2019) [41], in terms of all its performances.

5. Conclusions

This paper investigates the effects of the dosages of water reducer and latex powder
on the fluidity, segregation rate, and bleeding rate of mortar. It reveals the degree of
influence of five mixed proportion factors on the rheological parameters of mortar, as well
as the impact of rheological parameters on the segregation rate and bleeding rate of mortar.
Finally, the mortar mix proportion is optimised under specific constraints and validated
through experimentation. The conclusions are as follows:

(1) As the water-reducing agent dosage increased, the fluidity of the synchronous grout-
ing slurry increased, and the segregation rate first decreased and then increased.
When the water-reducing agent dosage was 0.73, the slurry segregation rate was the
lowest, and as the latex powder dosage increased, the slurry fluidity first increased
and then decreased. The slurry segregation rate was lowest when the latex powder
dosage was 0.37.

(2) The rheological behaviour of the synchronous grouting slurry conformed to the H–B
model. When the shear rate was lower than 10 s−1, the yield shear stress of the slurry
decreased, and the viscosity decreased rapidly as the shear rate increased. When the
shear rate was 10 s−1, the shear stress increased linearly as the shear rate increased,
and the viscosity was stable. The fitting results indicate that the regression model is
highly accurate.

(3) After conducting a multiple linear regression analysis, it was found that the bentonite
–water ratio has the greatest impact on the rheological properties of the grouting slurry.

(4) Slurries with a high a yield shear stress and viscosity coefficient were unlikely to bleed,
and slurries with a high yield shear stress and low viscosity coefficient were unlikely to
segregate. When the yield shear stress τ0 of the slurry was 15 Pa ≤ τ0 < 20 Pa and the
viscosity coefficient K was 0 Pa·s ≤ K < 400 × 10−4 Pa·s, the slurry bleeding rate was
zero and no bleeding occurred. When the yield shear stress τ0 was 5 Pa ≤ τ0 < 20 Pa
and the viscosity coefficient K was 0 Pa·s ≤ K < 200 × 10−4 Pa·s, the segregation rate
was less than 0.075% and no segregation occurred.

(5) Through the multi-objective programming optimisation method and MATLAB op-
timisation toolbox, a mix ratio that meets the required specifications was obtained.
The optimised slurry fluidity, 3 h bleeding rate, 24 h bleeding rate, segregation rate,
setting time, and 28 d compressive strength were 257.5 mm, 0.71%, 0.36%, 3.1%, 6.7 h,
and 2.61 MPa, respectively, which meet the requirements of synchronous grouting
slurry for shield tunnels.
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(6) The optimised grouting slurry meets the requirements for the synchronous grouting
slurry in shield tunnels, effectively preventing soil disturbance and deformation in
the surrounding areas of underground construction sites. However, in addition to
optimising the slurry properties, improving construction techniques can also enhance
the quality of shield tunnel construction. It is recommended to further investigate and
establish a more standardised method for synchronous grouting in shield tunnelling.
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