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Abstract

In slurry shield tunneling, inefficient control of slurry permeability in sandy formations
can cause excessive slurry loss, increased material consumption, reduced bentonite reuse,
and compromised tunnel-face stability. To address these challenges and enhance material
efficiency, this study investigates slurry infiltration and bentonite particle deposition mech-
anisms in saturated sandy soils. Based on deposited-particle mass conservation and slurry
volume conservation coupled with excess pore-water pressure, a mathematical model is
established to capture the evolution of slurry rheological properties and soil pore character-
istics during infiltration. Through multilayer infiltration column experiments, a multiple
regression formula for the filtration coefficient is established, considering the spatiotempo-
ral variability of slurry and soil properties. Furthermore, a dynamic penetration criterion
for slurry particles is proposed and verified through single-soil infiltration tests. Results
demonstrate that most bentonite particles deposit on the soil surface, with only a minimal
fraction migrating into deeper pores until reaching shear stress equilibrium. The maximum
infiltration distance is positively correlated with soil particle size but negatively correlated
with slurry mass concentration. Increasing the slurry mass concentration or shear strength
promotes the development of a well-structured filter cake and infiltration zone. These find-
ings provide a theoretical framework for precisely regulating slurry permeability, thereby
minimizing material waste and supporting sustainable shield tunneling operations.

Keywords: sustainable construction materials; slurry shield tunneling; bentonite slurry;
infiltration and deposition; material efficiency; mathematical modeling

1. Introduction
Slurry wall protection technology, originally developed in the oil-exploration industry,

has become a cornerstone of modern underground construction, particularly in ensuring
the stability of excavation trenches and tunnel faces in saturated sandy strata [1]. In
slurry shield tunneling, bentonite slurry—typically a suspension comprising bentonite
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particles and chemical additives like sodium carboxymethylcellulose (CMC)—serves a
dual functional role [2,3]. First, it acts as a critical supporting medium, maintaining tunnel-
face stability through controlled infiltration and the formation of an impermeable filter
cake. Second, it functions as a transport vehicle, entraining and conveying excavated
soil cuttings from the tunnel face to the surface treatment plant [4]. In a sustainable
construction paradigm, bentonite slurry is treated not as a single-use consumable but as
a recyclable resource. Following the transportation of soil cuttings, the slurry undergoes
a separation and filter-pressing process to remove solids, allowing the purified liquid
to be reinjected into the tunneling circuit. Consequently, the slurry reuse rate emerges
as a decisive factor in determining both the project’s techno-economic viability and its
environmental footprint. However, in highly porous strata characterized by coarse sand or
gravel, swiftly developing an effective filter cake is hindered. Inadequate control of slurry
infiltration in these environments leads to excessive slurry loss into the surrounding ground,
which is doubly detrimental: it compromises face stability and results in an irreversible loss
of recyclable material. From a sustainability perspective, this irrecoverable loss necessitates
a higher volume of raw bentonite and increases the environmental burden associated with
material supply and waste disposal.

Weiss first summarized the stabilization condition of slurry support in wall protection
through a laboratory test: (1) a specific yield strength is required for the slurry to balance the
forces on individual soil particles; (2) the slurry pressure must exceed the combined earth
and groundwater pressures [5]. Min et al. further investigated the infiltration behaviors
of slurry in the laboratory. The experimental results indicate that the retention gradient
and the soil particle size distribution significantly influence slurry infiltration [6]. In
fine-grained formations like silt, the suspended solids within the slurry typically cannot
penetrate deeply and predominantly retain at the soil interface, forming a thin and dense
particle layer that presents a highly distinct interface with the underlying soil. In coarser
soils such as fine sand, slurry infiltration exhibits a pronounced two-stage characteristic.
During the initial stage, the viscous slurry rapidly penetrates the soil pores; subsequently,
in the second stage, the infiltration velocity gradually decreases as suspended particles
continuously deposit within the pores. Once the shear stress exerted on the suspended
particles reaches equilibrium, the slurry undergoes dewatering and consolidation on the
surface [7]. This micro-evolutionary process is consistent with the findings of Müller-
Kirchenbauer [8] and Thienert et al. [9]. In this case, the infiltration zone exists in soil,
and a surface microporous filter cake develops without a well-defined boundary. The
stability of the soil interface is primarily maintained by the slurry pressure acting through
seepage forces [10]. Several theoretical models have also been developed to describe the
mechanism of slurry infiltration. Zhu et al. assumed the slurry to be Bingham fluid and
described the slurry infiltration in non-Darcy flow [11]. The dynamic yield point of slurry
is considered as a key parameter affecting the transport behavior of slurry within the soil
matrix. Nevertheless, from a microstructural perspective, slurry is inherently a solid–liquid
two-phase system [12]. Previous single-phase assumptions (e.g., Bingham fluid models) are
oversimplifications that often neglect this nature and the critical role of particle deposition,
leading to significant discrepancies when predicting slurry consumption and infiltration
depth in real-world scenarios.

As slurry permeates through sandy soils, the soil skeleton captures suspended par-
ticles, leading to a simultaneous reduction in both the seepage pore size and the slurry
mass concentration, which is called filtration effect. Filtration effect is the primary cause
of tunnel-face stability in slurry shield tunneling [13]. The migration and deposition of
slurry particles within soil pores represent a highly complex process. The filtration effect
is affected by multiple factors, including physical interception, gravitational and inertial
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forces, hydrodynamic interactions, Brownian motion, and electrostatic repulsion [14–18].
In the macroscopic analysis of slurry infiltration mechanism, filtration coefficient is the
critical physical quantity. Grounded in classical filtration theory, previous studies have
demonstrated that the adsorption capacity of soil skeleton onto slurry particles is intrin-
sically linked to the interception, sedimentation and diffusion effect by analogy [19–22].
However, these analytical models require numerous indispensable parameters which are
challenging to correspond to engineering parameters in reality. Hence, the determination of
the filtration coefficient is still based on empirical approaches up to date [23]. Additionally,
these conventional approaches typically fail to account for the dynamic evolution of both
slurry rheology and soil pore characteristics during penetration.

The transformation of the infiltration zone to filter cake formation depends on multiple
factors, like soil grain composition, the size and rheological properties of solid particles
in slurry suspension, and the relative density and uniformity of soil skeleton [24]. In the
field of geotechnical grouting, some scholars have proposed soil injectability criteria to
quantify the injectability of slurry [25–27]. However, the injectability practically varies
with the deposition of suspended particles. The previous theoretical studies neglected the
time variation and spatial variation of soil injectability. In addition, most existing studies
only focus on the hydromechanical behaviors during slurry infiltration and excavation
face stability, while ignoring the resource consumption and circular utilization of bentonite
materials from the perspective of sustainable geotechnical construction. This work takes
the sustainable construction demand of shield tunneling as the core starting point. The
proposed theoretical framework is further applied to quantify the influence of slurry–soil
matching parameters on bentonite loss and slurry recyclability.

This study investigates the infiltration and deposition mechanisms of bentonite slurry
in saturated sandy soil. The primary objectives as follows: (1) to establish a mathematical
model based on mass- and volume-conservation principles to capture the dynamic interplay
between particle deposition and slurry rheology; (2) to design multilayer infiltration column
experiments to quantify the effects of slurry concentration and soil characteristics (including
porosity, grain size, and uniformity) on the filtration coefficient; and (3) to propose a
dynamic soil injectability criterion. Finally, a parametric sensitivity analysis is performed
to evaluate how suspension viscosity and porosity changes affect maximum infiltration
distance and time, providing a theoretical framework for minimizing material waste and
maximizing resource efficiency in underground construction.

2. Theoretical Modeling
At the onset of infiltration, most bentonite particles accumulate at the soil–slurry

interface under the driving pressure, precipitating a sharp attenuation in local soil porosity.
This initial clogging phase is the primary mechanism for establishing a low-permeability
barrier, which is essential for minimizing the uncontrolled loss of bentonite resources into
the formation. Simultaneously, the displacement of in situ pore-water by the infiltrating
slurry results in the development of excessive pore water pressure at the tunnel front [28].
This multi-phase interaction between the suspended solids and the soil skeleton governs the
spatial evolution of the infiltration zone and the subsequent stabilization of the excavation
face [29]. The schematic representation of slurry infiltration in saturated ground is shown
in Figure 1.
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Figure 1. Sketch diagram of slurry particles infiltrating through soil pores modeled as circular tubes.

2.1. Volume and Mass Conservation in Slurry Infiltration

According to the principle of volume conservation, the difference between the influx
and efflux of the fluid phase within a soil microelement is given by [30]:

∆V = vCw Adt − (v +
∂v
∂x

dx)(Cw +
∂Cw

∂x
dx)Adt = −∂vCw

∂x
Adxdt (1)

where A denotes the cross-sectional area of the computational unit normal to the direction
of infiltration. Cw is the volume fraction of the fluid phase in slurry.

Particle transport within the porous medium exhibits significant nonlinear characteris-
tics. To facilitate theoretical derivation, it is assumed that the slurry follows a non-Darcy
flow regime, with its seepage velocity denoted by v [10]. Because bentonite slurry has shear
yield strength, seepage can only be initiated when the hydraulic gradient is larger than the
hydraulic gradient threshold g0:

v = − k
γF

µw

µ f
(

∂p
∂x

− g0) (2)

where γF denotes the unit weight of the slurry; µw is the viscosity of water at ambient
temperature; g0 represents the pressure gradient threshold; and p is the excess pore-water
pressure induced by infiltration. The equivalent permeability coefficient k of the soil and
the initial permeability coefficient k0 of the clean soil can be characterized by the following
expression [31].

k = k0
uw

u f
(

1 − φ

1 − φ0
)
−4/3

(
φ

φ0
)

3
(3)

φ characterizes the porosity of the soil with deposited slurry particles, while φ0

represents the initial porosity of the soil.
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µf characterizes the dynamic viscous properties of the slurry; the bentonite slurry com-
prises low- and medium-concentration solid–liquid suspensions, which can be expressed
by Einstein’s equation [32]:

µ f = µw(1 + α
CL
ρs

) (4)

where α is the viscosity coefficient, m3/kg.
The hydraulic gradient threshold g0 exhibits a strong dependence on both the slurry’s

shear yield limit and the soil pore diameter in Equation (2).

g0 =
2τF
rp

(5)

where τF denotes the slurry’s shear yield strength and rp represents the equivalent pore
radius of infiltration zone, which can be estimated as:

rp =
d10

2
(1 − β

Cs

ρs
) (6)

d10 characterizes the effective grain size of the soil skeleton. β denotes the expansion
coefficient of the slurry particles, β = 6/π [15]. CS quantifies the retained mass of bentonite
per unit pore volume. It should be noted that natural soil pores have irregular shapes.
In this study, pores are simplified as ideal circular tubes for mechanical analysis, and the
calculated pore radius represents the equivalent average pore size of sandy soil.

The volumetric compression, governed by the intrinsic compressibility of the soil, is
positively related to excess pore-water pressure.

∆Sp =
A
ES

∂p
∂t

dxdt (7)

where ES is the elasticity modulus of soil. Given the relatively high permeability of saturated
sandy soils, a transient partially drained condition is assumed during the rapid slurry
infiltration phase. For computational simplicity, a linear elastic compressibility model is
adopted here.

The volume change in the fluid phase caused by slurry particles includes two parts:
particles which are deposited versus suspended in soil pores:

∆Sd =
φ0 A
ρs

∂Cs

∂t
dxdt (8)

∆Ss =
A
ρs

∂φCL
∂t

dxdt (9)

∆Sd characterizes the volumetric retention of particles within the soil voids, whereas
∆Ss quantifies the volumetric variation in the suspended particles.

Based on the volumetric conservation, the volumetric variation in the fluid within
the computational soil element strictly balances the net flux across its boundaries. This
theoretical premise yields the governing equation for the slurry:

1
ES

∂p
∂t

− φ0

ρs

∂Cs

∂t
− 1

ρs

∂φCL
∂t

+
∂vCw

∂x
= 0 (10)

The porosity of the soil with bentonite particle deposition is as follows:

φ = φ0(1 −
βCs

ρs
) (11)
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Slurry mass concentration and particle infiltration velocity are correlated as fol-
lows [33]:

∂Cs

∂t
= λvCL (12)

λ represents the filtration coefficient, indicating the soil skeleton’s ability to capture
bentonite particles in the slurry. The value is determined by the laboratory test shown in
Section 3.

The incorporation of Equation (12) into Equation (10) transforms the continuity equa-
tion into:

1
ES

∂p
∂t

− φ0

ρs
λvCL −

1
ρs

∂φCL
∂t

+
∂vCw

∂x
= 0 (13)

Equation (13) is formulated strictly within a fixed spatial control volume (Eulerian
framework). The time-derivative term captures the local rate of mass accumulation of the
deposited phase by tracking the temporal change in local porosity. This is fundamentally
consistent with the continuum-mechanical basis established by [15].

Governed by the mass conservation of bentonite particles during infiltration [30], the
net mass influx is equivalent to the total mass of deposited and suspended particles within
the soil pores.

λvφ0CL +
∂φCL

∂t
+

∂vCL
∂x

= 0 (14)

In combination with Equations (13) and (14), the coupled governing equations are
summarized below: {

λvφ0CL +
∂φCL

∂t + ∂vCL
∂x = 0

1
ES

∂p
∂t −

φ0
ρs

λvCL − 1
ρs

∂φCL
∂t + ∂vCw

∂x = 0
(15)

The boundary constraints and initial states are prescribed as follows:{
CL(0, t) = CL0

p(0, t) = p0
(16)

where p0 denotes the pressure differential between the slurry in the chamber and the
ambient hydrostatic pressure, and CL0 represents the initial mass concentration of slurry. It
should be noted that Equation (16) assumes constant slurry concentration at the tunnel face.
While bentonite is continuously lost into the formation in practice, the continuous slurry
circulation system in modern TBMs dynamically replenishes the chamber, maintaining a
relatively stable concentration over the short timeframe of initial infiltration. Thus, this
constant boundary simplification is deemed reasonable.

2.2. Dynamic Penetration Criterions of Slurry Particles

Investigating the transition conditions and governing factors between filter cake for-
mation and slurry infiltration is essential for optimizing support efficiency and enhancing
resource sustainability in slurry shield tunneling [34]. As the infiltration front advances,
the deposition rate of bentonite particles varies spatially. At the leading edge (distal end) of
the infiltration zone, most suspended particles are intercepted and retained within the soil
matrix. Only a minimal fraction of particles continues to migrate deeper into the pores until
they attain a state of shear stress equilibrium against the soil skeleton. This mechanical
equilibrium dictates the terminal penetration depth and, consequently, defines the total
volume of slurry required to achieve a stable supporting pressure, thereby serving as a
critical threshold for minimizing material waste. In the computation element of tube flow,
the pressure-gradient force Fp induced by excess pore-water pressure along the infiltration
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direction is equal to the viscous resistance Ff acted on the surface of bentonite particles [35].
The pressure distribution caused by the particles’ surface pressure gradient is:

p = p0 + r(1 − cos θ)
∂p
∂x

(17)

r denotes the equivalent radius of bentonite particles.
The lateral area of infinitesimal spherical surface is:

dS = 2πr2 sin θdθ (18)

By integral method, the excess pore-water gradient pressure Fp is obtained.

FP =
∫ π

0

[
p0 + r(1 − cos θ)

∂p
∂x

]
· 2πr2 sin θ cos θdθ =

4
3

πr3 ∂p
∂x

(19)

The detailed derivation process is provided in Appendix A.
Viscous resistance is denoted by Ff = 4πr2τ, and τ is the shear stress of slurry:

τ = −η
dv
dr

(20)

where η is the coefficient of dynamic viscosity.
Theoretically, the threshold condition for particle immobilization is Fp = Ff.

dv
dr

=
2r
3η

∂p
∂x

(21)

Integrating Equation (21), the bentonite particles stop infiltrating when the equivalent
radius of bentonite particles is equal to half of the soil initial mean pore size:

v = −∂p
∂x

1
3η

(
D2

0
4

− r2) (22)

where D0 is the initial soil mean pore size.
As shown in Figure 1, the flow rate Q of slurry is calculated by integrating the circular

tube’s cross-sectional area:

Q = −∂p
∂x

πD4
0

96η
(23)

The mean flow velocity of slurry in the circular tube v:

v = −∂p
∂x

πD2
0

24η
(24)

The transport of fluid in the porous medium is simplified as pipe flow in a classic
circular pipe flow. Consequently, the seepage velocity is equal to the mean flow velocity of
slurry.

At the farthest infiltration distance, the rheological parameters of slurry near the ben-
tonite particles are close to pore water, approximatively uf = uw and τF = 0. The permeability
coefficient of soil is also close to the initial value k0. Combining Equations (3) and (25), the
initial average pore diameter of the soil D0 can be derived.

D0 =

√
24kηµw

γwµ f
(1 − g0/

∂p
∂x

) ≈

√
24k0η

γw
(25)
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The suspended particles are constantly absorbed by the soil skeleton in infiltration.
Assuming the cross profile of seepage pores with particles deposited is circular, then the
diameter of equivalent soil seepage pores D is:

D = D0(1 −
βCS
ρs

) (26)

During the infiltration of suspensions through porous media, the coarser fraction of
the particles primarily governs the initial bridging and pore-clogging effects. Therefore,
according to the research of Min [36], d85 is selected as the equivalent grain size of the
bentonite slurry to provide a mechanically sound evaluation for particle interception. The
injectability criteria of bentonite particles (BIC) can be expressed as:

BIC =

√
24k0η

γw
(1 − βCS

ρs
)− d85 (27)

The solution of the coupled governing Equation (15) is performed with COMSOL
Multiphysics version 6.0, and Equation (27) is implemented as a threshold criterion to track
the penetration front. In addition, the size of each soil computation element is specified as
0.1 mm, alongside the application of Dirichlet boundary conditions.

3. Laboratory Test
3.1. Experimental Setup

To quantitatively analyze the infiltration behavior of bentonite slurry across diverse
soil particle distributions, a customized multilayer infiltration column experimental system
was developed, as illustrated in Figure 2a. This integrated setup comprises a primary
multilayer infiltration column supported by an array of precision auxiliary instruments,
including a programmable pressure control system, a high-capacity air compressor, a slurry
storage vessel, a filtrate collector, a constant-temperature oven, an analytical electronic
balance, and a centralized data acquisition system. The core of the apparatus consists of
seven modular organic glass (acrylic) infiltration elements, interconnected via inlet and
outlet valves. To ensure airtightness and structural integrity under pressurized conditions,
each element is sealed with waterproof rubber gaskets and secured with high-strength
bolts. As depicted in Figure 2b, each element features a unique “stepped-diameter” double-
column design separated by a partition. The partition contains a 1 cm diameter circular
orifice at its center to facilitate controlled flow. Both chambers of the element are 3 cm
high, with inner diameters of 10 cm for the upper and 3 cm for the lower chamber. For
filtrate sampling, a collection tube (inner diameter 0.5 cm, length 7 cm) is integrated into
the sidewall of the lower chamber and controlled by a manual valve. During operation,
regulated compressed air is delivered to the slurry storage vessel, driving the slurry into
the uppermost column element (Element A) to initiate the infiltration process.

To achieve the controlled injection of slurry, the uppermost column segment (Element
A) remains unoccupied to serve as an initial pressurized reservoir, with its manual valve
kept closed. Precision filter screens are strategically positioned within the assembly: the
bottom of each upper chamber and the interior of each lower chamber are fitted with
a single-layer 170-mesh screen and a 40-mesh screen, respectively. These specifications
ensure that the bentonite slurry achieves a 100% passage rate through the mesh, whereas
the sandy soil particles are completely retained (0% passage). To reduce the flow velocity
and facilitate filtrate collection, each lower chamber is filled with 8 mm diameter glass
beads. Preliminary calibration shows that the change in slurry concentration after passing
through the glass bead layer is below 0.05 kg/m3, confirming that its interference with the

https://doi.org/10.3390/su18146944

https://doi.org/10.3390/su18146944


Sustainability 2026, 18, 6944 9 of 21

concentration measurement is negligible. Furthermore, a 5 mm buffer zone is left between
the soil surface and the partition of the preceding column segment. This design ensures
that the slurry infiltrates uniformly across the entire cross-sectional area of the soil column,
preventing localized flow concentration and ensuring data representativeness.

Figure 2. (a) Experimental system for multilayer slurry infiltration. A: unoccupied infiltration
elements; B–G: occupied infiltration elements; (b) infiltration column element (all dimensions are
in cm).

3.2. Physical Properties of Materials
3.2.1. Bentonite Slurry

The slurry samples were formulated using sodium-bentonite (Na-bentonite), distilled
water, and sodium carboxymethylcellulose (CMC). To ensure a stable chemical environ-
ment and prevent entrapped air from affecting the infiltration measurements, the test water
was maintained in a weakly alkaline state and thoroughly degassed. The preparation
procedure involved pre-dissolving the CMC in water to ensure full polymer hydration
before blending it with the pre-hydrated bentonite suspension. Given that the rheological
properties of bentonite slurry are inherently time-dependent, a standard 24 h expansion
(hydration) period was strictly observed prior to the experiments to achieve a stable and
consistent viscosity profile [37]. During this period, CMC macromolecules fully interact
with and adsorb onto the bentonite surfaces, forming a polymer-clay network that signif-
icantly enhances the yield strength and prevents phase separation. For this study, five
distinct slurry formulations were prepared by varying the bentonite mass concentration,
while the CMC dosage was maintained at a constant 0.05% to isolate and investigate the
specific influence of solid phase concentration on the infiltration and deposition mecha-
nisms. Table 1 summarizes the fundamental rheological metrics of the formulated slurries.
Dynamic viscosity uf and shear strength τf are quantified utilizing a 12-speed viscometer
under normal atmospheric temperature conditions. Furthermore, the granulometric profile
of the suspensions, as depicted in Figure 3, is determined via laser diffraction analysis.

Table 1. Rheological characteristics of different bentonite slurries.

SL1 SL2 SL3 SL4 SL5

Bentonite content, CL0 (kg/m3) 30 40 50 60 70
Density, ρ (g/cm3) 1.025 1.027 1.032 1.036 1.041
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Figure 3. Particle size distribution curves of slurry samples obtained by laser diffraction analysis.

3.2.2. Soil Samples

The particle size distribution of the four sand samples utilized in this research are
depicted in Figure 4. Specifically, samples S1 and S2 were prepared by sieving standard
sand produced in accordance with Chinese ISO standards, while samples S3–S4 were
sourced from natural river sand. To rule out any measurement deviations in the filtrate
mass concentration caused by native silt or impurities, every sample was subjected to
extensive washing and subsequently baked at 110 ◦C for 24 h. The fundamental physical
properties of these soil samples are summarized in Table 2. The dry density ρS of each soil
sample is 2.67 kg/m3. The permeability coefficient was determined by constant head test,
and the elastic modulus was obtained by laboratory compression test.

Figure 4. Particle size distribution of soil samples.
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Table 2. Physical characteristics of the soil samples.

S1 S2 S3 S4

Porosity, φ (−) 0.48 0.45 0.41 0.44
Permeability, k0 (cm/s) 0.17 0.58 2.48 5.22

Effective grain diameter, d10 (mm) 0.54 1.03 1.09 4.07

3.3. Experiment Procedure

To accurately reveal the evolution of the filtrate mass concentration during the in-
filtration process, the following specific experimental procedures were implemented in
this study:

(1) Device assembly: Manual valves were installed on each infiltration column element
and set to the closed position. The lower valve of the assembly was linked to a water
reservoir used for the back-saturation of soil samples. (2) Soil preparation and saturation:
To ensure consistent slurry penetration through all stages, the soil samples were packed
into the multilayer column such that their particle sizes decreased sequentially from top
to bottom. Subsequently, the water reservoir was filled and the bottom valve was opened,
allowing water to slowly infiltrate the soil layer from the bottom up, effectively displacing
and expelling the air trapped within the pores. Once full saturation was achieved, the
outlet valve was closed. (3) Slurry preparation: Bentonite powder and water were blended
in the prescribed proportions and stirred for 30 min. The CMC solution was then added
to the pre-hydrated slurry, followed by an additional 10 min of stirring. Prior to the
commencement of each test, the mixture was stirred for another 5 min to ensure a uniform
distribution of bentonite particles. (4) Infiltration experiment: The pressure control system
was initiated and set to a constant 50 kPa. Upon opening the bottom manual valve,
the slurry initially filled Element A before gradually infiltrating downwards. As the
slurry traversed Element B and filled the lower chamber, the manual control valve was
promptly opened to collect a 5 s filtrate sample using a graduated cylinder. While physically
representing a time-averaged concentration over the collection period, this 5 s interval is
sufficiently brief relative to the total infiltration timeframe, allowing the sample to serve
as an acceptable quasi-instantaneous snapshot with negligible systematic error. Sampling
proceeded sequentially from the top element to the bottom. Pressurization was immediately
terminated when slurry began to discharge from the bottom-most valve, signaling the
completion of the experimental trial. (5) Filtrate mass concentration measurement: The
collected filtrate in the graduated cylinder was transferred into a beaker, and the inner walls
of the cylinder were rinsed two to three times to ensure all bentonite particles adhering
to the sidewalls were recovered. The samples were then heated at 60 ◦C until all water
had evaporated. This specific temperature was deliberately chosen as it is well below
the thermal decomposition threshold of CMC (typically >200 ◦C), thereby preventing any
polymer degradation and ensuring the accuracy of the residual dry mass. The mass of
the residual bentonite was measured immediately to mitigate the impact of atmospheric
moisture absorption, after which the final filtrate mass concentration was calculated.

3.4. Regression Analysis of Filtration Coefficient

The deposition of bentonite particles within the soil skeleton is commonly character-
ized by introducing the filtration coefficient λ, which is defined as the ratio of the particle
mass retained by the porous medium mi to the total influent particle mass md per unit
length along the seepage direction [13]. A higher filtration coefficient facilitates the rapid
formation of a low-permeability zone, which is essential for minimizing uncontrolled
slurry penetration and maximizing the reuse rate of the bentonite material in sustainable
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tunneling operations. In this research, the deposited mass of bentonite particles is derived
through the filtrate concentration difference, and λ can be expressed as follows:

λ =
md
lmi

(28)

l represents the length of the porous medium, which is physically equivalent to the
packed height of the soil specimen within the infiltration column.

md = (CLi − CLo)L (29)

mi = vptACLo (30)

CLi and CLo denote the inflow and outflow concentration of slurry, respectively, which
represent the filtrate concentration of the adjacent column elements. L denotes the accu-
mulated volume of the slurry. Vp represents the pore velocity (commonly simplified as
L/φ0At). t stands for the duration of infiltration, and A refers to the cross-sectional area of
the upper column section.

By substituting Equations (15) and (16) into Equation (14), the expression for λ is
given by:

λ =
(CLi − CLo)φ0

CLo H
(31)

In this formulation, l denotes the consistent filling height of the soil sample for each
layer, which is strictly controlled at 25 mm across all experiments. Five infiltration ex-
periments were conducted which contain 15 sets of data. CLi, CLo and λ are detailed in
Table 3. The findings reveal that the filtration coefficient is negatively associated with
soil particle size. The results indicate that the filtration coefficient is negatively correlated
with soil particle size. To statistically validate this, a Spearman rank correlation analysis
was performed, yielding a significant negative correlation coefficient between d10 and λ

(ρ = −0.680, p < 0.01).

Table 3. Results of slurry infiltration experimentation in multilayer columns.

Test Slurry Soil

Mass Concentration of
Slurry Filtrate (kg/m3)

Measurement of
Filtration Coefficient

λ (m−1)CLin CLeff

1
SL1

S3 27.13 26.15 0.78
2 S2 26.15 24.54 1.29
3 S1 24.54 22.33 1.86

4
SL2

S3 38.03 35.97 1.19
5 S2 35.97 33.15 1.67
6 S1 33.15 29.55 2.29

7
SL3

S3 48.86 45.55 1.51
8 S2 45.55 41.23 2.06
9 S1 41.23 36.10 2.67

10
SL4

S3 58.87 54.10 1.83
11 S2 54.10 48.32 2.34
12 S1 48.32 41.99 2.84

13
SL5

S3 67.97 61.75 2.09
14 S2 61.75 54.30 2.69
15 S1 54.30 46.57 3.12
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Utilizing the nonlinear analysis module in SPSS 26, a multiple fitting regression model
characterizing the filtration coefficient λ is established. Typical slurry rheological parameter
(slurry mass concentration CL) and pore-characteristic parameters of soil (equivalent grain
size d15, porosity φ, nonuniform coefficient Cu) are selected as independent design variables.
Before the regression analysis, the correlation forms between each factor and the target
function were inferred from the measured scatter plots. Figures 5 and 6 plot the 3D
spatial distribution of the observed λ. An analysis of their planar projections reveals a
linear relationship between CL and λ, whereas the pore-characteristic parameters exert an
exponential influence on λ.

 
Figure 5. Comparison between the experimental and predicted filtration coefficients under varying
CL0 and d10/d85.

Figure 6. Changes in slurry mass concentration with infiltration distance.
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The regression model for filtration coefficient λreg is formulated as:

λreg = 0.052CL + 1.541e
62.02

d10/D85 − 0.485 (32)

In addition, statistical diagnostics reveal that the determination coefficient R2 = 0.96,
with a significance level of p = 0.002 (strictly below the 0.05 threshold), confirms a strong
regression correlation. To further evaluate the model’s robustness and ensure it is not
overfitted, the model’s RMSE (Root Mean Square Error) is calculated as 0.12. Furthermore,
the 95% confidence intervals for all regression coefficients are verified, confirming the
statistical stability and power of the established formula. As evidenced by the evolutionary
trends in Figures 5 and 6, the theoretical fitted values align highly with the measured
data. Significantly, Equation (32) might be only suitable for sandy soil, wherein the particle
diameter ratio of effective grain diameter d10 and d85 of the slurry is less than 270. The
filtration coefficient regression equation is fitted based on 15 groups of experimental data
from the present test.

4. Model Verification
To evaluate the reliability and robustness of the proposed mathematical model, sup-

plementary infiltration experiments were conducted using a single-layer soil configuration.
Subjected to a constant pressure boundary of p0 = 50 kpa, soil sample S3 was tested in
conjunction with three slurry formulations (SL1, SL3, and SL5) to characterize the spatial
evolution of slurry mass concentration. As illustrated in Figure 6, both the experimen-
tal measurements and the theoretical predictions exhibit a consistent trend: the slurry
mass concentration undergoes a progressive decline within a limited infiltration depth,
with the rate of attenuation negatively correlated with the infiltration distance. This strong
agreement confirms the model’s capability to capture the particle deposition process. Specif-
ically, the results indicate that the vast majority of bentonite particles are entrapped and
deposited adjacent to the soil–slurry interface, while only a minimal fraction of particles
continues to migrate into the deeper pore structure under the influence of excess pore-water
pressure. This localized deposition mechanism is essential for the rapid formation of a
low-permeability barrier, which effectively mitigates the uncontrolled loss of bentonite
resources and ensures the material efficiency required for sustainable tunneling operations.

Unlike traditional single-phase models (e.g., Zhu et al. [11]) that assume constant soil
properties and yield linear pressure fields, the proposed multi-phase framework successfully
captures the non-linear spatiotemporal attenuation of slurry concentration (CL) validated
in Figure 6. This demonstrates that the coupled PDE approach, despite its computational
complexity, is essential for accurately replicating dynamic pore-clogging mechanisms.

Furthermore, the influence of slurry mass concentration on the maximum infiltra-
tion distance was systematically investigated. To accurately capture this parameter, the
experimental configuration was modified from the filling method illustrated in Figure 6. In
this setup, the lower chamber was also packed with soil to provide a continuous porous
medium. The filter screen previously positioned at the base of the upper chamber was
removed, with screens installed exclusively along the sidewalls of the lower chamber.
Additionally, the collection tubes remained sealed to prevent the migration and loss of
soil particles, thereby ensuring the structural integrity of the soil skeleton (Figure 7). This
modification aligns with the findings of Xu and Bezuijen [38], which indicate that the
seepage length of slurry is effectively extended when traversing a permeation column with
a variable cross-section. Quantifying the infiltration distance is critical for optimizing slurry
formulations, as it allows for the precise control of penetration depth to minimize material
waste and maximize the reuse of bentonite resources in sandy strata.

https://doi.org/10.3390/su18146944

https://doi.org/10.3390/su18146944


Sustainability 2026, 18, 6944 15 of 21

 

Figure 7. Equivalent infiltration length of column elements.

The equivalent seepage distance of the double-column Ls-eq is as follows:

Ls-eq = LS1 + LS2

(
DS1

DS2

)2
+

D2
S1

4DS2
− DS1

4
(33)

where LS1 and DS1 are the length and inner diameter of the upper column, respectively.
LS2 and DS2 are the length and inner diameter of the lower column. DS1 > DS2, so
Ls-eq > LS1 + LS2. In this study, LS1 = 25 mm, which perfectly matches the initial fill-
ing depth of the soil medium. LS2 is dependent on the practical infiltration distance of
slurry in the lower column. The influence of the thickness of the filter screen is ignored.
Theoretically, the equivalent infiltration distance of each column element is 417 mm.

Soil sample S3 was selected for the infiltration distance measurement experiment.
p0 = 50 kPa and pressure time was set as 180 s. As shown in Figure 8, the mass of retained
bentonite per unit pore volume CS exhibited a distinct decaying trend along the penetration
path. In theory, the bentonite particles stop migrating when CS = 0, and BIT will also
reach maximum value. Experimental data reveal that the equivalent penetration depth of
suspended particles is negatively correlated with the slurry mass concentration, a finding
that aligns with the research of Xu and Bezuijen [39]. This inverse relationship demonstrates
that a higher bentonite content in the slurry accelerates the clogging of soil pores, thereby
facilitating the swift development of a protective filter cake or a concentrated infiltration
zone. From a resource-management perspective, increasing the slurry concentration serves
as an effective strategy to restrict excessive penetration. By confining the slurry within a
narrower infiltration zone, this approach significantly reduces the total volume of bentonite
consumed, minimizes material loss in highly permeable sandy strata, and enhances the
overall sustainability of shield tunneling.
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Figure 8. Equivalent infiltration length with different slurry mass concentrations.

5. Parametric Study
Figure 9 shows the influence of the initial soil permeability coefficient on the variation

in slurry dynamic viscosity during infiltration. The setting of slurry initial rheological
parameters was based on sample SL3, and the magnitude orders of the permeability coef-
ficient ranged from 10−3 to 10−5. Pressure time was set as 500 s and p0 was 50 kPa. The
analysis confirms that the dynamic viscosity undergoes a sharp attenuation in the early
migration stage, followed by a gradual decline until its rheological behavior completely
degenerates to that of water. Under the critical state where µf approaches 1.0 cP, the vast
majority of the fine bentonite particles carried by the slurry are entrapped and adsorbed
within the soil skeleton. In addition, as the initial soil permeability coefficient decreases, the
maximum infiltration distance also gradually decreases. From a sustainability perspective,
these results highlight that in highly permeable strata, precisely regulating slurry viscos-
ity is paramount to preventing excessive material loss and ensuring dual economic and
environmental benefits.

Figure 9. Variation in slurry dynamic viscosity with infiltration distance.
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Additionally, the soil porosity is examined with the change in infiltration distance
and initial slurry mass concentration CL0. The particle size-characteristic parameters are
referenced against soil sample S3. The pressure time lasted for 500 s and p0 was set
as 50 kPa. The pressure boundary refers to the difference between the slurry chamber
pressure and the in situ water–earth pressure in actual engineering. As illustrated by the
evolution curves in Figure 10, the porosity first rapidly recovers and then slowly approaches
the initial value φ0. This phenomenon fully verifies that the vast majority of bentonite
particles struggle to penetrate into the deeper pore spaces. Moreover, the porosity at
soil surface (x = 0) and the infiltration distance for the porosity to increase to the initial
value are significantly negatively correlated with CL0. This suggests that an increased
concentration of bentonite particles in the slurry suspension enhances the adsorption
capacity of the soil skeleton, leading to a more pronounced and localized clogging effect.
From a sustainable construction perspective, optimizing CL0 is a key strategy for the
rapid establishment of a low-porosity zone, which effectively restricts uncontrolled slurry
migration, minimizes material consumption, and promotes the conservation of bentonite
resources in sandy formations.

Figure 10. Variation of soil porosity with infiltration distance.

The effect of slurry mass concentration on the seepage velocity v and maximum infil-
tration distance is also analyzed. The initial parameters were derived from slurry samples
SL2, SL3, SL4 and soil sample S1. Pressure time was 30 s. Obviously, v gradually decreases
to zero with the increase in infiltration time, as illustrated in Figure 11. The maximum
infiltration duration td also represents the required time for the bentonite particles to reach
an equilibrium state of shear stress. The results show that the mass concentration of the
slurry mainly affects td but not the quantitative value of v. The maximum infiltration
distance and infiltration duration are inversely proportional to CL0. Previous research by
Jin and Yuan [40] indicated that the total filtration loss of the slurry is significantly and
positively driven by the infiltration distance. Consequently, increasing the slurry mass
concentration or its shear strength accelerates the formation rate of the filter cake or infiltra-
tion zone. From a sustainable engineering perspective, this accelerated stabilization not
only enhances the support efficiency of the tunnel face but also effectively minimizes the
cumulative filtration loss. By restricting the penetration depth, this approach significantly
reduces the raw-material consumption and enhances the resource-utilization rate in slurry
shield tunneling.
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Figure 11. Infiltration ending time and distance of bentonite particles with different slurry mass
concentrations.

6. Conclusions
Governed by the principles of mass conservation for bentonite particles and volume

conservation for the liquid phase, a multi-phase theoretical model was formulated in
this study to analyze the spatiotemporal evolution of slurry rheological properties and
soil pore characteristics during infiltration. Relying on multilayer infiltration physical
model tests, this study quantitatively revealed the effects of slurry concentration and soil
characteristics (including porosity, grain size, and uniformity) on the filtration coefficient.
Synthesizing the experimental and theoretical analyses, the principal findings of this study
can be summarized as follows:

(1) Both experimental and theoretical results indicate that slurry mass concentration
and dynamic viscosity undergo a rapid initial decline followed by an asymptotic
stabilization over distance. Correspondingly, soil porosity exhibits a sharp initial
reduction before gradually returning to its initial state. This suggests that the majority
of bentonite particles are intercepted and deposited near the soil surface, while only a
minimal fraction migrates into deeper pores under excess pore-water pressure until
reaching a shear stress equilibrium. This mechanism confirms that the formation of
an effective barrier is concentrated at the interface, which is critical for minimizing
unnecessary material penetration and loss.

(2) The filtration coefficient was not only positively driven by the slurry mass concentra-
tion but also governed by the negative weakening effects of the soil pore-characteristic
parameters (porosity, effective size, and uniformity coefficient). As infiltration pro-
gresses, the adsorption capacity of the soil skeleton for bentonite particles diminishes
with distance. These findings demonstrate that precisely increasing the bentonite con-
tent facilitates the rapid development of a high-quality filter cake or infiltration zone,
thereby preventing the excessive escape of slurry into the surrounding environment.

(3) The reduction in the filtration coefficient effectively shortens the decay distance of the
slurry’s dynamic viscosity. The maximum infiltration distance is positively related to
soil particle size and inversely related to slurry mass concentration, while the maxi-
mum infiltration duration is inversely proportional to the bentonite content. From a
sustainability perspective, optimizing the slurry formulation—specifically by increas-
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ing the concentration of suspending agents or selecting slurries with higher shear
strength—can significantly accelerate filter-cake formation. This strategy not only
enhances the support efficiency of the tunnel face but also maximizes the reuse rate of
bentonite resources and minimizes material waste in shield tunneling operations.

The above research results can serve as a theoretical basis for parameter selection
during shield tunneling construction in saturated sandy soils. Considering the differences
between indoor test conditions and complex field environments, relevant field data com-
parison and model revision will be carried out in future studies to promote the on-site
application of the research achievements. It should be noted that the quantitative uncer-
tainty evaluations such as stochastic parameter sampling, confidence interval estimation
and error propagation analysis are not implemented in the current framework, due to the
primary objective of this work being to reveal basic slurry infiltration laws. Comprehensive
uncertainty quantification will be carried out in subsequent extended research.
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Appendix A
The derivation of Equation (19):

FP =
∫ π

0

[
p0 + r(1 − cos θ)

∂p
∂x

]
• 2πr2 sin θ cos θdθ

= 2πr2 p0
∫ π

0 sin θ cos θdθ + 2πr3 ∂p
∂x

∫ π
0 (1 − cos θ) sin θ cos θdθ

= πr2 p0
∫ π

0 sin(2θ)dθ + 2πr3 ∂p
∂x

∫ π
0 sin θ cos θdθ − 2πr3 ∂p

∂x
∫ π

0 sin θ cos2 θdθ

= πr2 p0

[
−1

2
cos(2θ)

]π

0
+ πr3 ∂p

∂x

[
−1

2
cos(2θ)

]π

0
+ 2πr3 ∂p

∂x
∫ π

0 cos2 θd cos θ

= 0 + 0 + 2πr3 ∂p
∂x

[
1
3

cos3 θ

]π

0

= −4
3

πr3 ∂p
∂x

(A1)
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